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a b s t r a c t

Polyaniline (PANI)/glycidyl ether of bisphenol A (SU-8) composite film is elaborated in order to detect
ammonia gas. These composite films are characterized by ultraviolet–visible (UV–vis) spectroscopy,
Fourier transformed infrared (FTIR) spectroscopy and scanning electron microscopy (SEM). The sensitivity
to ammonia is measured by optical absorption changes. The ammonia sensing properties of PANI/SU-8
ccepted 29 September 2008
vailable online 14 October 2008

eywords:
mmonia sensor
olymer sensitive layer

composite films are studied, and then are compared to pure PANI films elaborated by chemical way. Exper-
imental results show that the PANI/SU-8 optical sensor has simultaneously a rapid response to ammonia
gas and regenerates easily, that is advantageous compared to pure PANI films.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Electroconducting polymeric materials are of great interest for
large number of applications [1–3] due to their easy processing

nd relatively low cost compared to other materials such as inor-
anic ones. They can be used as promising materials for different
ypes of chemical sensors (with electrical, optical or piezoelectrical
ransductions) because of their sensitivity at room temperature and
heir selectivity for specific chemical agents. The sensing ability of
lectroconducting polymers is based on modulation of their dop-
ng level during redox or acid–base interactions with some gases.
his effect results in an immediate alteration of the conductivity
nd the optical absorbance.

Polyaniline (PANI) is one of the most promising conducting
olymers because of its easy synthesis either through chemi-
al or electrochemical methods and its selectivity to ammonia
4–6]. PANI shows electrical and optical property variations, when
t is in contact with oxidant–reductor chemicals. In particular,

he interaction between the conductive form of PANI – emeral-
ine salt (ES) – and the ammonia gas results in a decrease of
he polaron density inside the band gap of the polymer accord-
ng to the mechanism proposed in Fig. 1 [6–8]. Indeed, a lot of

∗ Corresponding author. Tel.: +33 2 43 83 39 82; fax: +33 2 43 83 35 58.
E-mail address: Dominique.Debarnot@univ-lemans.fr (D. Debarnot).
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rticles describe electrical and optical sensors for NH3 detection
ith PANI as sensitive layer [3,7–21]. Nonetheless, the poor solu-

ility and mechanical properties of PANI imply difficulties in its
ractical use. In order to overcome these disadvantages, several
ethods have been developed [22–33]. One of them consists to

laborate conductive polymer composites. PANI/polymer compos-
te has attracted considerable attention because even at very low
ANI concentration, conducting composites with good mechani-
al properties and chemical stability can be obtained [29–31]. PANI
omposite can be prepared by chemical or electrochemical poly-
erization of aniline in a solution of the polymeric matrix. PANI

an also be mixed with other polymers in the melt state. Different
olymers can be used, such as polymethyl methacrylate (PMMA)
25,29,30], polyvinyl chloride [30], polystyrene [32], and epoxy
esin [33]. For gas detection application, to our knowledge, only one
tudy presents optical sensors based on PANI composite coatings
sing PMMA as matrix [25]. These gas sensors show slow recov-
ry time and regeneration difficulty. On the other hand, the lack of
escription of optical gas sensors based on the polyaniline compos-

te gives us the opportunity to develop a new optical sensor which
ill present simultaneously high sensitivity, fast optical response
nd short recovery time. To improve the characteristics of PANI
ensors, we explored an epoxy resin as polymer matrix to elabo-
ate conducting PANI composite. The epoxy-based polymer, which
ommercial name is SU-8, widely used as negative photoresist
as also been studied for micro-electro-optical-mechanical sys-
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Fig. 1. Mechanism of the interaction of NH3

em (MEOMS) applications [34–37]. It is thermally stable, has good
echanical properties and good control of the film thickness [36].

he PANI/SU-8 composite films were characterized by UV–vis, FTIR
pectroscopies and SEM. The performances of this PANI composite
lm as ammonia optical sensor have been evaluated by absorption
pectroscopy and compared to pure PANI film.

. Experimental

.1. Reagents and materials

Aniline (99.8%, Aldrich), ammonium persulfate ((NH4)2S2O8,
ldrich), hydrochloric acid 37% (HCl, Aldrich), and hydroxide
mmonium (NH4OH, Aldrich) were used as the monomer, the
xidant, the dopant and the de-dopant, respectively. N-methyl-2-
yrrolidone (NMP, Aldrich) was used as solvent of PANI. Epoxy resin
glycidyl ether of bisphenol A (SU-8 2002), MicroChem, USA) was
sed as received as the polymer matrix.

.2. Preparation of PANI/epoxy resin (SU-8) composites

PANI was prepared according to the method described by Ste-
skal et al. [38]. 1 mL of aniline monomer was dissolved in 100 mL of
M HCl aqueous solution. A solution of 0.56 g (NH4)2S2O8 in 10 mL
f 1 M HCl aqueous solution was added into the monomer solution
nder continuous stirring. The reaction mixture was then stirred
ontinuously at room temperature for 1 h. The dark green precipi-
ate was collected by filtration under reduced pressure. The product
as then treated with 1 M HCl aqueous solution containing 1 mL of

niline for 1 h and then dried under vacuum at room temperature
o finally obtain the powder of doped polyaniline. In order to obtain
he emeraldine base form (PANI-EB), the final powder was treated
ith 0.1 M NH4OH for 2 h. After filtering and drying under vacuum

or 48 h, the blue powder of the EB form was obtained.
The PANI-EB (0.6 g) was dissolved in 20 mL of NMP solvent to

orm PANI-EB solution with concentration of 3 or 10 wt.%. Depend-
ng on the desired concentration of PANI-EB in the matrix of epoxy
esin, certain amount of epoxy resin was mixed with the PANI-EB
olution under stirring for 24 h at room temperature. The concen-
ration of PANI-EB (in weight percent in the composite) was defined

s the ratio of the weight of PANI-EB to the total weight of PANI-EB
nd epoxy resin matrix (SU-8) in the solution. The resulting solu-
ion was spin-coated onto cleaned glass substrate to form film of
ANI-EB/epoxy resin (SU-8). The thickness of the film was about
�m.

d
t
s

T

olyemeraldine salt. In this study, A− is Cl− .

In order to obtain the PANI-ES/epoxy resin (PANI/SU-8) conduct-
ng films, the PANI-EB/SU-8 films were exposed to an atmosphere
f saturated HCl (37%) vapor for 1 min. After few seconds of HCl
xposure, the color of the film changed from blue to green due to
he doping process.

.3. Preparation of pure polyaniline films

PANI films were prepared following the method described
n [39,40] with a slight modification. 1 mL of aniline monomer
as added drop wise into 100 mL of 1 M HCl aqueous solution
nder stirring at room temperature. Then, cleaned glass substrate
as immersed in the monomer solution. After the yellow drops
f aniline dissolved completely in the acidic solution, 5 mL of
.1 M (NH4)2S2O8 aqueous solution was added into the monomer
olution to initiate the polymerization of the aniline monomer.
olymerization began immediately with an evident color alteration
fter 3–5 min, indicating polymer formation. The thickness of the
reen film deposited onto glass substrate depends on polymeriza-
ion time and varied between 50 and 130 nm. The PANI-coated glass
ubstrate was then thoroughly washed with 0.1 M HCl aqueous
olution, and immersed into another aniline solution (1 mL aniline
issolved in 100 mL of 1 M HCl) for 30 min. This step is necessary
o completely convert the polypernigraniline form into the polye-

eraldine salt (conducting form). Finally, the thin film was dried
n air at room temperature.

.4. Absorption spectra measurements and sensing system

The optical sensor consisted of PANI or PANI composite gas sens-
ng film deposited onto glass substrate as described above, and
laced into the measuring chamber.

The optical ammonia gas sensing system is shown in Fig. 2.
t consists of a Carry 100 spectrophotometer in which the sealed

easuring chamber has been inserted, a gas dilution system
ith flowmeters and a computer for data collection and analy-

is. The light source was a tungsten halogen lamp powered with
12 V dc. The monochromator allowed selecting the working
avelength. The photodetector was used for signal detection. The

pectrometer system was connected at a Compaq Progsignia 320
esktop computer. Windows-based Carry software was used for

ata acquisition and analysis. At the beginning of the experiment,
he zero point of spectrometer was carried out without the PANI
ensor.

Nitrogen gas (99.99%, Air Liquide) was used as dilution gas.
he flows of ammonia and nitrogen gases were precisely con-
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Fig. 2. Experimental set-up of ammonia gas se

rolled by two flowmeters, which were plugged in a mass flow
ontroller (MFC). A stream of nitrogen gas containing ammonia was
assed through the polyaniline gas sensor and spectroscopic mea-
urements were performed. The concentration of NH3 gas in the
easuring chamber was varied by mixing different flows of NH3

as and 500 sccm of N2 gas. The concentration of NH3 (ppm) was
efined as the ratio of the flow rate of NH3 gas to the total flow rate
f NH3 and N2 gases. In this work, the ammonia concentration var-
ed between 92 and 4618 ppm. The ammonia concentrations lower
han 92 ppm were not measured due to experimental set-up limita-
ion. After inserting the PANI sensor inside the measuring chamber,
certain amount of dried ammonia gas, diluted in nitrogen gas, was

ntroduced into the measuring chamber. The interaction between
H3 gas and the PANI film leads to optical absorbance variation of
ANI. When the optical absorbance variation tends to a constant
alue depending on time, the NH3 gas introduction was turned off
nd stream of pure N2 gas was passed through the sensor to purge
ompletely the NH3 molecules in the measuring chamber and to
egenerate the polyaniline sensor.

Sensitivity (S) was calculated as (A − A0)/A0 ratio, where A0 is
he initial optical absorbance of the sensor under N2 and A the
bsorbance of the sensor when exposed to ammonia gas. The wave-
ength of the light source used in the experiment was fixed at
32 nm. All experiments were performed at room temperature.

Finally, a pure spin-coated SU-8 film (1 �m of thickness) was
laced in the measuring chamber. The injection of NH3 into the
hamber did not lead to any change of the optical absorption, indi-
ating that there is no interaction between NH3 gas and the epoxy
esin.
.5. Thickness measurement

The thickness of pure polyaniline and polyaniline composite has
een measured thanks to a Veeco profilometer (Dektak 8 model).

C
s
t
E
P

based on absorption variation measurement.

he thickness values are the average of at least five measurements
aken at different locations of the polymer film.

.6. FTIR analysis

FTIR measurements were performed on a Brüker IFS 66 spec-
rometer in transmission mode using a DTGS detector over the
ange 400–4000 cm−1 with a 2 cm−1 resolution averaged over 200
cans. All spectra were baseline-corrected. For FTIR analyses, poly-
er film was deposited directly onto KBr pellet.

.7. Scanning electron microscopy (SEM)

The morphology of pure PANI and PANI composite films was
bserved using a JEOL microscope (JSM-5400) operating with an
lectron voltage of 5–20 kV. Each sample was fixed on the sample
older and a thin gold layer was deposited onto its surface in order
o improve image resolution.

. Results

.1. Characterization of PANI/SU-8 films

.1.1. Physico-chemical characterizations
The UV–vis spectra of pure epoxy resin (SU-8) film, PANI-

B/SU-8 (with PANI concentrations of 3 and 10 wt.%) and PANI-ES
0 wt.%/SU-8 composites are shown in Fig. 3. The UV–vis spec-
rum of SU-8 film shows only two absorption bands around 280
nd 310 nm corresponding, respectively, to the absorption of the
C groups and to the �–�* transition of the benzene cycles. The
pectrum shows also that the SU-8 film is totally transparent in
he region of 350–900 nm. However, the UV–vis spectra of PANI-
B/SU-8 composite films show two new absorption bands due to
ANI emeraldine base form [21,25]. The first absorption band with
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ig. 3. UV–vis spectra of epoxy resin (SU-8), PANI-EB/SU-8 and PANI-ES 10 wt.%/SU-
composite films.

aximum at ca. 325 nm is associated to �–�* transition of the con-
ugated ring systems and the second band (at 640 nm) is assigned
o the quinoid excitonic transition. The intensity of these absorp-
ion bands increases with increasing the concentration of PANI-EB
n the epoxy resin matrix from 3 to 10 wt.%. The absorption peak of
he resin at 310 nm is probably masked by the absorption band of
he PANI.

The doping of PANI-EB is necessary to obtain the conducting
orm of PANI (PANI-ES) containing cation-radicals NH•+ (polarons).
ndeed, polarons constitute the adsorption sites for NH3. The
V–vis spectrum of PANI-ES/SU-8 film (Fig. 3) shows an absorption
and at 325 nm associated to �–�* transition of the conjugated ring
ystem and two new absorption bands at ∼410 nm and between
20 and 900 nm, assigned to polaron band transition [25,41]. The
ppearance of these bands is the proof that the doping process was
fficient.

The FTIR spectra of pure SU-8 epoxy resin, PANI doped with
Cl (PANI-ES), and PANI-ES/SU-8 composite are shown in Fig. 4.
n Fig. 4(a), the broad bands at ca. 2800–3000, 3100 and 3490 cm−1

epresent aliphatic C H stretching, aromatic C H stretching and
H vibrations, respectively. The presence of peaks at 915 and

32 cm−1 can be assigned to the epoxide and phenyl ring modes,

ig. 4. FTIR spectra of SU-8 (a), PANI-ES (b) and PANI-ES/SU-8 composite films (c).
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espectively. Besides, the SU-8 polymer shows C C aromatic ring
tretch at 1606 and 1504 cm−1, the stretch modes of C O groups
t 1249 cm−1, and of C C groups at 1033 cm−1. The peaks at
120–1190 cm−1 can be attributed to the phenyl in-plane bending
odes. These results are in accordance with other investigations

42–44]. All characteristic bands of PANI-ES form of polyaniline
Fig. 4(b)) were observed at: 3452, 1660, 1610, 1493, 1310, 1145
nd 820 cm−1. They are assigned to its main characteristic bonds
f, respectively, N H stretching, quinoid ring stretching, benzenoid
ing stretching, C N stretching, C H aromatic in-plane and out-
lane bending [7,45–53]. The FTIR spectrum of PANI-ES composite
lm, presented in Fig. 4(c), shows the disappearance of the infrared
bsorption peak of the epoxide ring mode at 915 cm−1. The disap-
earance of this peak can be explained by reaction between PANI
nd SU-8 matrix. On the other hand, the spectrum clearly shows the
resence of N H stretching band at 3434 cm−1 of PANI. The other
eaks of PANI are probably masked by the SU-8 epoxy resin bands.

ndeed, all characteristic bands (except that of epoxy band) of SU-8
atrix were observed.

.1.2. Morphology of PANI/SU-8 film
The SEM images of pure PANI film and PANI/epoxy resin com-

osite film are shown in Fig. 5. These pictures clearly show that the
ure PANI and PANI composite films have different surface mor-
hologies. The pure PANI film appears to be dense (Fig. 5(a and b)),
nly small PANI clusters can be seen at the surface. The size of these
lusters depends on the deposition time. It was found that for low
eposition time, the film surface is smoother. Indeed, the surface
f PANI deposited during 9 min (Fig. 5(a)) is smoother than that of
ANI deposited during 13 min (Fig. 5(b)). Previous studies on the
eposition time have shown the same results [20]. Fig. 5(c) and (d)
hows the PANI/SU-8 surface morphology with a magnification of
00 and 3000, respectively. The PANI/SU-8 composite film shows
granular surface morphology with grain size of about 2 �m in

iameter. The SEM images also show that the PANI/SU-8 composite
eems to be a porous structure, suitable for gas detection.

.2. Sensing properties

.2.1. NH3 sensing properties of pure PANI film
The sensing properties of pure PANI sensor were studied, in

rder to compare with those of PANI/SU-8 composite. Fig. 6(a)
hows the optical response at 632 nm of the pure PANI film exposed
o different concentrations of ammonia from 92 to 4618 ppm. When
he absorbance variation due to the interaction of NH3 molecules
ith PANI film tends to a constant value with time, the NH3 gas

s turned off, then starts the regeneration of PANI film in nitro-
en stream at room temperature. The absorbance of the sensor is
ound to increase when exposed to ammonia gas. When the equi-
ibrium between the adsorbed ammonia at the PANI surface and gas
hase is obtained, no more variation of the absorbance is observed.
inally, when the injection of ammonia is turned off, the ammonia
olecule desorption begins to restore the equilibrium of the con-

entrations and as a result, the absorbance of the sensor decreases.
he regeneration of the sensor corresponding to NH3 desorption
s slowly reversible. The slow reversibility is more evident when
he sensor is exposed to the first NH3 concentration. Indeed, after
xposition to 92 ppm of NH3, the absorbance decreases of about 60%
fter 15 min of regeneration whereas after exposition to 4618 ppm,
he regeneration decreases of about 75% after 15 min in nitrogen

tream. The same behavior has been observed for a PANI thin
lm optical sensor [25]. In the literature, in order to completely
egenerate the sensor, a thermal method was proposed [3]. But, as
eported in [10], the sensitivity of PANI decreases as a consequence
f elevating temperature. The PANI can also be fully regenerated by
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Fig. 5. SEM illustrations of surface morphologies of PANI deposited d

reating with a dilute hydrochloric acid solution at room tempera-

ure [9].

On the other hand, the response time of the sensor (calculated
t 90% of the absorbance variation) is around 1 min at 4618 ppm.
oreover, this sensor has a detection limit lower than 92 ppm,
hich is the experimental limit due to the dilution system.

ig. 6. Optical absorbance variations of sensors exposed to different concentra-
ions of NH3 (a) pure PANI; film thickness: 200 nm, (b) PANI/SU-8 composite; PANI
oncentration: 3 wt.%, film thickness: 1 �m and (c) PANI/SU-8 composite; PANI con-
entration: 10 wt.%, film thickness: 1 �m.
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9 min (a), 13 min (b), and (c and d) PANI-ES (3 wt.%)/SU-8 composite.

In Fig. 7, the sensitivity of the sensor as a function of ammonia
oncentration is illustrated. The sensitivity increases with increas-
ng ammonia concentration and approaches a plateau value at high
oncentrations. The non-linear behavior of the response to ammo-
ia gas was also observed for several PANI ammonia sensors [9,25].
his behavior can be explained by the gas diffusion phenomenon
n the material.

Since the absorbance variation is controlled by the ammonia

iffusion into the film, the relationship between absorbance and
mmonia concentration (N) can be expressed by the following
quation [9]:

= A0 exp[(˛ N)� ] (1)

Fig. 7. Sensor sensitivity as a function of ammonia concentration.
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here, A is the absorbance at ammonia concentration equals to N,
0 is the initial absorbance at N = 0 ppm, ˛ and � are constants.

Then, the calibration curve, corresponding to log ln(A/A0) in
unction of log N, is linear between 463 and 4618 ppm of NH3 with
linear regression coefficient of 0.99.

.2.2. NH3 sensing properties of PANI/SU-8 film
Fig. 6(b) and (c) illustrates the optical response of PANI/SU-8

lms, either with 3 or 10 wt.% of PANI, respectively, exposed to dif-
erent concentrations of NH3 (92–4618 ppm). These sensors show

rapid and complete desorption of the NH3 molecules from the
ANI/SU-8 composite whatever the ammonia gas concentration is.
owever, the recovery time seems to increase with the increase
f ammonia concentration. For example, the recovery times of the
ANI 3 wt.%/SU-8 sensor are about 2 and 17 min after exposition to
2 and 4618 ppm of NH3, respectively. Moreover, the recovery time

ncreases with the increase of PANI concentration in the polymer
atrix. Indeed, the recovery time of the PANI 10 wt.%/SU-8 sensor

s about 25 min after exposition to 4618 ppm of NH3.
Concerning the response time, the response to ammonia gas is

ast. The response time increases with the content of PANI in SU-
matrix. For example, at 4618 ppm, the PANI 3 wt.%/SU-8 sensor

as a response time of 1 min and the PANI 10 wt.%/SU-8 sensor a
esponse time of 3 min. On the other hand, the detection limit of
hese sensors is also lower than 92 ppm.

In Fig. 7 the sensitivity of the sensor as a function of ammonia
oncentration is also given for 3 and 10 wt.% PANI concentrations,
espectively. The sensitivity of PANI/SU-8 sensors increases with
ncreasing the NH3 concentration as in the case of pure PANI sensor.
he sensitivity approaches a plateau value at high concentrations.
he non-linear behavior sensing response with ammonia gas was
lso observed for these sensors. Moreover, the sensitivity increases
ith increasing PANI concentration in the matrix. Indeed, the sen-

itivity of PANI 10 wt.%/SU-8 is 1.5 and 6% at 92 and 4618 ppm,
espectively, while PANI 3 wt.%/SU-8 sensor has a sensitivity of 0.8
nd 5% after exposition to 92 and 4618 ppm, respectively.

The repeatability of the PANI/SU-8 sensor responses is shown in
ig. 8. The sensor presents a good repeatability and reversibility, fast
esponse to the ammonia gas and fast regeneration time at room

emperature. These results show that SU-8 epoxy resin is suitable
s polymer matrix for polyaniline composite gas sensors.

The calibration curve, calculated from Eq. (1) for PANI 3 wt.%/SU-
sensor, presents a linear range from 92 to 4618 ppm of NH3 with
linear regression coefficient of 0.99.

d
w
r
T
a

Fig. 9. Figures of merit for the differ
ig. 8. Repeatability of the PANI/SU-8 composite sensor response. (PANI concentra-
ion: 3 wt.%, film thickness: 1 �m).

Finally, the selectivity of the sensor was studied with different
ases (acetone, ethanol, methanol and HCl). The sensor has shown
ery small absorbance changes when exposed to these different
ases. Then, the sensor sensitivity to these gases is negligible com-
ared to that of NH3.

. Discussion

The results can be summarized as follows: (1) the PANI/SU-8
omposite is sensitive to ammonia, (2) pure epoxy resin (SU-8) film
s not sensitive to ammonia, (3) the sensor based on PANI/SU-8 is
apidly and totally regenerated at room temperature, (4) the sen-
or based on pure polyaniline has a long regeneration time, (5) the
esponse times of the PANI 3 wt.%/SU-8 sensor and the pure PANI
ensor are in the same range, (6) the sensitivity of the pure PANI sen-
or is better than that of the PANI/SU-8 sensor and (7) the response
f the sensors is logarithmic linear with ammonia concentration.

In order to compare the performances of the different sensors

eveloped in this work, we have presented their figures of merit,
hich present the sensitivity of the sensor as a function of the

esponse time or total regeneration time (recovery time) (Fig. 9).
he metrological parameters (sensitivity, response time, regener-
tion time) of the sensors are determined for different ammonia

ent optical ammonia sensors.



1 nta 77

c
p
t

n
(
w
P
l
I
o
s
a
d
P
o
g
i
r
P
t
s
q
w
l
a

s
p
(
(
g
a
2
p
t
i
i
p
t
a
a
t
a
P

5

P
t
b
i
a
v
I
a
c
S
b
t
g
p
w

A

s

R

[
[
[
[
[
[

[
[

[
[

[

[

[
[

[
[

[

[

[
[
[
[

[
[
[

[
[
[
[
[

[
[

[

[

[

[

[

[
[

596 A. Airoudj et al. / Tala

oncentrations and different polyaniline concentrations inside the
olymer matrix. The dash line in the inset of Fig. 9(b) indicates that
he regeneration time of the sensor is higher than 30 min.

The optical sensor based on pure PANI sensitive layer is simulta-
eous very sensitive to ammonia gas and has a fast response time
Fig. 9(a)), but its total regeneration time is higher than 30 min
hatever NH3 concentration is (Fig. 9(b)). The lower sensitivity of

ANI/SU-8 films, compared to pure PANI films, can be due to the
ow concentration of adsorption sites (polarons) in the composite.
n addition, the pure PANI film was deposited onto the two faces
f the substrate, explaining also the higher sensitivity of pure PANI
ensor. However, the better response time of PANI/SU-8 is as low
s the better response time of pure PANI film. In addition, the NH3
esorption from the PANI/SU-8 composite is faster than from pure
ANI film (Fig. 9(b)). Moreover, the PANI/SU-8 sensor is simultane-
us sensitive to the ammonia gas and fast regenerated in nitrogen
as at room temperature compared with pure PANI sensors. The
ncrease in the sensitivity of the sensors seems to increase the total
egeneration time. Indeed, the total regeneration time of the pure
ANI layer (i.e. the most sensitive to ammonia gas) is higher than
he total regeneration time of the PANI/SU-8 composite. The sen-
itivity of the sensor is the direct result of absorbed NH3 molecule
uantity by the sensitive layer. Thus, the capacity for absorption
ith respect to the NH3 molecules increases the sensitivity of the

ayer, then increasing the necessary time to the desorption of the
dsorbed species.

The sensing differences between pure PANI and PANI/SU-8
ensitive materials may also result from differences in their mor-
hologies, which is supported by examination of SEM images
Fig. 5). For pure polyaniline films, the SEM images (Fig. 5(a) and
b)) show a very dense and smooth surface on which there are some
ranules. The SEM images of PANI 3 wt.%/SU-8 surfaces (Fig. 5(c)
nd (d)) show a uniform granular morphology (grain size of about
�m in diameter) and then a porous structure. The granular and
orous structure of PANI/SU-8 composite seems to contribute to
he short response time, short recovery time and good reversibil-
ty of PANI/epoxy resin sensor. The gas diffusion occurs more easily
n porous structures, and the reaction between gas molecules and
olarons occurs then easily. Moreover, in the PANI/SU-8 structure,
he insulating host polymer leads to a lower quantity of absorbed
mmonia than for pure PANI leading then to faster recovery of
mmonia gas from the sensor. We also think that the better charac-
eristics of PANI/SU-8 composite films as NH3 detecting elements
re attributed to their higher chemical stability compared to pure
ANI films.

. Conclusion

In this study, the optical ammonia gas sensor based on
ANI/epoxy resin (SU-8) composite film was prepared by a solu-
ion casting method. The composite film has been characterized
y UV–vis spectroscopy, FTIR and SEM measurements. The SEM
mages have shown that PANI/SU-8 film has a granular morphology
nd a porous structure. The film presents significant absorbance
ariations upon exposure to ammonia gas at room temperature.
t was found that this sensor is sensitive, stable, fast in response
nd easy to regenerate at room temperature. The sensitivity of the
omposite sensor increases with increasing the PANI content. Then,
U-8 epoxy resin is suitable as a polymer matrix for polyaniline-

ased composite gas sensors. A very low concentration of PANI in
he SU-8 matrix can render the composite sensitive to low ammonia
as concentration. The advantages of this composite sensor com-
ared to the pure PANI sensor are its fast regeneration associated
ith improved mechanical properties and chemical stability.
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a b s t r a c t

A rapid and straightforward continuous solid-phase extraction system has been developed for in
situ derivatization and pre-concentration of carbonyl compounds in aqueous samples. Initially 2,4-
dinitrophenylhydrazine, the derivatizing agent, was adsorbed on a C18 mini-column and then 15-ml of
sample were continuously aspirated into the flow system, where the derivatization and pre-concentration
of the analytes (low-molecular mass aldehydes) were performed simultaneously. Following elution, 20 �l
of the extract were injected into a LC–DAD system, in which hydrazones were successfully separated in
12 min on a RP-C column using a linear gradient mobile phase of acetonitrile–water of 60–100% ace-
eywords:
n situ derivatization
olid-phase extraction
,4-Dinitrophenylhydrazine
arbonyl compounds
ow-molecular mass aldehydes
iquid chromatography

18

tonitrile for 8 min, flowing at 0.5 ml/min. The whole analytical process can be accomplished within ca.
35 min. Under optimum conditions, limits of detection were obtained between 0.3 and 1.0 �g/l and RSDs
(inter-day precision) from 1.2 to 4.6%. Finally, some applications on water samples are presented with
recoveries ranged from 95.8 to 99.4%.

© 2008 Elsevier B.V. All rights reserved.
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ater samples

. Introduction

Carbonyl compounds are acknowledged to be harmful organic
ollutants that exist naturally in the atmosphere as a result of differ-
nt phenomena such as photochemical oxidation of hydrocarbons,
ombustion of fossil fuels by motor vehicles and industrial activ-
ties, among others [1–3]. Many works have been carried out for
he determination of carbonyl compounds in gaseous (air) samples
y chromatographic techniques [4–12]; on the contrary, interest
n the analysis of carbonyl compounds in water samples as pol-
utants has increased significantly in recent years because human
eings are every day more exposed to contaminated waters. The
issolution of carbonyl compounds in ground waters after their

eposition from the atmosphere by the rain and the formation of

ow-molecular mass aldehydes in drinking waters as disinfection
y-products (DBPs) [13–16] are two currently significant contam-
nation sources. Because of the impact on human health and the
nvironmental importance of these compounds, simple, rapid and

∗ Corresponding author. Tel.: +34 957 212099.
E-mail address: qa1sirom@uco.es (M. Silva).
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ensitive analytical methods are required for their routine determi-
ation.

The direct determination of carbonyl compounds in aqueous
atrices is complicated because of their high polarity, reactivity

nd volatility which impose the need for their derivatization
rior their detection by chromatographic techniques. A variety
f derivatizing reagents have been used for this purpose, being
ydrazine-based reagents the most widespread choice [17]. Thus,
he most frequently used method for the determination of car-
onyl compounds in aqueous samples involves derivatization
ith an acidic solution of 2,4-dinitrophenylhydrazine (DNPH) to

orm the corresponding hydrazones followed by LC separation
nd ultraviolet (UV) detection [18–22] or mass spectrometry (MS)
12,15,23–25]. A typical procedure, as the one recommended by the
PA Method 8315A [22], involves the batch DNPH derivatization
f the carbonyl compounds (at least 1 h at room temperature is
ecommended for aldehydes), the extraction of the hydrazones
y solid-phase extraction (SPE) with C18 cartridges, the elution

ith acetonitrile (ca. 10 ml) and the chromatographic analysis

22,24]. In some cases, to increase the pre-concentration factor,
he eluate is evaporated to dryness and the residue dissolved
n an acetonitrile:water mixture [24]. These methods provide
ood results and are relatively easy to carry out, but they involve
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n extensive work-up, consume materials, and solvents for the
erivatization and the subsequent isolation of the hydrazones
ormed by using SPE. In these methods there are mainly two
hortcomings, namely: low selectivity since other hydrophobic
ompounds of water could be also retained on C18 and the excess of
NPH interferes with the adsorption of the hydrazones (recoveries
ere not always high). In order to improve the DNPH-procedures
recent approach for the determination of aldehydes has been

eported based on the combination of derivatization and polymer
onolith microextraction (PMME) [26,27]. Two methodologies

ave been developed, the first based on DNPH derivatization
efore PMME has been proposed for the LC determination of
ome low-molecular mass aldehydes in saliva samples [26] and
he second related to the in situ derivatization on the monolith
as been applied to the determination of hexanal and heptanal

n plasma [27]. Although the PMME technique reduces drastically
he consumption of solvents and reagents, it has two significant
rawbacks: the polymer monolith is not commercial and therefore

t must be synthesized in the laboratory and the method has been
nly applied to sample volume of 1 ml because it uses a syringe
nfusion pump for delivering the sample solution. Despite the

idespread use of solid-phase microextraction (SPME) for the
nalysis of organic compounds from aqueous samples, to our
nowledge no reference has been found for the determination of
arbonyl compounds by SPME using DNPH as derivatizing reagent.
he restricted use of DNPH can be ascribed to its long reaction
ime and strongly acidic pH condition for the in fibre derivatization
nd the thermal decomposition of DNPH-carbonyl compounds.
n this context, SPME is usually used in conjunction to GC for
he determination of carbonyl compounds after their deriva-
ization with o-(2,3,4,5,6-penta-fluorobenzyl)-hydroxylamine
28–33].

The aim of this study is to develop a rapid and sensitive method
or the simultaneous DNPH-derivatization and pre-concentration
f carbonyl compounds in aqueous samples by using a straight-
orward continuous SPE system. A C18 mini-column impregnated
ith DNPH and inserted in a simple flow manifold is used for in

itu derivatization and pre-concentration of low-molecular mass
C1–C6) aldehydes, which have been selected as model analytes.
his new approach is expected to be a better alternative to the
eported DNPH methods for the determination of carbonyl com-
ounds in aqueous samples, which require batch derivatization
f the analytes and SPE extraction and pre-concentration of the
NPH-derivatives on C18 cartridges. In fact, lower consumption of

olvents as well as reagents and shorter analysis time with high
ensitivity (pre-concentration factors up to 150) can be achieved
y using the proposed method. Moreover, LC with UV detection
as used in this work for the separation and determination of

he DNPH-derivatives, but also it can be extrapolated to other
hromatographic alternatives such as LC–MS and other carbonyl
ompounds.

. Experimental

.1. Standards and reagents

All chemicals and solvents used were of analytical-reagent
nd chromatographic grade, respectively, and milli-Q water was
sed throughout. Formaldehyde (37% (w/v) solution in water),
cetaldehyde (≥99.5% purity) and hexanal (≥98% purity) were

urchased from Sigma (Sigma–Aldrich Química, Madrid, Spain),
hereas propanal (≥96% purity), butanal (≥99% purity) and pen-

anal (≥97% purity), were acquired from Fluka (Sigma–Aldrich
uímica). Standard solutions containing 1000 �g/ml of each alde-
yde were prepared in chromatographic grade methanol (Romil

s
c
r
s
a

77 (2009) 1597–1602

hemicals, Cambridge, UK), and then stored at 4 ◦C in a refrigerator.
tock working mixture solutions were made by appropriate dilu-
ion of the corresponding standard solutions with milli-Q water.

6.0 × 10−2 mol/l DNPH (≥99% purity, Fluka) stock solution was
ade by dissolving 594.4 mg of the derivatizing reagent in 50 ml of

oncentrated hydrochloric acid:water:acetonitrile solution (2:5:1)
hich was then stored in a freezer. A 1.5 × 10−3 mol/l (0.3 mg/ml)
NPH solution was prepared by appropriate dilution of the stock

olution with milli-Q water. Silica RP sorbent with octadecyl func-
ional groups (C18, particle size 50 �m) was purchased from Sigma.
ther solvents and chemicals were purchased from Romil Chemi-
als and Merck, respectively.

.2. Apparatus

The LC system consisted of a Microsorb-MV 100-5 C18
50 mm × 4.6 mm (5 �m) column (Varian, Palo Alto, CA, USA), a
arian 230 multisolvent pump, a Rheodyne Model 7215 injector

Cotati, CA, USA) fitted with a 20-�l injection loop and a Varian
35 PDA detector. Hydrazones were chromatographically separated
y using a linear gradient mobile phase of acetonitrile–water of
0–100% acetonitrile circulated at 0.5 ml/min for 0–8 min, with
he detection wavelength set at 360 nm. Under these conditions,
ll hydrazones were eluted within about 12 min. Retention times,
eak heights and peak areas were provided by a 6.41 Varian
tar Chromatography Workstation interfaced to a PC compatible
omputer.

SPE manifolds consisted of a Gilson Minipuls-3 peristaltic pump
Middleton, WI, USA) fitted with poly(vinyl chloride) tubes, two
heodyne 5041 injection valves (Cotati, CA, USA), PTFE tubing of
.5 mm I.D. for coils and laboratory-made mini-columns packed
ith 100 mg C18 sorbent material (Sigma). The mini-columns were
ade from PTFE capillaries of 3 mm I.D. and their ends capped by

tting 30 mm × 0.5 mm I.D. PTFE tubing into a 10 mm × 1 mm I.D.
TFE tube, which facilitated insertion into the continuous system.
he mini-column was sealed at both ends with small plugs of glass
ool to prevent material losses.

.3. Derivatization/pre-concentration SPE procedures

Schematic diagrams of the SPE manifolds used for derivatiza-
ion and pre-concentration of carbonyl compounds are depicted
n Fig. 1. In both SPE systems, sorbent mini-columns were initially
reated with acetonitrile (1.0 ml at 0.5 ml/min) and with milli-Q
ater (1.0 ml at 0.5 ml/min); after each working day, they were
ushed with acetonitrile and milli-Q water in a similar way.

.3.1. Method A: SPE in situ derivatization/pre-concentration
After conditioning, the SPE mini-column was loaded with 2.0 ml

f a 1.5 × 10−3 mol/l DNPH solution (0.6 mg of DNPH) at 0.5 ml/min.
hen a volume of 15 ml of standard solution or drinking water sam-
le with a concentration between 1.0 and 200 �g/l of aldehyde
djusted at pH ca. 3.0 with diluted hydrochloric acid was continu-
usly introduced into the system at 1.0 ml/min. It is noteworthy that
he sample was placed in a 15 ml PTFE vial that was tightly sealed
nd immersed in an ice bath in order to prevent possible evap-
ration loses. The aldehydes were in situ derivatized with DNPH
n the C18 mini-column (100 mg), located in the loop of IV1, the
ample matrix being sent to waste. Simultaneously, the loop of
V2 was filled with the eluent (acetonitrile). Prior to elution, by

witching IV1, residual aqueous solution inside the column and the
onnectors were flushed by passing an air stream through the car-
ier line of IV2 at 0.5 ml/min for 2 min. In the elution step, IV2 was
witched and 100 �l of the eluent were injected into an air stream
nd passed through the column to elute the hydrazones. The extract
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ig. 1. Continuous-flow manifolds used for derivatization and pre-concentration (s
erivatization/pre-concentration and (B) continuous derivatization and SPE pre-con
hromatograph with DAD detection.

as collected in an Eppendorf vial and 20-�l aliquot injected into
he LC.

.3.2. Method B: Continuous derivatization and SPE
re-concentration

Volumes of 15 ml of standard water samples containing between
.5 and 1500 ng of low-molecular mass aldehydes adjusted at pH 2.0
ith diluted hydrochloric acid were fed into the system and merged
ith the derivatizing reagent (1.5 × 10−3 mol/l DNPH). Hydrazones
ere formed in the reaction coil (120 cm long) and retained on

he SPE mini-column (100 mg of C18) located in the loop of the
re-concentration valve (IV1) while the sample matrix was sent to
aste. After pre-concentration, an air stream was passed through

he mini-column at 0.5 ml/min for 2 min in order to remove residual
queous phase from the mini-column and connections. Simulta-
eously, the loop of the elution valve (IV2) was filled with 100 �l
f acetonitrile (eluent). In the elution step, IV2 was switched and
00 �l of the eluent were injected into an air stream and passed
hrough the mini-column to elute the hydrazones, and the extract
as collected in an Eppendorf vial and finally 20-�l of the extract
as injected into the LC.

. Results and discussion

The aim of this work is to develop a continuous SPE system
or the in situ derivatization/pre-concentration of carbonyl com-
ounds by using DNPH as derivatizing agent (see Fig. 1A); however,

t can be of interest to compare its features with those provided
y a conventional flow manifold based on the continuous deriva-
ization of analytes before SPE pre-concentration (see Fig. 1B),
ecause excess of DNPH and reaction time are higher than in the

n situ procedure. Formaldehyde, acetaldehyde, propanal, butanal,
entanal and hexanal were the carbonyl compounds selected for
esting these approaches. A C18 mini-column was used because, as
tated above, this sorbent has been widely used in the reported
ethods for the pre-concentration of the hydrazones after deriva-
ization of the aldehydes with DNPH; the retained hydrazones
ere eluted with 100 �l of acetonitrile. These SPE systems were

ssembled in order to obtain highly sensitive, accurate and repro-
ucible results, with minimum sample handling and maximum
hroughput.

t
i
s
i
0

nes) and elution (dashed lines) of carbonyl compounds with DNPH. (A) SPE in situ
tion. IV, injection valve; SV, selection valve; P, peristaltic pump; W, waste; LC, liquid

.1. Development of the SPE systems

The sample pH is an important variable because it can influence
oth the derivatization of the aldehydes with DNPH and the inter-
ction of the hydrazones with the C18 sorbent. Its influence on both
ethods was examined by using 10 ml volumes of a mixture of stan-

ard solutions of aldehydes that were adjusted to pH values from
a. 1.0 to 6.0 with hydrochloric acid. As can be seen in Fig. 2A and
, the dependencies found were different; thus, for in situ derivati-
ation (Method A, Fig. 2A) a maximum was observed at pH ca. 3.0
or all aldehydes, whereas for continuous derivatization (Method
, Fig. 2B), the analytical signal was practically independent on the
H over the range studied (a slight increase was detected at pH
maller than 3.0). This difference can be ascribed to the fact that
he DNPH solution was prepared in a hydrochloric acid medium,
hich provided a pH value of ca. 1.0 (see Section 2.1). As con-

equence, in the Method B variations of the sample pH over the
ange assayed do not significantly affect the pH of the mixture of
he sample and DNPH solutions in the reaction coil, whereas in
he in situ derivatization approach (Method A) the effect of this
ariable is more pronounced since the derivatization pH is closely
elated to that of the sample solution because DNPH was previ-
usly loaded on the SPE mini-column. In both cases, the decrease
n the analytical signal at higher pH values can be ascribed to the
ull deprotonation of the hydrazine group of the DNPH (pKa = 2.2)
hich probably hinders acid catalyzed derivatization of aldehy-
es to form the corresponding hydrazones. From these results a
ample pH value of 3.0 and 2.0 was selected as optimal for Meth-
ds A and B, respectively, which were adjusted with hydrochloric
cid.

The effect of DNPH is another significant variable to be studied in
oth approaches. In Method A, initial experiments were conducted
o establish the influence of the volume of the DNPH solution and
ts flow rate by always loading a fixed amount of the derivatizing
gent. Experimental results lead us to conclude that optimal con-
itions consisted of passing 2.0 ml of the DNPH solution through

he SPE mini-column at a rate of 0.5 ml/min, resulting in the load-
ng time of 4 min. In these conditions, the amount of DNPH was
tudied in the range of 0.2–0.8 mg. As it can be seen in Fig. 2C, max-
mum analytical signals were obtained for DNPH amounts of ca.
.6 mg for all aldehydes and afterwards they remained practically
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ig. 2. Effect of the pH and DNPH on the derivatization and pre-concentration of low
©), acetaldehyde (�), propanal (�), butanal (�), pentanal (♦) and hexanal (�) at 25

onstant. This amount of DNPH was selected as optimal, which pro-
ided a DNPH to aldehydes molar ratio higher than 350 (concretely
rom ca. 350 to 1200 for formaldehyde to hexanal, respectively),
hich is sufficient for their quantitative derivatization. This excess

f DNPH is higher than the one used in other reported applica-
ions of the DNPH method for aqueous samples, but based on the
atch derivatization of carbonyl compounds [23]. This higher excess
f DNPH and the inherent kinetic character of the proposed con-
inuous flow method are probably the causes for the decrease in
he derivatization time, without detriment in the analytical sen-
itivity, compared to the reported batch derivatization methods
15,22–25].

In Method B, the concentration of DNPH and its flow rate
ere studied over the range 0.1–0.4 mg/ml and 0.1–1.0 ml/min,

espectively. As can be seen in Fig. 2D, the signal increased when
he concentration of DNPH increased to ca. 0.3 mg/ml and then
ecreased slightly; this concentration was selected as optimal.
egarding DNPH flow rate, the maximum analytical signal was
chieved at values over 0.2 ml/min, and so 0.5 ml/min was chosen as
ptimum for further experiments. In these selected experimental
onditions, and for a sample volume of 10 ml, the Method B con-
umes 1.5 mg of DNPH per sample whereas the Method A requires
nly 0.6 mg of DNPH per analysis. The decrease in the analytical

ignal at DNPH concentrations higher than optimal in Method B
an be ascribed to the possible interference of excess DNPH on
he adsorption of hydrazones, which was practically negligible in

ethod A because DNPH had been previously adsorbed on the SPE
ini-column.

o
o
w

t

cular mass aldehydes. Method A: (A and C) and Method B: (B and D). Formaldehyde
Sample volume, 10 ml. Other conditions as described in Section 2.

From the results in Fig. 2, it is clear that Method B provides
slightly higher sensitivity for the determination of the low-
olecular mass aldehydes, which can be ascribed to both kinetic

nd thermodynamic aspects. In fact, Method B was more sensitive
ue to its higher derivatization time and excess of DNPH because

n Method A only 60% of the DNPH loaded on the SPE mini-column
s adsorbed for the further derivatization of aldehydes. In this con-
ext, the length of the reaction coil was also optimized in Method
; the range studied was between 50 and 150 cm, and the signal
emained constant above 120 cm (selected value).

Organic solvents of variable polarity (methanol, acetonitrile and
-propanol) were tested as eluents. Thus, after derivatization and
re-concentration of the aldehydes, the hydrazones retained were
luted with 150 �l of each solvent (propelled by an air stream as
epicted in Fig. 1) and then analysed in the chromatograph. Ace-
onitrile was found to be the best eluent; the analytical signals
ere 1.6 or 5.6 times higher than those obtained with methanol

nd 2-propanol, respectively. The effect of the eluent volume was
tudied between 50 and 200 �l by using loops of variable length
n the injection valve (IV2 in Fig. 1). Obviously, as the volume elu-
nt increased, desorption was more efficient (but hydrazones were
lso more diluted). An injected volume of 100 �l was chosen as
ptimal as a compromise between these opposing effects. A sec-

nd injection with the same eluent volume revealed the absence
f carry-over; thus, complete elution of hydrazones was obtained
ith one injection of 100 �l of acetonitrile.

The influence of the flow-rate of the air stream (the carrier of
he eluent volume) was examined between 0.5 and 2.0 ml/min. No
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ignificant effect was observed, so 0.5 ml/min was selected for fur-
her experiments. Other SPE variables studied were the amount
f C18 sorbent and the sample and eluent flow-rates, which were
xamined over the range 50–200 mg and 0.5–2.0 ml/min, respec-
ively. Based on the results obtained, the following conditions were
elected: sorbent amount: 100 mg; sample flow rate = 1.0 ml/min;
luent flow rate = 0.5 ml/min.

Finally, the maximum sample volume that the SPE system could
andle to achieve low limits of detection (LODs) for the aldehydes
as determined. For this purpose, variable volumes (5–20 ml) of

queous standards containing the same amount of each compound
ere adjusted to the working pH and propelled to the continuous

PE system at a flow-rate of 1.0 ml/min. Based on the results, loss
f efficiency for the derivatization and pre-concentration of alde-
ydes was not observed up to 15 ml, although in Method A, a slight
ecrease in the chromatographic signals, about 15%, was observed
ith respect to those achieved for 10 ml. In any case, a sample vol-
me of 15 ml was selected for further experiments, which provided
pre-concentration factor of 150 for aldehydes that allows their

etection in water samples below �g/l levels.

.2. Chromatographic determination of aldehydes and
pplication to water samples

Under optimum conditions, analytical curves were obtained for
oth methods using 15-ml of aqueous samples containing variable
mounts of aldehydes and by plotting peak height against ana-
yte concentration. Table 1 gives the equations for the standard
urves and other analytical figures of merit such as LODs, defined as
he minimum analyte concentration providing a chromatographic
ignal three times higher than peak-to-peak noise, the precision
xpressed as the relative standard derivation (RSD) and obtained by
nalyzing six samples per run of 15-ml of aqueous samples spiked
ith 10 �g/l of each aldehyde on three different days (inter-day pre-

ision), n = 18. As can be seen, Method B is slightly more sensitive
lthough less precise due to the possible interference caused by the
xcess DNPH on the adsorption of hydrazones. From these results,
ethod A was finally selected because it offers higher robustness

nd the sufficient sensitivity for the determination of these car-
onyl compounds in aqueous samples.

At this point, it may be interesting to compare the analytical

eatures of the approach proposed for the simultaneous in situ
NPH derivatization/pre-concentration of carbonyl compounds,
oncretely low-molecular mass aldehydes, from aqueous samples
ith recent reported alternatives and also its significance on the

ensitivity achieved by the subsequent chromatographic method.

d
t
s
w
w

able 1
haracteristic parameters of the calibration graphs and analytical figures of merit for the

ldehyde Linear rangea (�g/l) Regression equationb

ethod A
Formaldehyde 3.5–200 H = 2.9 ± 0.3 + (1.36 ±
Acetaldehyde 1.0–200 H = 1.5 ± 0.4 + (3.53 ±
Propanal 1.0–200 H = 1.9 ± 0.6 + (4.22 ±
Butanal 2.0–200 H = 1.7 ± 0.4 + (1.95 ±
Pentanal 3.5–200 H = 1.9 ± 0.6 + (1.48 ±
Hexanal 3.5–200 H = 2.4 ± 0.9 + (1.17 ±
ethod B
Formaldehyde 2.0–100 H = –0.5 ± 4.1 + (2.8 ±
Acetaldehyde 0.5–100 H = 2.7 ± 0.9 + (7.5 ± 0
Propanal 0.5–100 H = –2.3 ± 3.7 + (8.3 ±
Butanal 1.0–100 H = –0.5 ± 3.3 + (4.6 ±
Pentanal 1.5–100 H = 5.2 ± 2.3 + (3.3 ± 0
Hexanal 2.5–100 H = 2.4 ± 5.9 + (1.8 ± 0

a Sample volume, 15 ml.
b H, peak height (in mV); C, analyte concentration (in �g/l).
77 (2009) 1597–1602 1601

n general, current methods are related to the pre-concentration
f the corresponding DNPH-derivatives on a C18 sorbent by using
lassical SPE cartridges [22,23], on a C18 mini-column installed at
he sample injection LC valve instead of a sample loop [18], and on
polymer monolith such as it is done in the PMME technique [26]
fter batch derivatization; in all cases, higher derivatization times
han in the in situ derivatization approach proposed in this work
re required (at least 1 h). The only reference on the simultaneous
n situ derivatization/pre-concentration of aldehydes with DNPH
rom aqueous samples has been recently reported by Feng and co-
orkers [27], which is based on the PMME technique. Although in

his case the derivatization times are similar, the PMME method
equires the previous synthesis of the polymer monolith and many
teps to perform the whole analytical process, which affect the
recision of the method, RSD ca. 7%. The approach proposed in
his work provides higher pre-concentration factor than the PMME
ne, 150 versus 20, and therefore the ensuing LC–DAD method
as a similar sensitivity to other reported alternatives even based
n MS detection [15,23–25]. By comparing with the EPA Method
315A [22], which also uses DAD as detection system, the pro-
osed method provides better sensitivity for the determination
f the aldehydes studied in this work: LODs ranged from 0.3 to
.0 �g/l were achieved by the proposed method whereas for the
PA Method 8315A they ranged from 6.2 to 43.7 �g/l. The LODs
chieved at the sub-�g/l level are suitable for the determination of
he aldehydes in water samples, as is the case of DBPs in drinking
aters, in which their typical levels ranged from 5 to 20 �g/l [16].
ith respect to the selectivity, the inherent kinetic character of

he proposed continuous flow method and the use of a high molar
atio of DNPH to carbonyl compounds can provide an increase in
he selectivity when compared to the methods based on the batch
erivatization [15,22–25].

In order to evaluate the usefulness of the method developed, it
as applied to the determination of low-molecular mass aldehydes

n waters, such as drinking, mineral and stream water samples. First,
on-spiked 15.0 ml aliquots of the water samples were analysed
nd only acetaldehyde was detected in the stream water sample at
concentration of 3.3 ± 0.1 �g/l. Moreover, in order to assess pos-

ible matrix effects, concentrations of aldehydes between 5 and
0 �g/l were spiked in all samples and the corresponding percent-
ges of recovery determined. No matrix effect was observed in the

etermination of these aldehydes in this kind of water samples:
he percentages of recovery ranged from 95.8 to 99.4%. Last, Fig. 3
hows the chromatograms obtained in the analysis of the stream
ater sample as well as the one obtained from a negative drinking
ater spiked with 10 �g/l of each aldehyde.

determination of low-molecular mass aldehydes.

r LOD (�g/l) RSD (%)

0.04) × C 0.9979 1.0 4.6
0.03) × C 0.9993 0.3 1.5
0.05) × C 0.9991 0.3 1.2
0.02) × C 0.9990 0.6 2.7
0.01) × C 0.9992 1.0 3.1
0.02) × C 0.9985 1.0 4.2

0.2) × C 0.9945 0.6 12.5
.1) × C 0.9989 0.1 8.8
0.4) × C 0.9976 0.1 8.4
0.2) × C 0.9984 0.3 11.6
.1) × C 0.9985 0.4 10.1
.1) × C 0.9924 0.7 16.5
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Fig. 3. Chromatograms for a drinking water spiked with 10 �g/l of each alde-
hyde (solid line) and stream water sample (dashed line) after SPE in situ
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a b s t r a c t

High-performance liquid chromatography (HPLC) with tris(2,2′-bipyridyl)ruthenium(II) chemilumines-
cence detection methodology is reported for the determination of the atypical antipsychotic drug
quetiapine and the observation of its major active and inactive metabolites in human urine and serum.
The method uses a monolithic chromatographic column allowing high flow rates of 3 mL min−1 enabling
rapid quantification. Flow injection analysis (FIA) with tris(2,2′-bipyridyl)ruthenium(II) chemilumines-
cence detection and HPLC time of flight mass spectrometry (TOF-MS) were used for the determination of
quetiapine in a pharmaceutical preparation to establish its suitability as a calibration standard. The limit

−11 −1

etabolites

erum
rine
ris(2,2′-bipyridyl)ruthenium(II)
hemiluminescence
onolithic HPLC

of detection achieved with FIA was 2 × 10 mol L in simple aqueous solution. The limits of detection
achieved with HPLC were 7 × 10−8 and 2 × 10−10 mol L−1 in urine and serum, respectively. The calibration
range for FIA was between 5 × 10−9 and 1 × 10−6 mol L−1. The calibration ranges for HPLC were between
1 × 10−7–1 × 10−4 and 1 × 10−8–1 × 10−4 mol L−1 in urine and serum, respectively. The quetiapine con-
centrations in patient samples were found to be 3 × 10−6 mol L−1 in urine and 7 × 10−7 mol L−1 in serum.
Without the need for preconcentration, the HPLC detection limits compared favourably with those in

hodol
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d
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2

2

previously published met

. Introduction

Quetiapine (see Fig. 1) is a relatively new atypical antipsychotic
rug with a dibenzoethiazepine structure similar to clozapine
1]. The escalation in administration of quetiapine has led to an
ncreased demand for therapeutic drug monitoring and metabolic
nvestigations [2–4]. There have been reported advantages of
herapeutic monitoring to avoid intoxication, non-response or
on-compliance [2,4–6]. Quetiapine has been determined using
variety of techniques [1,3,4,6–10] and these have been sum-
arised in Table 1. Several metabolites [1] (see Fig. 1) have also

een identified certain in biological samples. However, many of
hese approaches lacked the necessary sensitivity for the deter-

ination of the quetiapine in human serum and or urine without

reconcentration or analyte spiking [3,5–12].The analytical utility
f tris(2,2′-bipyridyl)ruthenium(II) chemiluminescence detection
n conjunction with high-performance liquid chromatography
HPLC), flow analysis and capillary electrophoresis for an extensive

∗ Corresponding author. Tel.: +61 3 5227 1409.
E-mail address: barnie@deakin.edu.au (N.W. Barnett).
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ogies. The metabolites were identified using HPLC-TOF-MS.
© 2008 Elsevier B.V. All rights reserved.

ange of analytes has been well documented [13,14]. To the best
f our knowledge, this paper presents for the first time the direct
etermination of quetiapine in human body fluids using monolithic
olumn HPLC with tris(2,2′-bipyridyl)ruthenium(II) chemilumi-
escence detection. Furthermore, three metabolites of quetiapine
ere also detected with this instrumentation and their identity

onfirmed using electrospray ionisation time of flight mass spec-
rometry (ESI-TOF-MS).

. Experimental

.1. Instrumentation

.1.1. FIA
The flow injection analysis manifold used is described in Fig. 2.

he instrument consisted of a Gilson Miniplus 3 peristaltic pump
rom John Morris Scientific (Balwyn, Vic., Australia), bridged PVC

ubing and 0.8 mm i.d. PTFE manifold tubing from DKSH (Cabool-
ure, Qld., Australia) and a Valco six-port injection valve from
GE (Ringwood, Vic., Australia) with a 50 �L sample loop. The
ris(2,2′-bipyridyl)ruthenium(II) solution was oxidised with lead
ioxide to generate the reagent, which was injected manually into
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Fig. 1. The structures of quetiapine and three metabolites [1].

Table 1
Previous work on quetiapine.

Technique Linear calibration range (M) LOD (M) Reference

HPLC-electrochemical detection-preconcentration 2.8 × 10−9–5.7 × 10−7 ns [12]
HPLC-UV-solid phase extraction 4.5 × 10−9–4.5 × 10−7 1.7 × 10−9 [4]
HPLC-UV-solid phase extraction 5.0 × 10−10–5.6 × 10−1 1.0 × 10−10 [9]
Capillary zone electrophoresis-UV 5.6 × 10−6–5.6 × 10−5 1.7 × 10−7 [14]
HPLC-MS/ESI-solid phase extraction 1.1 × 10−8–2.2 × 10−3 3.4 × 10−10 [13]
Voltammetry 4.0 × 10−6–2.0 × 10−4 4.0 × 10−8 [16]
HPLC-UV-solid phase extraction 2.8 × 10−7–4.5 × 10−7 9.0 × 10−10 [5]
HPLC-UV 2.2 × 10−8–4.1 × 10−7 ns [3]
H −9–4. −7 −10

H −11–5.
H −7–8.
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PLC-MS/MS-solid phase extraction 1.1 × 10
PLC-MS/MS 5.6 × 10
PLC-UV-solid phase extraction 1.6 × 10

s = not stated.

0.05 M H2SO4 carrier stream. This was then merged with the sam-
le stream at a 0.8 i.d. T-piece, immediately prior to entering a
oiled PFTE flow-cell positioned flush against an Electron Tubes
odel 9828SB photomultiplier tube (PMT) purchased from ETP

Ermington, NSW, Australia) at a total flow rate of 2.8 mL min−1.
he PMT was operated at 1000 V provided by an Electron Tubes
odel PM20D power supply and Electron Tubes Model C611 volt-

ge divider from ETP. The flow-cell and PMT were enclosed in a
ight-tight housing. The output from the PMT was converted by
Thorn-EMI Model A1 transimpedance amplifier purchased from
TP, recorded with a Type 3066 chart recorder from Yokogawa
okushin Electric (Tokyo, Japan) and peak height was measured
anually.
.1.2. HPLC
The HPLC instrumentation consisted of a Hewlett–Packard 1100

eries liquid chromatograph equipped with a quaternary pump, sol-

ig. 2. Schematic of the FIA manifold used in this study (P = pump, V = injection
alve, D = detector).
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3 × 10 3.3 × 10 [7]
6 × 10−9 1.1 × 10−12 [17]
4 × 10−7 5.6 × 10−10 [11]

ent degasser, diode-array detector (DAD) and autosampler from
gilent Technologies (Forest Hill, Vic., Australia). The HPLC was
tted with a Chromolith Performance RP-18e 100 mm × 4.6 mm
olumn, a 5 mm monolithic guard column from Merck (Kilsyth,
ic., Australia). The chemiluminescence detector (as described
bove for FIA) was configured by replacing the carrier line
n the 0.8 mm i.d. T-piece with the outlet line from the DAD
254 nm). Thus the column eluent traveled sequentially through
oth detectors, before merging with the chemiluminescence
eagent which was propelled at a flow rate of 3 mL min−1. Con-
rol of the HPLC pump, DAD, and data acquisition from the
hemiluminescence detector was achieved using Hewlett Packard
hemstation Software (Agilent Technologies). Urine samples and
erum samples were analysed by injecting 20 and 100 �L, respec-
ively, and separated at a flow rate of 3 mL min−1. Solvent
omposition of 15% methanol in an aqueous solution of triflu-
roacetic acid (0.1%, v/v) was increased to 35% methanol over
min which was then raised to 100% methanol for a further
min.

.1.3. Mass spectrometry
A 6210 MSDTOF mass spectrometer Agilent Technologies (Forest

ill, Vic., Australia) was used to identify the primary metabo-
ites. The instrument was operated under the following conditions:

rying gas, nitrogen (7 mL min−1, 350 ◦C); nebuliser gas, nitrogen
16 psi); capillary voltage, 4.0 kV; vaporizer temperature, 350 ◦C;
nd cone voltage, 60 V. Solvent composition of 15% (v/v) methanol
n an aqueous solution of trifluoroacetic acid (0.1%, v/v) was
ncreased to 35% (v/v) methanol over 21 min which was then
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Table 2
Analytical figures of merit for quetiapine using FIA and HPLC with tris(2,2′-bipyridyl)ruthenium(II) chemiluminescence detection, where y is equal to the logarithm of the
peak height for FIA and peak area for HPLC, and x is equal to the logarithm of the molarity of the quetiapine.

Instrumental method Injection volume (�L) Calibration function Calibration range (mol L−1) LOD (mol L−1) R2 RSD (%)

FIA 50 y = 6 × 1010x + 6793 5 × 10−9–1 × 10−6 2 × 10−11 0.99894 2.02
H 9 1 × 10−7–1 × 10−4 7 × 10−8 0.99923 2.07
H 1 × 10−8–1 × 10−4 2 × 10−10 0.99741 2.07
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the detectability was adequate for the direct determination queti-
apine in the two body fluids, the relative instability of the samples
(at room temperature) and lack of analytical standards precluded
the optimisation of the separation and as shown in Figs. 3 and 4 it
PLC 20 y = 6 × 10 x + 8867
PLC 100 y = 4 × 1010x + 30641

aised to 100% (v/v) methanol for a further 9 min at a flow rate
f 1 mL min−1.

.2. Reagents

All solutions were prepared with deionised water (Millipore,
illiQ Water System, USA). HPLC-grade acetonitrile and methanol
ere obtained from BDH (Poole, UK). All mobile phases and samples
ere filtered through a 0.45 �m nylon membrane filter. Solutions

f tris(2,2′-bipyridyl)ruthenium(II) (1 × 10−3 M, Strem, USA) were
repared in 0.05 M sulfuric acid. Stock solutions of quetiapine
1 × 10−3 M) were prepared by dissolving the appropriate amount
f crushed Seroquel® (Astra Zeneca) tablets in 0.05 M sulfuric acid
rior to ultrasonication for 30 min.

.3. Patient samples

All patient data was removed prior to analysis and storage to
omply with the privacy legislation for this pilot study. Blood and
rine samples were collected in the morning by a medical profes-
ional approximately 12 h after last intake of Seroquel® (50 mg).
he blood was collected in a vacutainer without an anticoagu-
ant and then left to clot for 30 min at room temperature before
eing centrifuged at 2500 rpm for 15 min and the resultant serum
ollected. The serum and urine samples were stored at −80 ◦C,
rior to thawing for analysis. Samples were vortexed for 30 s and
hen centrifuged for 5 min before filtering through a 0.45 �m nylon

embrane filter. Control urine samples were provided by a healthy
olunteer and subjected to the same protocol.

. Results and discussion

.1. Analysis of Seroquel®

Due to the unavailability of an analytical standard for que-
iapine, the pharmaceutical Seroquel® was used based on the
osage declared by the manufacturer. This approach was previ-
usly employed by Davies et al. [9] and Pucci et al. [15] Standard
olutions of Seroquel® were made up as described in Section 2.2.
ubsequently, FIA with tris(2,2′bipyridyl)ruthenium(II) chemilu-
inescence was used to obtain preliminary calibration functions

nd analytical figures of merit for quetiapine (see Table 2).
When analysed with HPLC, coupled to the same chemilumines-

ence detection system as used for FIA, the standard solutions of
eroquel® exhibited a single chromatographic peak at 5.80 min.
his was later identified by HPLC-ESI-TOF-MS to be that of quetiap-
ne. Thus clearly demonstrating that neither the FIA nor the HPLC

ith tris(2,2′bipyridyl)ruthenium(II) chemiluminescence detec-

ion recorded a measurable response from the presence of any
xcipients in the pharmaceutical preparation. Accordingly, this FIA
ethodology with its low limits of detection and rapid sample

hroughput offers superior analytical performance for the quality
ssurance of Seroquel® formulations compared with earlier studies
15,16].

F
q

ig. 3. Chromatogram of control and patient urine samples. The identified compo-
ents are 1, O-dealkylated quetiapine; 2, N-alkylated quetiapine; 3, quetiapine; and
, quetiapine sulfoxide.

.2. Urine and serum analyses

Using the HPLC parameters described in Section 2.1.2 and
imilar standard solutions as those for FIA, calibration functions
or quetiapine were obtained using two injection volumes and
he resultant analytical figures of merit are shown in Table 2.
hese results revealed an extended calibration range compared to
ther methodologies reported for this analyte [4–6,8–10]. While
he limits of detection achieved using HPLC were inferior com-
ared to that attained with FIA, this was to be expected as the
olvent mixtures, particularly the presence of methanol, do not
rovide an optimal chemical environment for the generation of
ris(2,2′bipyridyl)ruthenium(II) chemiluminescence [13,14]. While
ig. 4. Chromatogram of patient serum with identified components: 1, N-alkylated
uetiapine; 2, quetiapine; 3, quetiapine sulfoxide.
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s only good enough to estimate the quetiapine concentration and
bserve the presence of its metabolites.

The patients’ urine sample was analysed using the above condi-
ions with 20 �L injection volume and compared with a control.
he resulting chromatograms in Fig. 3 show that the chemilu-
inescence detection afforded analytically useful responses for

uetiapine and its metabolites [3,8,17,18], the identity of three
f which was later confirmed by HPLC-ESI-TOF-MS. The reten-
ion time for quetiapine was established (5.80 min) by spiking
oth urine samples and its concentration was determined to be
× 10−6 M using an external calibration. Similar methodology was
pplied to a serum sample with a 100 �L injection volume (see
ig. 3) and the quetiapine concentration was found to be 7 × 10−7 M.
t should also be noted that the serum sample was collected from a
atient who had ingested only 50 mg of Seroquel®, which was con-
idered to be a relatively low dose given that the therapeutic range
s between 150 and 750 mg/day [2,9,10,15,19–21].

The considerable differences in analyte concentrations found in
he urine and serum samples is consistent with quetiapine hav-
ng a biological half-life of approximately 5–8 h due to extensive

etabolisation after oral administration and excretion through
rine and faeces [4,15,20,22]. The bioavailability of quetiapine is
riven by the liver through sulfoxidation forming the major but

nactive sulfoxide metabolite, and via lesser metabolic pathways,
- and O-dealkylation metabolites [22]. Furthermore, the extent
nd rate of quetiapine metabolisation can vary greatly between
ndividuals, due to patient compliance and the activities of drug

etabolising enzymes [4].
The use of the monolithic column negated the need for exten-

ive sample preparation due to its bimodal pore design, making it
esistant to blocking [26]. The monoliths also permitted the use
f relatively high-flow rates (3 mL min−1) at low back-pressures,
hich afforded compatibility with the kinetics of the chemilu-
inescence detection and enabled rapid separation. The minimal

ample preparation removed the need to match extraction and
reconcentration solvents with HPLC gradients, which is often a
roblem with such sample pretreatment protocols [3].

. Conclusion

Monolithic HPLC separations with tris(2,2′-bipyridyl)
uthenium(II) chemiluminescence detection were used for
he estimation of quetiapine concentrations and the observation

f its major metabolites (confirmed with mass spectrometry)
n human urine and serum. The samples required only minimal
ample preparation and no preconcentration step and the limits
f detection were comparable to mass spectrometry (see Table 1).
iven the availability of a complete set of analytical standards

[

a 77 (2009) 1873–1876

nd access to suitable patient samples, our preliminary evaluation
f this technology could be refined and validated. This approach
ould be utilised for the rapid monitoring of quetiapine and its
ctive and inactive metabolites thus facilitating a dose correction
o be made on an individual patient basis. Such corrections are
ommonly required in order to account for the interactions of
ther drugs that may increase [23,24] or decrease [12,25] the
etabolism of quetiapine.
The FIA methodology has the potential to be utilised for quality

ssurance of Seroquel® formulations.
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a b s t r a c t

Wavelength interrogation surface plasmon resonance (SPR) spectroscopy using a dove prism combines a
simple and inexpensive optical design with high-resolution refractive index monitoring and biosensing. A
BK7 dove prism inverts an optical image with a total internal reflection angle of 72.8◦, an angle active in SPR.
Hence, a unique system can accomplish SPR biosensing using wavelength interrogation and also perform
SPR imaging. This optical configuration advantageously uses a single axis optical path between each opti-
cal component, simplifying the optical design of SPR instruments without compromise of the analytical
performance. Fluidics were also incorporated to the instrument design for efficient sample delivery. The
SPR instrument is characterized in terms of refractive index (RI) sensitivity, RI resolution, reproducibility,
and application for monitoring low concentration biological events. Data analysis methodologies are com-
pared for improved resolution of the measured response. Raw data analyzed using a minimum hunting
procedure results in RI resolution in the 10−6 range, while pre-treating data with singular value decompo-
sition improves the resolution by one order of magnitude. Depending on the spectrophotometer employed,

the RI range accessible can be easily tuned; examples with a 550–850 nm and a 550–1100 nm spectropho-
tometers are shown and results respectively in RI ranges of 1.32–1.39 RIU and 1.32–1.42 RIU. Monitoring
of �M concentration of �-lactamase is performed using the wavelength interrogation configuration of the
biosensor. Finally, a SPR image of a surface with a water droplet (volume = 500 nL) was obtained using the
dove prism SPR with a band pass filter and a CCD camera. SPR using a dove prism configuration combines
advantages of portable SPR instruments, SPR imagers and research-grade SPR instruments in a unique
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platform.

. Introduction

Surface plasmon resonance (SPR) sensing has become a widely
tilized technique for the measurement of biomolecular interac-
ions [1,2], quantification of proteins [3,4], and measurements of
NA [5]. Excellent reviews of the instrumentation [6], the technique

7] and recent advances in SPR spectroscopy [8] provide a general
verview of SPR-based sensors. Briefly, the SPR phenomenon relies
n the optical excitation of a charge-density oscillation existing at
he interface of a thin metallic film and a dielectric. To achieve res-
nance conditions, the light must be in total internal reflection at
wavelength – angle couple matching the wavevector of the sur-

ace plasmon (SP). Therefore, multiple optical configurations can
ossibly excite the SP. The Kretschmann configuration of a SPR
nstrument couples light using attenuated total reflection (ATR) at a
lass|Au interface. The most popular configuration uses monochro-
atic light to interrogate the angle in resonance with the SP [7].
any commercially successful instruments are based on this opti-

∗ Corresponding author. Tel.: +1 514 343 7342; fax: +1 514 343 7586.
E-mail address: jf.masson@umontreal.ca (J.-F. Masson).
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al configuration. Thus, in spite of the popularity of these types of
PR instruments, there is still a necessity to develop a SPR instru-
ent combining high resolution of the SPR response, such as in

he angular interrogation configuration, with the advantages of an
nexpensive [9,10] and portable instrument [11,12]. Hence, a versa-
ile and cost-effective technology could be implemented in many
aboratories and yet, achieve low detection limits SPR sensing.

SPR instruments based on different configurations have been
nvestigated as alternatives for the angle interrogation configu-
ation. Among them, a SPR instrument using fiber optics as the
ensing element is a cost-effective alternative to research-grade
nstrument, they are portable [13] and can be adapted to vari-
us applications such as salinity sensor [14], biosensor for wound
ealing [15], biosensor for cardiac markers [16,17] and biosensor

or staphylococcal enterotoxin B [18]. Sensitivity of fiber optic SPR
an be improved using near infrared excitation of a micro-prism
ocated at the tip of the fiber optic [19]. However, the resolution

chieved with this technique is limited by the numerical aperture
NA) of the optical fiber required to perform SPR on a fiber optic.

large numerical aperture (NA = 0.39) fiber is necessary to prop-
gate the SPR-active angle – wavelength couples. However, due to
large number of angle – wavelength couples propagating in the
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ber optics and entering in resonance with the SPR surface, the
PR spectrum broadens resulting in a limited resolution with this
onfiguration. To minimize this effect, low numerical aperture fiber
ptic (NA = 0.12) can be modified with a micro-prism at the distal
nd to improve the SPR spectrum [20] and increase the accessible
ange of refractive index of the sensor [21]. Using this configuration,
he resolution is limited to approx. 1.4 × 10−6 RIU. Further decrease
f the numerical aperture of the fiber optic is necessary to achieve a
esolution similar to the angle interrogation configuration (approx.
× 10−7 RIU). However, current manufacturing techniques do not
llow such low numerical aperture.

An alternative to the angle interrogation SPR or using opti-
al fiber uses a multi-wavelength excitation. This configuration
ombines elements of the angle interrogation SPR and fiber optic
PR instrument. In a multi-wavelength excitation scheme, colli-
ated white light from an excitation optical fiber is reflected at
single angle and is analyzed with a spectrophotometer using
collection optical fiber [22,23]. Among other factors, the SPR

esolution with multi-wavelength SPR is mainly limited, by the
idth of the SPR band. In addition, the spectral range of the spec-

rophotometer, which is a function of the grating density, will
elimit the working range in refractive index of the SPR sensor.
he recent advent of miniature spectrophotometer with a narrow
pectral range and high-density diode arrays potentially enables
he measurement of the refractive index with high resolution with
small footprint SPR instrument. These spectrophotometers allow

he acquisition of a large number of data points around the SPR
and, contributing to reduce the noise of the measurement and
hereby improving the resolution of the SPR measurement. In
he case of the angle interrogation configuration, the resolution
epends on scanning the incident angle (slow measurement and
omplex mechanical setup) or by focusing the incident light beam
t the glass|Au interface onto a linear array photodiode (precise
lignment and lengthy optical path for high resolution). Hence,
he angle interrogation configuration is not suitable for portabil-
ty and for an inexpensive design of the SPR instrument. A current
rawback limiting the use of multi-wavelength SPR instrument

s the precise alignment of the optics at the angle of excitation
23] or the manufacture of a small sensing element [22]. The
se of a dove prism is advantageous to circumvent these draw-
acks. The dove prism inverts the image of a collimated light
eam impinging parallel to the long edge of the dove prism.
he total internal reflection angle of propagation in a BK7 dove
rism is 72.8◦, which is active in SPR with an excitation wave-

ength between 600 nm and 1000 nm depending on the refractive
ndex of the solution. Hence, a single axis optical path is required
o construct the SPR imaging instrument, greatly simplifying the
ptical setup without loss of spatial or optical resolution. The sens-
ng element is simply composed of a glass slide coated with Au,
nto which fluidics can be mounted for efficient sample deliv-
ry. This configuration combines the advantages of a portable,
nexpensive SPR instrument with the high-resolution advantage of
iosensing with the angle interrogation configuration SPR instru-
ent.
Increasingly, the need of multiplex arrays is arising for

imultaneous multi-analyte detection. Spatially resolved SPR mea-
urements provide a technology for monitoring local changes
f refractive index on a surface [24,25]. Thus, the detection of
iomolecular interactions for multiple systems/replicates is pos-
ible on a spatially resolved sensing array [26]. SPR imaging,

lso called SPR microscopy, has been applied for high-throughput
nalyses of biomolecular binding event [1]. The SPR imaging
ethodology has been recently optimized with the improvement

f the resolution [27], optical coupling [28] and protein array for-
ation [29]. However, no SPR measurement possesses the dual
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apability of measuring the conventional SPR response and the
PR image of a surface. The use of a dove prism SPR configuration
an perform both conventional and SPR imaging techniques with a
nique instrumental template.

Here, a SPR instrument is demonstrated based on the optical
etup using a dove prism coupled with fiber optics and a miniature
pectrophotometer. Although the dove prism SPR configuration is
uitable for the development of a portable SPR instrument, this
rticle presents the characterization in a laboratory of a SPR instru-
ents based on this configuration. Characterization of the dynamic

ange, the sensitivity, refractive index resolution, the reproducibil-
ty and biosensing for �-lactamase are reported in this article.
mong the multiple data analysis strategies previously developed

o improve resolution of the SPR signal [30–33], the minimum hunt-
ng (polynomial fit) and the algorithm (a − b)/(a + b) are investigated
o maximize resolution of the SPR response. Spectral denoising
s also performed using singular value decomposition (SVD) of
he spectra to improve the signal to noise ratio and increase the
esolution of the measured SPR response. Two configurations are
resented: (1) using a collection fiber optic with a miniature spec-
rophotometer for multi-wavelength SPR and (2) using a bandpass
lter and an imaging camera to perform SPR imaging. An image of
ater droplets on a Au surface of the SPR sensor demonstrates the

PR imaging configuration.

. Experimental

.1. SPR sensor

Glass slides of 3′′ × 1′′ were cleaned using piranha solution (70%
2SO4:30% H2O2) at 80 ◦C for 90 min. Caution, piranha solution is
ighly corrosive! The glass slides were then thoroughly rinsed with
8 M� water. Thereafter, the glass slides were further cleaned in
n ultrasound bath with a 5:1:1 solution of H2O:H2O2:NH4OH for
0 min. The glass slides were thoroughly rinsed with 18 M� water
nd stored in 18 M� water until use. The slides were air-dried
ndisturbed prior to metallization. Then, a 5-nm-thick adhesion

ayer of Cr followed with a 48 nm Au film were deposited to man-
facture the SPR sensor.

.2. SPR instrument

The SPR instrument was constructed based on a combination of
avelength interrogation fiber optic SPR and total internal reflec-

ion in a dove prism (Fig. 1). The broadband light from a halogen
amp was focused in a 200-�m-diameter fiber optic (excitation
ber optic). Light exiting the excitation fiber optic is collimated
o a diameter of about 3 mm using a SMA collimating lens, passed
hrough a sheet polarizer, the dove prism (BK7) with the SPR sen-
or contacted using refractive index matching oil (RI = 1.5150), and
ollected with another fiber optic (200-�m diameter) using an
nverted SMA collimating lens. All these optical components were
ligned in a single optical axis. The light exiting the collection
ber entered a miniature spectrophotometer. Depending on the RI
ange desired, a short-range spectrophotometer (550–850 nm) cov-
rs from 1.33 RIU to 1.39 RIU or a longer spectral range was obtained
rom a 550 nm to 1100 nm spectrophotometer which covers from
.33 RIU to 1.42 RIU. If the imaging configuration was used, the col-
ection fiber optic was removed and replaced with a band pass filter

620 ± 10 nm). The collimated light exiting the band pass filter was
nalyzed using a CCD camera (Andor technology). A 50:50 beam
plitter can be mounted between the dove prism and the band
ass filter for wavelength interrogation and imaging on a single
latform.
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ig. 1. Schematic representation of a SPR instrument using a dove prism. A single
ootprint instrument.

A fluidic cell and syringe pump were constructed in-house. The
uidic cell made of Teflon has a spade-shaped channel of 0.5-mm
eep. The housing was designed to hold the dove prism, the SPR
ensor and the fluidic cell in close contact. The dual channel syringe
ump was designed for sample flow rates between 8.3 �L s−1 and
08 �L s−1. A flow rate of 16 �L s−1 was typically used.

.3. Calibration of the SPR sensor

Sucrose solutions with concentrations ranging from 0% w/w to
0% w/w were prepared in water to cover between 1.33 RIU and
.42 RIU. Thereafter, the solutions were successively exposed to the
PR sensors using the syringe pump and the flow cell. Data analysis
as performed using two methodologies: minimum hunting [31]

nd a (a − b)/(a + b) algorithm around the minimum reflectance of
he SPR spectrum [33]. SVD of the SPR spectra and reconstruction
f the SPR spectra using the first three components was performed
o optimize signal to noise. With both data analysis methodologies,
n ordinary linear least squares (OLLSs) regression model was used
o calibrate the SPR sensor.

.4. Detection of ˇ-lactamase

A monolayer of the N-hydroxysuccinimide ester of the 16-
ercaptohexadecanoic acid (NHS-MHA) was formed by contact of

he bare Au surface with a 5 mM solution of NHS-MHA overnight.
HS-MHA was prepared according a previously published proce-

ure [16]. Following a thorough rinse of the NHS-MHA monolayer
ith ethanol and thereafter with PBS, the sensor was reacted with

nti-�-lactamase (QED Bioscience Inc.) prepared at 37 �g/mL in
efrigerated PBS pH 7.4. The reaction was carried overnight in a
◦C environment to minimize antibody degradation. Thereafter,

r
m
6
t
e

ig. 2. SPR spectra are shown for the sucrose solutions with refractive index varying betwe
n the left and between 1.33 RIU and 1.42 RIU in the long spectral range configuration of
ptical path between the excitation fiber and the collection fiber results in a small-

he samples were rinsed with PBS and reacted for 10 min in a 1 M
queous solution of ethanolamine hydrochloride adjusted at a pH
f 8.5 with 10 M NaOH. The slides were stored in PBS at 4 ◦C for at
east 60 min prior to use.

A solution at 700 nM of �-lactamase was prepared in PBS at
◦C by the dilution of a stock solution. This solution was kept at
◦C until 20 min prior to use, which was then equilibrated at room

emperature for the analyses. These following measurements were
erformed without the use of a flow cell. A sensor with the �-

actamase specific monolayer was mounted on the SPR instrument
nd room temperature PBS was placed on the sensor for 10 min,
n order to stabilize the sensor. A spectral reference (s-polarized
ight) was acquired immediately before the real-time measure-

ent started. PBS was measured for 5 min to acquire the baseline
esponse and was thereafter replaced with the �-lactamase solu-
ion for 20 min. Finally, the sensor was placed again in PBS for
min verifying the reversibility of the binding between the anti-
-lactamase and �-lactamase.

. Results and discussion

.1. SPR based on a dove prism

A SPR instrument using a dove prism allows a compact and a
ingle axis optical path between an excitation fiber optic and a col-
ection fiber optic (Fig. 1). With collimated incident light impinging
n the prism, a single angle of 72.8◦ propagates in total internal

eflection through a BK7 prism. At this angle, the surface plas-
on on a 48-nm Au film is excited at a wavelength of approx.

10 nm with aqueous solutions (Fig. 2). With this experimen-
al configuration, the instrument must combine multi-wavelength
xcitation with a spectrophotometer to observe the SPR spectrum.

en 1.33 RIU and 1.36 RIU (short spectral range configuration of spectrophotometer)
spectrophotometer.



anta 7

T
s
l
T
a
c
a
o
a
l
l
r
5
s
i
c
a
a
p
g
s
p
r
t
a
i
m
a
m
u

S
i
h
w
c
W
t
t
r
r
s
5
T
S
i
a
>
b
i
s
t
H
a
s
s
r
s
a
S
i
t

r
T

r
c
c
t
r
t
f
t
w
b
t
S
c
i
t
h
i
t
r

3

l
p
t
o
s
m
a
t
t
a
t
o
t
(
b
of the position of the SPR response. The dynamic range of the algo-
rithm is limited to a SPR shift of less than the width of the peak at
half height. Otherwise, the algorithm becomes insensitive to fur-
ther displacement of the SPR peak. This algorithm is applied to
O.R. Bolduc et al. / Tal

o accomplish this, fiber optic for light delivery and a miniature
pectrophotometer result in a small footprint instrument, of 17 cm
ength × 6.5 cm width × 17 cm height for the optical components.
he SPR instrument consists of a broadband halogen light source,
n excitation fiber (vis-NIR fiber optic of 200 �m diameter) with a
ollimating lens terminating the fiber, a polarizer, a dove prism, and
collection fiber identical to the excitation fiber. The active SPR area
n the sensor is <1 cm2, which can be tunable with the presence of
n iris between the excitation fiber and the prism. The collected
ight is analyzed with a miniature spectrophotometer, the wave-
ength ranges from 550 nm to 850 nm for a short range of accessible
efractive index (1.32–1.39 RIU) or with a wavelength range from
50 nm to 1100 nm, for a broader range of refractive index acces-
ible to the SPR sensor (1.32–1.42 RIU). The multi-wavelength SPR
nstruments have the advantage of simultaneous acquisition of a
omplete wavelength scan of the SPR spectrum, allowing for fast
cquisition of the SPR spectra. The data reported here are acquired
t a rate of 50 Hz, the accumulation of 50 spectra composed one data
oint (1 s time resolution). In comparison, an instrument interro-
ating the SPR angle by moving the excitation beam cannot achieve
uch temporal resolution. Otherwise, focusing a beam on the SPR
rism requires a lengthy optical path to achieve optimal spectral
esolution. Hence, using the dove prism configuration, it is possible
o achieve a compact design without compromising the spectral
nd temporal resolution. The alignment of the optical components
s also much simpler compared to a SPR instrument interrogating

ultiple angles simultaneously. The dove prism simply requires the
lignment of the optical components in a single axis, while light
ust be focused with a precise set of angles with a SPR instrument

sing the angle interrogation configuration.
A tunable spectral range is beneficial for different applications.

ome applications require high-spectral resolution for monitor-
ng the SPR response of low concentration of an analyte with
igh resolution (i.e. biosensor for a low protein concentration),
hile other application require a large spectral range to monitor

hanges in refractive index from bulk composition of the solution.
ith a multi-wavelength SPR configuration, the spectral range of

he SPR instrument depends on the grating utilized in the spec-
rophotometer. Hence, a grating with a higher groove density will
esult in a larger spectral resolution, but a smaller refractive index
ange accessible to the instrument. In a first configuration pre-
ented here, a spectrophotometer with a spectral range between
50 nm and 850 nm analyzes the light exiting the SPR instrument.
his spectrophotometer results in a refractive index range of the
PR instrument between 1.33 RIU and 1.39 RIU (Fig. 2), which
s adequate for most applications with aqueous solutions, such
s biosensing. The noise observed on the spectra at wavelengths
750 nm is due to the use of a narrow spectral range LED, emitting
etween 550 nm and 700 nm. A high power LED (Philips lumiled)

s advantageous, resulting in short integration time (20 ms) for a
ingle acquisition, such that multiple acquisitions are accumulated
o compose a single spectrum with a reduced noise on the signal.
ence, kinetic data can be obtained at a fast acquisition rate, with
low noise on the measured spectra. In another configuration pre-

ented here, the SPR spectra are shown using a spectrophotometer
ensitive between 550 nm and 1100 nm (Fig. 2). This longer spectral
ange is accessible using a halogen lamp and it results in mea-
urable SPR response for solutions comprised between 1.33 RIU
nd 1.42 RIU. Thus, the range of refractive index accessible to the
PR instrument is tunable with different spectrophotometers. This

nstrumental configuration results in a single template applicable
o different experiments.

The SPR sensor is calibrated to determine the sensitivity for
efractive index within the biological realm of refractive indices.
he measurement of the SPR response from solutions of varying

F
(
w
t
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efractive index calibrates the SPR sensor for bulk refractive index
hanges. Fig. 2 shows the SPR spectra for both spectrophotometer
onfigurations with sucrose solutions of increasing concentration,
hus of increasing refractive index. A refractometer with an accu-
acy of 1 × 10−5 RIU accurately measures the refractive index of
he sucrose solutions. Sucrose solutions are an appropriate model
or refractive index calibration, as sucrose does not interact with
he Au surface of SPR sensors [31]. Hence, the response measured
ith the SPR sensor results uniquely from the refractive index of

ulk solution and no contribution is observed from the accumula-
ion of molecules at the surface. Thereby, the sensitivity with the
PR using the dove prism was measured at 1765 ± 100 nm/RIU. A
alibration curve for SPR sensors is non-linear for large refractive
ndex changes, as the refractive index sensitivity increases for solu-
ions of higher refractive index. Therefore, the sensitivity reported
ere, is only valid for the biologically relevant range of refractive

ndices between 1.33 RIU and 1.35 RIU. The error reported here is for
wo standard deviations on the regression, calculated using OLLSs
egression.

.2. Data analysis methodologies

SPR sensors respond to refractive index with a shift of the wave-
ength at which the SPR phenomena occur. Therefore, the data
rocessing methodology used for the determination of the refrac-
ive index change must be accurate and sensitive to small changes
f spectral position, rather than the intensity as in most spectro-
copic applications. Moreover, the noise of the measured response
ust also be minimized. It is common to use a minimum finding

lgorithm by mathematically fitting a second-order polynomial to
he SPR spectra and determining the minimum from the zero of
he derivative of the second-order polynomial (Fig. 3). Otherwise,
n algorithm calculating the difference between the intensity of
he branches around a set wavelength (�o), divided by the sum
f the intensity for both branches results in a measurement of
he position of the SPR response (Fig. 3). Hence, the algorithm
a − b)/(a + b), where a is the sum of the branch for � < �o, while
is the sum of the branch for � > �o, is sensitive to minute changes
ig. 3. Data analysis of SPR spectra using minimum hunting (�SPR) and with the
a − b)/(a + b) algorithm. Singular value decomposition (SVD) and reconstitution
ith the first few components containing the chemical information is used to reduce

he noise on the spectra.
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Table 1
Comparison of data analysis methodologies for flow cell stability and �-lactamase
biosensing.

Minimum hunting (a − b)/(a + b)

Refractive index resolution
Raw data 3 × 10−6 RIU 9 × 10−7 RIU
SVD 1 × 10−6 RIU 1.5 × 10−7 RIU
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ccurately measure the topography with an atomic force micro-
cope. In order to decrease the noise on the SPR spectra, a singular
alue decomposition of the SPR spectra into its principal compo-
ents, followed by the reconstitution of the spectrum with the first
hree components containing the chemical information reduces
he noise. In this case, the reconstitution of the SPR spectra with
he first three principal components results in no loss of chemical
nformation.

A flow cell was designed to deliver the samples to the SPR sen-
or using a syringe pump. The syringe pump has variable flow
ate between 0.5 mL/min (8.3 �L/s) to 6.5 mL/min (108 �L/s). The
esults presented thereafter were obtained at 16 �L/s. To measure
he reproducibility of the SPR measurement, the SPR sensor is con-
ecutively exposed for 5 min to 18 M� water and then for another
min to PBS, for a total of four cycles (Fig. 4). The SPR response

s reproducible at a wavelength shift of 2.470 ± 0.011 nm between
BS (RI = 1.33498 at 20.00 ◦C) and water (RI = 1.33316 at 20.00 ◦C)
sing the minimum hunting data analysis. Singular value decompo-
ition of the raw SPR spectra and reconstituting of the SPR spectra
ith the first three components results in a wavelength shift of

.482 ± 0.021 nm. The errors reported are for two standard devia-
ions on the mean SPR response. Thus, it is observed that denoising
PR spectra with singular value decomposition and reconstituting
ith the first three components do not alter the SPR response.
sing the algorithm (a − b)/(a + b) and singular value decomposi-
ion denoising yields a response of 0.0257 ± 0.0002 (unitless). The
eproducibility of the flow cell is better than 1% variation (n = 4)
ith each data analysis methodologies.

A significant decrease of the noise on the SPR response is
bserved from denoising the raw SPR spectra with singular value

w
s
h
r
o

ig. 4. Repeated measurement of phosphate saline buffer (PBS, 1.33498 RIU) and water (1.
alue decomposition of the SPR spectra followed by the minimum hunting procedure, (
alibration curve for sucrose solutions (RI ranges between 1.333 RIU and 1.334 RIU), data pro
-Lactamase response (700 nM)
aw data 0.17 ± 0.03 nm 6.4 ± 0.8 × 10−4

VD 0.127 ± 0.005 nm 4.05 ± 0.15 × 10−4

ecomposition. A further decrease of the noise observed on the SPR
pectra is observed for data processing using the (a − b)/(a + b) algo-
ithm. The continuous measurement of the SPR response for a water
ample with the flow cell is used to calculate the resolution for each
ata analysis methodologies (Table 1). Two standard deviations on
he mean measurement of the SPR response during a 2-min expo-
ure to water at a flow rate of 16 �L/s and dividing this value by
he sensitivity calculates the resolution. Using minimum hunting
ithout singular value decomposition, the resolution on the refrac-

ive index measured is 3 × 10−6 RIU. Singular value decomposition
enoising the raw spectrum improves the resolution to 1 × 10−6

IU. Therefore, an improvement by a factor of 3 of the resolution is
bserved for denoising the data using singular value decomposition
ith minimum hunting. In comparison, the algorithm (a − b)/(a + b)
ignificantly improves the resolution compared to the minimum
unting algorithm. A resolution of 9 × 10−7 RIU and 1.5 × 10−7 RIU is
espectively observed for data processing using (a − b)/(a + b) with-
ut denoising and with singular value decomposition denoising.

33287 RIU): (A) raw data processed with minimum hunting procedure, (B) singular
C) singular value decomposition followed by the (a − b)/(a + b) algorithm, and (D)
cessed using singular value decomposition followed by the (a − b)/(a + b) algorithm.
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herefore, a greater improvement is observed by denoising the data
rior to processing with (a − b)/(a + b) than with denoising prior
o the minimum hunting algorithm. This greater improvement on
he resolution observed for denoising (a − b)/(a + b) may be due to
he methodology of data processing. The main factor limiting the
esolution for the minimum hunting procedure is the accuracy of
he polynomial fit of the SPR minimum. The random noise on the
PR spectra does not alter significantly the shape of the spectra.
hus, the fit of the second-order polynomial for minimum hunt-
ng is only slightly improved by denoising. For the (a − b)/(a + b)
lgorithm, the resolution is mainly limited by the random noise
n the measurement. In this case, the reduction of the noise from
andom fluctuations on the spectrum significantly impacts the res-
lution of the SPR response. This results in a greater reduction of the
oise and it improves significantly the resolution of the SPR instru-
ent. The resolution in the 10−7 RIU range reported here rivals
ith the best SPR instruments and is adequate for high-resolution

PR biosensing. The resolution were respectively reported for angu-
ar interrogation SPR at 5 × 10−7 RIU [7], at 1.4 × 10−6 RIU for fiber
ptic SPR [13], at approx. 10−5 RIU for wavelength interrogation
PR [7,22], and at 5 × 10−5 RIU for intensity measurement SPR (SPR
maging) [7]. The significantly improved resolution obtained with
he dove prism SPR instrument compared to other wavelength
nterrogation instrument is due to the data processing methodol-

gy and to a single angle excitation of the SPR phenomena. Some
avelength interrogation techniques do not impinge the SPR sen-

or at a unique angle. This results in a broader SPR spectrum and
t decreases the resolution of other multi-wavelength SPR instru-

ents.

i
m
t
o
t

ig. 5. Measurement of �-lactamase in PBS at �M levels using the dove prism SPR: (A) mini
ingular value decomposition (relative error = 3.9%) and (C) (a − b)/(a + b) algorithm (relat
relative error = 3.7%).
7 (2009) 1680–1687 1685

To exhibit the potential to measure solutions with a small
efractive index difference, a calibration curve was constructed for
ucrose solutions with a refractive index between 1.333 and 1.334
Fig. 4). Therefore, the difference in refractive index between each
ucrose solutions is <2 × 10−4 RIU. As observed, the signal to noise
atio on the SPR response does not approach the limit of detec-
ion. The SPR signal measured with (a − b)/(a + b) shows a linear
esponse to refractive index, due to the short range of the calibra-
ion curve. The non-linearity of the SPR calibration is significant for
efractive index calibration spanning over differences of >0.02 RIU.
he sensitivity to refractive index was measured at 12.5 RIU−1 with
he (a − b)/(a + b) algorithm. The response measured with this data
rocessing algorithm is unitless.

.3. ˇ-Lactamase biosensing

The SPR instrument was characterized for biosensing with a
odel biological system. A bioassay for �-lactamase was performed
ith the immobilization of anti-�-lactamase on a monolayer

f N-hydroxysuccinimide ester of NHS-MHA. Immobilization of
ntibodies to a NHS-MHA monolayer has been demonstrated to
aximize sensitivity in a direct bioassay format [34]. �-Lactamase

s an appropriate biological model system due to its role in the
esistance to traditional antibiotics, a commonly occurring problem

n patients. The presence of �-lactamase is one of the most com-

on factors in antibiotic resistance [35]. However, the detection
echnique for antibiotics resistance still relies on standard microbi-
logical methodologies, increasing the time required to perform
he assay and the throughput of the assay for antibiotics resis-

mum hunting algorithm (relative error = 21%), (B) minimum hunting algorithm with
ive error = 13%) and (D) (a − b)/(a + b) algorithm with singular value decomposition
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Fig. 6. (A) SPR image of a water droplet on a Au film and (B)

ance. Hence, detection of �-lactamase using SPR biosensors would
ffer improved methodology to quantify �-lactamase compared to
ctual detection techniques [36].

The detection of �-lactamase was performed in a PBS solution at
M concentration (Fig. 5). �-Lactamase was measured without the
ow cell, in a diffusion limited regime. Each methodology investi-
ated was used to process data in a comparative study. A significant
mprovement of the noise level is observed in the response of the
-lactamase biosensor depending of the data analysis methodol-
gy. The binding event of �-lactamase is visually indistinguishable
rom background noise using the minimum hunting procedure.
he change of the SPR response between the PBS measured after
-lactamase binding and from the baseline prior to binding of
-lactamase is 0.17 ± 0.03 nm. The error represents two standard
eviations on the mean and a relative error of 21%. Denoising data
ith singular value decomposition significantly improves the sig-
al to noise ratio. The �-lactamase binding curve is clearly observed

ollowing denoising of the SPR spectra analyzed with minimum
unting. The change of the SPR response is then 0.127 ± 0.005 nm,
esulting in a significantly reduced relative error at 3.9%. The algo-
ithm (a − b)/(a + b) reduces the noise level on the binding curve
f �-lactamase compared to the minimum hunting procedure. The
esponse measured is 6.4 ± 0.8 × 10−4 (unitless) with (a − b)/(a + b).
ence, the relative error is 13%, significantly reduced compared to

he minimum hunting procedure. However, this is still too large
o observe the binding curve for �-lactamase. Denoising the data
ith singular value decomposition and analysis with (a − b)/(a + b)

educes the noise to a level equivalent to minimum hunting. The
esponse measured for �-lactamase binding is 4.05 ± 0.15 × 10−4

unitless). Hence, denoising the SPR spectra also improves the sig-
al to noise of the binding curve with (a − b)/(a + b) and result in a
elative error of 3.7%. Measurement of a dynamic process results
n a similar relative error between minimum hunting and the
a − b)/(a + b) algorithms. Therefore, it is noted that SVD accounts
or the majority of the %R.S.D. improvement for the binding curve
f �-lactamase.

.4. SPR imaging

SPR imaging increases in popularity due to the multiplex array
ormat allowing for the analysis of multiple molecules simultane-
usly in a single sample. The SPR instrument based on the dove
rism can be readily modified to an imaging configuration with
he replacement of the collection fiber – spectrophotometer with
bandpass filter and an imaging camera. Thus, a 620 ± 10 nm
andpass filter was mounted between the dove prism and an imag-

ng CCD camera. The collimated light entering the dove prism is
nverted through the prism with retention of spatial information.
ence, an image of the SPR surface can be obtained with this con-

b
g
i
p
r

internal reflection image of a water droplet on a glass slide.

guration of the instrument. As an example, the SPR image of an
ndividual water droplet on the Au surface of the SPR sensor was
cquired with this configuration of the SPR instrument (Fig. 6). The
mage represents an area of approx. 1 cm2. The spatial resolution
f the image could be improved using telescopic lenses on the col-
ection side to magnify the image on the surface. The absorbance

easured for the droplet is 0.12 with SPR imaging. Absorption by
ater would not account for the feature observed on the SPR image,

s confirmed by the absence of an image of a water droplet acquired
n identical conditions on a glass slide. Denoising the raw data with
ingular value decomposition can significantly reduce the noise on
he SPR image. In this case, the reconstitution of the SPR image
equired the use of the first five components to avoid loss of chem-
cal information. With typical SPR spectra (Figs. 2 and 3), the first
hree components adequately reconstitute the spectra without loss
f chemical information. However, a SPR image requires a larger
umber of components to adequately reconstitute the image.

. Conclusions

A versatile SPR instrument was designed to perform biosensing
ith the wavelength interrogation and imaging configurations. The

PR instrument combines low cost and off-the-shelf optical compo-
ents with high resolution of the measured response. Depending on
he data analysis methodology employed to process raw SPR spec-
ra, the resolution varies between 3 × 10−6 RIU and 1.5 × 10−7 RIU.
itting a second-order polynomial to the SPR spectra results in a
esolution lower than using the (a − b)/(a + b) algorithm. Denoising
he data with singular value decomposition and reconstitution with
he components containing the chemical information improves
he resolution by approx. one order of magnitude. Therefore, the
ombination of (a − b)/(a + b) and denoising with singular value
ecomposition increases the resolution. Depending on the spec-
rophotometer employed, the refractive index accessible ranges
rom 1.33 RIU to 1.39 RIU with a 550–850 nm spectrophotometer
nd from 1.33 RIU to 1.42 RIU with a 550–1100 nm spectrophotome-
er. The measurement of repeated injection of PBS is demonstrated
ith a custom-built flow cell resulting in a reproducibility of

he measurement of <1% with the dove prism SPR instrument. A
-lactamase sensor was constructed with anti-�-lactamase immo-
ilized on a NHS-MHA monolayer. Detection of a �M concentration
f �-lactamase was performed in saline solution. Finally, the SPR
nstrument was modified to measure the SPR image of water
roplets. It could be ultimately envisioned to locate a beam splitter

etween the dove prism and collection optics to select on a sin-
le platform either the conventional SPR spectroscopy or the SPR
mager. Hence, the SPR instrument has the versatility of accom-
lishing traditional and imaging SPR measurements with high
esolution using a single instrumental template.
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a b s t r a c t

A laser-induced fluorescence (LIF) system was optimized using a solution of Micrococcus luteus in
ethanol/water 50% (v/v) to obtain spectra in the gas phase of 46 bioaerosols. Experimental designs such
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eywords:
ioaerosol
aser-induced fluorescence

as Plackett–Burman and factorial design were applied. The fluorescence spectra were treated chemomet-
rically by principal component analysis, linear discriminant analysis and hierarchical cluster analysis to
classify the microorganisms according to family, morphology and gram. The best results were obtained
using LDA. The method was applied to air samples and the LIF results allowed to characterize bioaerosols
reliability. The robustness of the technique was demonstrated by the identification of many bacteria.
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. Introduction

The increasing importance of aerosols, taking into consideration
oth environmental processes and the use of aerosol technologies,
as generated great interest in aerosol characterization [1]. Dif-

erent classical techniques have been applied successfully to the
hemical characterization of aerosols [2–5]. The simple presence of
uorescence can be used to differentiate between biological and
on-biological particles and individual particle spectra can give

nformation more detail [6]. LIF was described in a previous paper
or obtaining bacteria spectra in the liquid phase and a small bac-
eria fluorescence spectra collection was presented [7].

Other attractive laser techniques for on-line and in situ detection
f aerosols have been developed: matrix-assisted laser des-
rption/ionization (MALDI) for individual airborne biomolecule
ontaining particles detected and characterized in real-time
8]; time of flight mass spectrometry (MALDI TOF-MS) [9–10];
aser imaging detection and ranging (LIDAR) [11]; laser-induced
reakdown spectrometry (LIBS) [12–14], including a comparison
etween LIBS and TOF-MS [15] (flow cytometry (FCM) [16,17] and
urface-enhanced Raman spectroscopy (SERS) [18]).
Applications in the detection of pathogens in hospitals [19], in
he degradation of biological weapon agents in the environment
nd in bioterrorism response are other important applications of
ioaerosol analysis [20].
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Real-time continuous monitoring of airborne microorganisms
s becoming increasingly important. Evaluation using ultraviolet
erodynamic particle sizer spectrometers (UV-APS), sometimes
alled fluorescent aerodynamic particle sizer (FLAPS) for real-
ime continuous monitoring of bioaerosols, was applied in two
ypes of aerosols: bacterial (e.g. Bacillus subtilis spores or vegeta-
ive cells, and Pseudomonas fluorescens); non-bacterial (e.g. NaCl,
atex, peptone water, and nutrient agar/broth) [21]. Counting effi-
iency of the fluorescent particles was shown to depend on particle
oncentration with the upper limit of detection of the UV-APS
22] approximately 6 × 107 particles/m3. UV-APS was used to mea-
ure size distribution and concentration of biological and total
articles inside the swine housing and at several outdoor loca-
ions [23]. In this line, simultaneous light scattering and intrinsic
uorescence measurements for bioaerosol detection enabled a
ubstantially enhanced view of the discrimination of biological
erosols [24]. Ho et al. [25] showed that FLAPS technology permits
easurement of fluorescence signals from single particles in an

erosol.
These references show the need for suitable methodology for

lassifying bioaerosols. The experimental designs applied in this
tudy were the Plackett–Burman design and the 2k factorial design
sing central composite design. The chemometric techniques used
or the classification of data were principal component analysis, lin-

ar discriminant analysis and hierarchical cluster analysis [26,27].

In this study, we optimized the measurement system, using the
xperimental design, first the Plackett–Burman design and then
actorial analysis. Once the system had been optimized, several
acteria fluorescence spectra were obtained, such as Escherichia
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oli, Lactobacillus hilgardii, Micrococcus luteus, Staphylococcus epi-
ermidis, etc.

. Experimental

.1. Materials

The experimental setup (except the bioaerosol generator) devel-
ped for this study is schematically shown in a previous paper
7].

.2. Instrumentation

Excimer laser � = 351 nm (Lambda-Physik, Model Compex201),
oherent Lambda Physik GmbH, Hans-Böckler-Straße 12, D-37079
öttingen, Germany. Dye laser � = 569–608 nm (Lambda-Physik,
odel ScanMate2). Aerosol generator, Topas Aerosol generator

TM225, Topas GmbH, Wilischstr. 1, D-01279 Dresden, Germany.
onochromator, Bentham Instruments, Mod. TM300, 3 gratings:

400 lines/mm, 1200 lines/mm, 600 lines/mm, Bentham Instru-
ents Ltd., 2 Boulton Road, Reading, Berkshire RG2 0NH, UK.

CD detector, Andor Technologies DV401-UV. MARCONI CCD30-11
56 × 1024 pixels 26 �m2 7 Millennium Way, Springvale Busi-
ess Park, Belfast BT12 7AL, Northern Ireland. Luminometer

rom PerkinElmer Model LS50. Dekati Impactor (Dekati Ltd., Fin-
and).

.3. Laser spectroscopy material

Frequency doubler (Lambda-Physik), SHG-Crystal BBOI
295–220 nm), Coherent Lambda Physik GmbH, Hans-Böckler-
traße 12, D-37079 Göttingen, Germany. Two mirrors to collect
isperse fluorescent radiation. Newport, reference 10D10AL.2, 1791
eere Avenue, Irvine, CA 92606, USA. Lens to focalize fluorescent

adiation before monochromator, Newport, reference SBX022. Two
icroscope lens to focalize answer signal, 3.2*/0.06 ∞/−A and

0*/0.20 ∞/−A, Carl Zeiss Jena GmbH, Carl-Zeiss-Promenade 10,
7745 Jena. Cut-off filters, reference 35-5321-000, Coherent and
eference 117303 Schott glass.

.4. Chemicals

Dye, Rodamina 6G, Radiant Dyes Laser Accessories GMBH,
riedrichstrasse 58, 42929 Wermelskirchen, Germany. Ethanol,
ethanol and cetone, Panreac, Barcelona, Spain. Ultrapure water

rom Milli-Q, Millipore, Bedford, USA.

.5. Biologicals

Bacteria from Spanish Collection of Types Cultures (CECT) and
rea of Biochemistry and Molecular Biology of University of La
ioja, Spain. Acetobacter pasterianus, C-658, IS-289; B. subtilis, var.
iger, CECT-38, C-262, C263; Enterococcus avium, Z-382; Enterococ-
us faecalis, Z-363, Z-397; Enterococcus faecium, Z-2, Z-187, Z-229,
-357, Z-415; Enterococcus hirae, Z-314, Z-331, Z-362; E. coli Co-15,
o-32, C-408; Gluconobacter oxydens, C-657, I-40; L. hilgardii, J-81;
actobacillus fermentum, C-533; Lactobacillus plantarum, J-21, J-34, J-

9, J-61, J-63, J-71, J-73; Lactococcus lactis, C-144, C-534; Leuconostoc
esenteroides, J-47; M. luteus, C-157; Oenococcus oeni, IS-18; Pedio-

occus acidilactici, IS-111; Pediococcus pentosaceus, C-711, J-27, R-7;
taphylococcus aureus, Sa-2, Sa-28; S. epidermidis, Sa-46, Sa-41, Sa-8;
taphylococcus simulans, Sa-17.
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.6. Softwares

CCD software: Andor Technology, named Andor MCD, vers. 2.62
2C, 7 Millennium Way, Springvale Business Park, Belfast, BT12
AL, Northern Ireland. ORIGIN 6.0, OriginLab Corporation, One
oundhouse Plaza, Suite 303, Northampton, MA 01060, USA. STAT-
RAPHICS, version Plus 4.0; Manugistics, Inc., Rockville, MA, USA.
PSS 12.0, SPSS Inc., Chicago, IL, USA.

.7. Samples

The air samples were obtained from the Chemistry Building
f the University of La Rioja using a Dekati impactor with Petri
ishes containing Brain Heart Infusion broth (BHI); seven sam-
les were taken using this system and three samples by natural

mpact. All samples were incubated for 24 h, then 26 colonies were
elected and carried to ethanol/water solution (50%) using a steril-
zed platinum handle. Finally, these solutions were analyzed by the
roposed method.

.8. Procedure

The experimental procedure to obtain the fluorescence spectra
f bioaerosols in the gas phase was as follows. M. luteus culture
rom M. luteus C-157 bacterium was used. The bacterium was cul-
ured in agar-TSI for 24 h in a 37 ◦C oven, and then solved in a
0% (v/v) ethanol–water mixture. The solution was about 9 × 108

olony-forming units per millilitre (cfu/mL) and was used to cali-
rate the system. The solution was placed in an aerosol generator
orking at 300 L/h, previously prepared with 50% ethanol–water

olution, and when the laser system was OK, aerosol generator was
witched on.

A laser excimer was used at approximately 24 mJ, with a 10 Hz
eprate; laser radiation across the dye laser and frequency doubler
dye was Rhodamine 6G) and final laser radiation were 290 nm,
0 Hz and 300 �J/pulse. This radiation strikes the bacterial aerosol
nd fluorescence radiation is collected with a lens and across two
lters (−295 nm and +540 nm), it crosses a monochromator with
600 lines/mm grating, and is measured with a CCD at 10 ◦C.

CD software was used to measure this fluorescence with 300
ccumulations at 0.5 s per accumulation. The results were saved
sing the CCD software and the spectra treated with Origin soft-
are.

. Results and discussion

.1. Previous studies

In a previous study [7], the spectra of certain bacteria were
btained in liquid phase using LIF. However, when working with
ioaerosols instead of liquid samples, the measurement system
ad to be redesigned and different variables considered. In this
ase, the selected variables were: type of solvent, bacteria concen-
ration (cfu/mL), aerosol volume, monochromator slit, number of
ccumulations, exposure time, CCD temperature, laser energy, laser
requency, filters, mirrors and lens.

Bearing in mind this prior experience and the consulted bib-
iography, the above-mentioned variables were defined before
roceeding with chemometric optimization.

The tested solvents were water, water–ethanol (50%),

ater–methanol (50%) and acetone. No signal was obtained
ith water and acetone; however similar results were obtained
ith the two mixtures, so water–ethanol (50%) was selected. The

oncentration of bacteria corresponded to McFarland patterns,
etween 2 and 5. The flow of aerosol was limited to between
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Table 1
Variables used for the chemometric study.

1 2 3 4 5 6 7 8 9 10

Bacteria Bac Morphology Family/order Gram 1 2 3 4 331.824 nm

Bacillus subtilis CECT38 BS bacillus Spore-type bacillus + 1 1 1 1 8165.177
B. subtilis C262 BS bacillus Spore-type bacillus + 1 1 1 1 2987.659
B. subtilis C263 BS bacillus Spore-type bacillus + 1 1 1 1 4362.283
Enterococcus faecalis Z397 EF coccus Enterococcus + 2 2 2 1 6017.780
Enterococcus faecium Z415 EFA coccus Enterococcus + 3 2 2 1 6784.515
E. faecium Z187 EFA coccus Enterococcus + 3 2 2 1 3273.992
E. faecium Z2 EFA coccus Enterococcus + 3 2 2 1 2158.737
E. faecium Z229 EFA coccus Enterococcus + 3 2 2 1 9416.179
Escherichia coli Co15 EC bacillus Enterobacteria − 4 1 4 2 4967.539
Lactobacillus hilgardii J81 LH bacillus Lactic bacteria + 5 1 4 1 7536.789
Lactobacillus plantarum J39 LP bacillus Lactic bacteria + 6 1 4 1 5755.976
L. plantarum J21 LP bacillus Lactic bacteria + 6 1 4 1 5432.108
L. plantarum J61 LP bacillus Lactic bacteria + 6 1 4 1 1375.808
L. plantarum J63 LP bacillus Lactic bacteria + 6 1 4 1 715.056
Lactococcus lactis C144 LL bacillus Lactic bacteria + 7 1 4 1 5560.184
Leuconostoc mesenteroides J47 LM coccus Lactic bacteria + 8 2 4 1 4661.333
Micrococcus luteus C157 ML coccus Staphylococcus + 9 2 5 1 4242.548
Oenococcus oeni IS18 OO coccusbacillus Lactic bacteria + 10 3 4 1 4009.219
Pediococcus pentosaceus R7 PP coccus Lactic bacteria + 11 2 4 1 5852.257
Staphylococcus epidermidis Sa41 SE coccus Staphylococcus + 12 2 5 1 3504.366
Enterococcus hirae Z314 EH coccus Enterococcus + 15 2 2 1 3885.559
E. hirae Z331 EH coccus Enterococcus + 15 2 2 1 6925.606
Acetobacter pasterianus IS289 AP bacillus Acetic bacteria − 13 1 6 2 5383.991
A. pasterianus C658 AP bacillus Acetic bacteria − 13 1 6 2 947.844
Enterococcus avium Z382 EA coccus Enterococcus + 14 2 2 1 4556.340
E. coli Co15 EC bacillus Enterobacteria − 4 1 3 2 5145.026
E. coli Co32 EC bacillus Enterobacteria − 4 1 3 2 3775.709
E. coli C408 EC bacillus Enterobacteria − 4 1 3 2 5725.794
E. faecalis Z363 EF coccus Enterococcus + 2 2 2 1 12285.43
E. faecium Z357 EFA coccus Enterococcus + 3 2 2 1 3768.973
E. hirae Z362 EH coccus Enterococcus + 15 2 2 1 6499.992
Gluconobacter oxydens I40 GO bacillus Acetic bacteria − 16 1 6 2 6255.509
G. oxydens C657 GO bacillus Acetic bacteria − 16 1 6 2 599.447
Staphylococcus aureus Sa28 SA coccus Staphylococcus + 17 2 5 1 2920.472
S. aureus Sa2 SA coccus Staphylococcus + 17 2 5 1 2415.954
S. epidermidis Sa46 SE coccus Staphylococcus + 12 2 5 1 3096.449
S. epidermidis Sa8 SE coccus Staphylococcus + 12 2 5 1 1446.684
Staphylococcus simulans Sa17 SS coccus Staphylococcus + 18 2 5 1 1187.259
Pediococcus acidilactici IS111 PA coccus Lactic bacteria + 20 2 4 1 1495.380
P. pentosaceus J27 PP coccus Lactic bacteria + 11 2 4 1 2029.947
L. plantarum J34 LP bacillus Lactic bacteria + 6 1 4 1 1784.243
Lactobacillus fermentum C533 LF bacillus Lactic bacteria + 19 1 4 1 2112.879
L cteria
P cteria
L cteria
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. lactis C534 LL bacillus Lactic ba

. pentosaceus C711 PP coccus Lactic ba

. plantarum J71 LP bacillus Lactic ba

. plantarum J73 LP bacillus Lactic ba

00 and 300 L/h, the maximum permitted by the equipment. The
onochromator slit was adjusted to between 0.85 and 1 cm. The

arger the number of accumulations, better the spectrum, although
his increased analysis time and therefore 200 and 300 accu-

ulations were selected. Exposure time referred to the time the
CD was gathering data and was limited to between 0.1 and 0.5 s.
ontradictory results seemed to be obtained when studying CCD
emperature, since a better spectrum was obtained at 10 ◦C than
t a lower temperature. The temperature interval was between
10 ◦C and 10 ◦C. The energy and frequency of the excimer laser
as modified between 24 and 40 mJ, and between 1 and 10 Hz,

espectively. The filters (two cut-off filters, +540 and −295 nm),
irrors and lens variables referred to the presence or absence of

hese optical elements for gathering fluorescent radiation.

.2. Optimization
To optimize all the variables mentioned previously, a chemo-
etric study was performed to consider the possible interactions

etween variables. The Statgraphics program was used. The
lackett–Burman experiment was designed first and its variables

s
t
w

e

+ 7 1 4 1 1924.685
+ 11 2 4 1 2893.541
+ 6 1 4 1 3529.694
+ 6 1 4 1 7270.688

nd levels are as follow: filters (0 and 2), mirrors (0 and 2), lens
Newport and microscope), laser energy (24 and 40 mJ), frequency
1 and 10 Hz), aerosol flow (200 and 300 L/h), CCD tempera-
ure (−10 ◦C and 10 ◦C), number of accumulations (200 and 300),
xposition time (0.1 and 0.3 s), slit (0.85 and 1 cm) and bacteria
oncentration (McFarland 2 and 5).

Four responses were used to design the experiments: Resp 1
area) corresponded to the fluorescence spectrum area calculated
sing the Origin program; Resp 2 (number of peaks) was the num-
er of peaks in the fluorescence spectrum; Resp 3 (quality of peaks),
he degree of definition of the peaks, scored between 1 and 10,
ccording to our personal appreciation; and Resp 4 (overall qual-
ty) corresponded to spectrum quality, also scored between 1 and
0.

The results showed that the most significant variables were:
CD temperature, number of accumulations, exposure time and

lit opening. Next, a factorial 24 design was selected with a cen-
ral point and two replicas, giving a total of 51 experiments, which
ere performed at random.

After optimization, a dessicator coupled to the aerosol gen-
rator was purchased, which eliminated 60% of the solvent. The
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ig. 1. Projections of the objects on the plot defined by two principal components:
C1 vs PC2 according to order and (d) PC3 vs PC4 according to gram.

uorescence spectra improved, despite having to work at 240 L/h
nstead of 300.

The final optimization results are: two cut-off filters (+540 and
295 nm), no mirrors, a Newport lens, 100 �J/pulse as laser final
nergy, 10 Hz, 300 L/h as flow aerosol, 10 ◦C as CCD temperature,
00 accumulations, 0.5 s as exposition time and 0.85 cm as slit
onochromator.

.3. Bioaerosol fluorescence spectra

The optimized system was used to obtain the fluorescence spec-

ra of the different standard bioaerosols. In all cases, a blank and
hree replicates of each bioaerosol were performed: A. pasterianus,
-658, IS-289; B. subtilis, var. Niger, CECT-38, C-262, C263; E. avium,
-382; E. faecalis, Z-363, Z-397; E. faecium, Z-2, Z-187, Z-229, Z-357,
-415; E. hirae, Z- 314, Z-331, Z-362; E. coli Co-15, Co-32, C-408; G.

c
w

s
fl

1 vs PC3 according to bacteria name, (b) PC1 vs PC4 according to morphology, (c)

xydens, C-657, I-40; L. hilgardii, J-81; L. fermentum, C-533; L. plan-
arum, J-21, J-34, J-39, J-61, J-63, J-71, J-73; L. lactis, C-144, C-534;
. mesenteroides, J-47; M. luteus, C-157; O. oeni, IS-18; P. acidilac-
ici, IS-111; P. pentosaceus, C-711, J-27, R-7; S. aureus, Sa-2, Sa-28; S.
pidermidis, Sa-46, Sa-41, Sa-8; S. simulans, Sa-17.

The data obtained were exported to Origin, where they were
dapted for comparison purposes, before being introduced in the
PSS program together with the known information for the bacte-
ia. Table 1 shows the variables used. Column 1: name; column 2:
nitials; column 3: morphology; column 4: order or family; column
: gram; columns 6–9: numerical encoding of the information in

olumns 2-5; columns 10–462: intensity of fluorescence at each
avelength.

The aim was to determine whether these bacteria could be clas-
ified by Name, Morphology, Family or Gram using their respective
uorescence spectra.
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ig. 2. Plot of the samples on the plane defined by the two first canonical discrimi-
ant functions according to the name of the bacteria.

.4. Chemometric tools

After introducing the data from the above-mentioned table in
he SPSS program, three chemometric tools were tested: principal
omponent analysis (PCA), hierarchical cluster analysis (HCA) and
inear discriminant analysis (LDA).

.4.1. Principal component analysis

PCA was employed with each classification, i.e. name, mor-

hology, family and gram parameter of the bacteria. During the
nalysis, four principal components were obtained (they accounted
or 98.417% of the variance). The other components were not con-

ig. 3. Plot of the samples on the plane defined by the two first canonical discrimi-
ant functions according to morphology.
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ig. 4. Plot of the samples on the plane defined by the two first canonical discrimi-
ant functions according to family.

idered. The scores were calculated from the principal components
quations obtained.

All the possible graphic representations were made among the
ifferent components for all the classification parameters. Fig. 1
hows some examples of the projections of the objects of the plane
efined by several pairs of principal components: (1a) name of
he bacteria; (1b) morphology of the bacteria; (1c) family of the
acteria; (1d) gram.

As can be observed, the classification was incorrect because the
oints on the graphs were not grouped according to the encoded
alues, but rather mixed with one another. Therefore, the PCA can-
ot be used to classify these bacteria by name, morphology, family
r gram.

.4.2. Hierarchical cluster analysis
A hierarchical cluster analysis was performed in order to deter-

ine whether the objects of the data set could be divided in two
roups. Based on the obtained results, the classification was incor-
ect in all cases. Therefore, HCA demonstrates that the selected
ariables have not sufficient explanatory power to differentiate the
amples.

.4.3. Linear discriminant analysis
As it is known, this technique is a widespread parametric

ethod was objects are classified into either of a number of defined
lasses. The corresponding discriminant functions were calculated
nd, in all cases, the graphical representation of the samples in the
lane defined by the first two discriminant function was drawn.

Fig. 2 shows the classification according to the Name of the bac-
eria. Bacterium 14 – E. avium – was eliminated. Although there was
certain degree of grouping, it can be seen that the classification
as not altogether correct.

Fig. 3 shows the classification according to morphology. Clearly,
hree differentiated groups were formed; hence, the classification
as correct.
Fig. 4 shows the classification by family. Six well-differentiated
roups were observed, indicating that this technique was appro-
riate for classifying the bacteria according to their family.

As regards the classification of bacteria by gram, no graph can
e shown because there was only one discriminant function. The
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lassification results were as follow: of the 46 samples studied, 38
ere classified as gram + and 8 as gram −, coinciding 100% with

he true identity.
The conclusion that can be drawn from the results obtained

y LDA is that a correct classification of bacteria was obtained by
orphology, family and gram, but not by name.

.5. Air samples

Air samples were taken at 10 locations in the Chemistry Build-
ng of the University of La Rioja. The samples were obtained by
ither natural impact or instrumental impact (Dekati Impactor)
n Petri dishes with BHI as culture medium. Three samples were
btained by natural impact (3 h, 4 h and 24 h) and seven samples
sing the impactor (30 min or 1 h). Once the samples had been gath-
red, these dishes were cultured for 24 h and then 26 colonies were
elected in total (one was discarded because it was a yeast). These
olonies were isolated, cultured once again, and finally analyzed
sing bioaerosol generation-LIF.

The fluorescence spectra intensity values were introduced in the
PSS-LDA and very good results were obtained. When classifying
y morphology, the program achieved a 100% classification in 23
f the 25 samples; it classified one sample as bacillus (94.76%) and
nother as coccus (77.57%). By family, the program classified cor-
ectly 22 of the 25 samples; in one case, it classified one sample as
cetic bacterium (79.25%) and as lactic bacterium (20.75%); in other
ase, identified the sample as Staphylococcus (98.86%) and another
ample as spore-type bacillus (78.51%), as Staphylococcus (16.92%)
nd as lactic bacteria (4.57%). Finally, as regards the classification by
ram, the classification was correct in all cases except one, which
he program classified as gram (95.97%).

To conclude we may say that the proposed model (bioaerosol
uorescence spectra by LIF and LDA) is very adequate for deter-
ining the form, family and gram of bacteria in airborne samples.
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In this paper, we describe a validation procedure for chemical fractionation analysis of elements (Al, As, Ba,
Ca, Cd, Cr, Cu, Fe, K, Mg, Mn, Na, Ni, Pb, S, Sb, Si, Sr, Ti and V) and soluble ions (Cl−, NO3

−, SO4
2−, Na+, NH4

+,
Mg2+, Ca2+) in suspended particulate matter (PM). The procedure applies three distinct measurement
techniques (XRF, IC and ICP-OES) to the analysis of individual samples. The techniques used generate
different outputs at different stages in the procedure. This makes it possible to identify the contributions
of specific parameters to measurement uncertainty. On this basis, we propose a scheme for controlling
the analytical quality of data from individual samples in which inter-technique comparisons is used in
articulate matter
uality control

nter-technique comparison
hemical characterization
hemical fractionation analysis

the same way many analytical methods use surrogates. We apply this scheme to about 310 samples of
PM10 and PM2.5 identifying and assessing the main factors contributing to measurement uncertainty. This
procedure successfully resolved a number of difficulties frequently encountered during the analysis of
PM, including lack of appropriate reference materials and the low reliability of alternative techniques of
quality control. The results demonstrate the critical importance of sample treatment prior to destructive

o
s
p
s
a
o
o
t
t
r
[
a
i
r
m

analysis by IC and ICP.

. Introduction

To evaluate and reduce the health and environmental effects of
uspended particulate matter (PM), it is vitally important to know
ts chemical composition and the way it varies in time and in space.
o achieve this, we need providing data which is as reliable and
omplete as possible. However, the analytical techniques most fre-
uently used to monitor PM require expensive and time-consuming
rocedures to collect, process and analyze samples. There is thus a
trongly felt need for novel analytical methods that can provide as
uch detail on the chemical composition of individual samples as

ossible, while at the same time guaranteeing high quality results.
In recent years, there has been much interest in chemical frac-

ionation analysis, a technique in which a sequence of solvent
xtractions is used to identify the elements present in the sample

1–6]. Chemical fractionation is already widely used in the analysis
f soil and sediments and is potentially an effective way of deter-
ining the detailed chemical composition of PM – thereby helping

o identify individual sources of emission [7–9]. Data quality is thus

∗ Corresponding author. Tel.: +39 0649913742; fax: +39 064451751.
E-mail address: silvia.canepari@uniroma1.it (S. Canepari).
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f vital importance—especially if we use the data for testing provi-
ional models or for source apportionment [10–12]. However, the
rocedures applied during successive phases of leaching involve
ignificant manipulation of samples and this can affect the reli-
bility of the results [13,14]. It should be added that in the case
f PM it is usual to have only a single, very small sample (of the
rder of 1 mg of dust). Furthermore, it is often impossible to repeat
he analysis and in many cases sample concentrations are close
o the quantification limits. To make matters worse, commercial
eference materials differ in significant ways from field samples
15,16], making it impossible to rigorously assess the quality of
nalytical results. The typical chemical matrix for PM is strongly
nhomogeneous. As a result, it is not possible to reproduce the full
ange of possible reactions within the sample and with the filtration
embrane. This means that frequently used quality control tech-

iques such as testing the percentage of added surrogate material
ecovered from different phases are inappropriate for this kind of
nalysis.
In previous work [15–17] we optimized and validated a chemical
ractionation procedure for the identification of elements present in
amples of PM. This method analyzes individual samples with suc-
essive solvent extractions. This makes it possible to successfully
easure the soluble ionic fraction and the majority of elements
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resent in the sample. The application of this procedure proved
o be a valuable approach to achieve meaningful characterization
f the elemental composition of individual samples. A very signi-
cative enhancement of the selectivity towards different emission
ources is obtained when chemical fractionated data are consid-
red instead of total element content [18–20], particularly useful
o identify the contribution of the natural events (i.e. sea salt and

ineral dust events) to urban PM concentration [20] and of re-
uspended road dust—one of the main factors underlying increased
oncentrations of elements in urban areas [18,19].

However the results for Al, Cr and Si – important for the
ssessment of natural contributions to PM – were not sufficiently
ccurate. Recently [21] we have examined the possibility of avoid-
ng this difficulty through a non-destructive analysis with XRF,
efore the solvent extraction stage. In the work reported here, we
alidate a complete three-step analytical procedure using certified
eference materials and pairs of equivalent field samples. We go on
o describe the design and application of a procedure for the analy-
is of samples of PM2.5 and PM10. The scheme uses inter-technique
omparisons to identify the main sources of measurement uncer-
ainty and to ensure the quality of data for each individual sample.

. Experimental

.1. Reagents

Our experiments used the following reagents: de-ionized H2O
MilliQ), HNO3 (65%, RPE, Carlo Erba, Rome, Italy), H2O2 (30%,
uprapur, Pa Merck), glacial CH3COOH (Carlo Erba), CH3COOK (Pa
igma), Ion Chromatography (IC) and Inductively Coupled Plasma
ICP) standards (Pa Merck).

.2. Sampling procedure

The samples used for the validation of the procedure came from
he Montelibretti monitoring station, located 30 km NE of Rome, on
he outskirts of the city. Each samples was collected over 48 h, in
he period between September and October 2005.

Twin filters were collected using the HYDRA Dual Sampler (FAI
nstruments, Fontenuova – Rome, Italy), an automatic system for
equential sampling with two independent channels. The instru-
ent was configured with a single PM2.5 head, compliant with the

N 12341 standard. Incoming air, with a flow rate of 2.3 m3/h, was
ivided between the two channels, thus creating two equivalent
amples. Filtering was carried out by using 47 mm Teflon® filter-
ng membranes (Teflon, Pall Life Sciences, Mi, Italy) with 1 �m pore
ize.

Inter-technique comparisons were based on 310 samples of
M10 and PM2.5, collected in the period January–March, 2005, in
he framework of the “Fine Particles” project, funded by the Lazio
egional government. The samples came from the traffic station of
ontezemolo, sited in the center of the city of Rome and from the

rban background station of Villa Ada, sited inside a park, about
00 m from the nearest street. The choice of these sites guaranteed
good level of data variability—essential for the correct estima-

ion of confidence intervals. The amount of collected sample ranged
rom 0.53 to 4.87 mg, with a mean value of 2.05 mg. Filtered sam-
les were conserved in Analyslide Petri dishes (Pall Life Sciences,
i, Italy) at 5 ◦C. All analyses were performed within 30 days of

ample collection.
.3. Analytical procedure

The analytical procedure is summarized in Fig. 1. Below
e provide additional details on the individual steps in the

a

2

fi

7 (2009) 1821–1829

rocess—necessary for a full understanding of the results described
ater in this paper.

.3.1. XRF analysis
We used XRF to measure the total content of Al, Ca, Cr, Cu, Fe, K,

g, Mn, Na, S, Si, Zn and Cl in our samples (output 1). Sampled filters
ere placed in steel sample holders. All analyses were performed
sing ED-XRF mod. X-Lab 2000 (Spectro, Robecco sul Naviglio - Mi,

taly).
For XRF calibration, the data from the original factory calibra-

ion were for some elements (Mn, Cu, Zn, K, Cr) one order of
agnitude higher than the concentrations in real PM samples.

or this reason it was necessary to include additional low con-
entration data. Since reference materials on this matrix are not
vailable, a practical possibility is to create an operative database
or XRF calibration determining the elements by using a different,
eliable analytical technique, such as ICP. Twenty environmen-
al PM10 and PM2.5 samples collected on a Teflon® matrix, were
elected and added to the original calibration database. In order
o obtain a complete digestion of Al and Si, these samples were

ineralized using HF, applying the procedure described in Bet-
inelli et al. [22]. In spite of the small differences observed in the
RF response when moving from PM10 to PM2.5 and from traffic to
ural samples, the results of this calibration were satisfactory, with
earson coefficients ranging from 0.999 (Si, Zn, Mg) to 0.994 (Al,
).

.3.2. Ultrasound-assisted extraction
Before extraction, the poly-methylpentene ring supporting the

eflon® filters was removed using a stainless steel scalpel (Swann-
orton, Sheffield, UK). The filters were placed in polyethylene

ubes. 5.0 mL of 0.01 M CH3COOH/CH3COOK buffer at pH 4.5
extracting solution) were added to each tube. The tubes were
hen exposed to ultrasonic irradiation (28/34 kHz, 80/180 W) for
5 min. A home-made rotating device guaranteed that all sam-
les were exposed to the same dose of ultrasound. 1.0 mL of the
olution extracted in this way was subjected to chromatographic
nalysis for non-volatile, soluble anions and cations (outputs 2 and
).

.3.3. IC analysis
The 1 mL portion of extract solution was diluted with ultra-

ure H2O, creating 5 mL of final solution. For anion analysis, the
nal solution was further diluted to a ratio of 1:10; cation anal-
sis used a dilution ratio of 1:20. Where required for effective IC
etection within the range of linear calibration (0.01–15 mg/L for
nions; 0.01–10 mg/L for cations, 0.005–0.75 mg/L for NH4

+) higher
ilution ratios were also used. For cations we performed a five-
oint matrix-matched calibration on a weekly basis; for anions, a
ne-point calibration every day.

Cations (Na+, Ca2+, Mg2+ and NH4
+ – output 1) were determined

sing a DX-100 Dionex with a Dionex ION PAC CS12A-4 mm col-
mn, a ION PAC CG12A-4 mm pre-column, a CSRS-ULTRA-4 mm
uppressor and a 25 �L loop. As an eluent, we used 20 mM
ethanesulphonic acid (CH4O3S) (isocratic) introduced at a rate

f 1.2 mL/min.
Anions (NO3

−, SO4
2−, Cl− – output 2) were determined using a

X-100 Dionex with a Dionex AS14-4 mm column, an AG14-4 mm
re-column, an ASRS-ULTRA 4 mm suppressor and a 25 �L loop. The
luent was 2.7 mM Na2CO3/1.0 mM NaHCO3 (isocratic) introduced

t a rate of 1.2 mL/min.

.3.4. Filtration A
The remaining (4 mL) extract was filtered on a cellulose nitrate

lter (Millipore, 0.45 �m pore size, previously washed with 20 mL
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reading. This procedure yielded CV%s in the range of 2–10%.
Fig. 1. The analytical p

f extracting solution) and filled up to 10 mL with de-ionized water.
he filtered solution was analyzed using ICP-OES (output 4). The
esidual solid was acid digested.

.3.5. Microwave-assisted acid digestion and Filtration B
The residual solid on the sample filters was transferred to PTFE

essels. Four milliliters of 65% HNO3 and 2 mL of 30% H2O2 were
dded to each vessel. The vessels were placed in a microwave (MW)
ven (Milestone Ethos Touch Control with HPR 1000/6S rotor) and
igested using a two-step temperature-time program. In the first
tep, the temperature was linearly increased to 180 ◦C in 8 min with
maximum power of 650 W. In the second step, the temperature
as kept at 180 ◦C for 15 min. The solutions obtained were filtered
n Millipore nitrate cellulose (NC) filters, previously treated with
NO3 10% (w/w) for 24 h, and filled with ultrapure H2O to 10 mL.
he mineralized residue fraction was analyzed using ICP-OES (out-
ut 5). The choice of digestion conditions and the procedures for
leaning the vessels are described elsewhere [15,16]. Note that the
cid digestion with HNO3/H2O2, which allows a good recovery of
ost elements [15], leads to incomplete recovery for some ele-
ents, such as Al and Si and Cr. However, the choice of this mixture,

sed also in the reference method EN 14902 (2005) [23] was made
s the repeatability of results and the limits of detection of most ele-
ents are better with this mixture than the ones obtained when
F was added [17].

.3.6. ICP-OES analysis
In this step, we determined As, Ba, Ca, Cd, Cr, Cu, Fe, Mg, Mn, Na,

i, Pb, S, Sb, Si, Sr, Ti, and V in the extract fractions (output 4) and As,

a, Cd, Cu, Fe, Mg, Mn, Ni, Pb, S, Sb, Sr, Ti, V in the mineralized resid-
al fractions (output 5). Na is completely soluble in the extractant
olution and Ca, Cr and Si were not determined in the mineralized
esidual fraction because of the poor quality of analytical results.
owever, Ca, Cr and Si total content were determined by XRF, so that

T
I
c
m
(

ure: a block diagram.

he solubility distribution of these elements can be obtained by dif-
erence. The analysis was performed with a simultaneous ICP-OES
nalyzer (Axial Varian ICP/VISTA MPX) with an ultrasonic nebulizer
U 5000 AT+, Cetac Technologies Inc.). The operating parameters
ave already been described elsewhere [15]. Standard solutions

or daily six-point calibration were matrix-matched by prepara-
ion in 0.01 M CH3COOH/CH3COOK solution (pH 4.5) or HNO3 10%
w/w). To control nebulizer efficiency, an internal standard (yttrium
00 �g/L – wavelength 371.030 nm) was used.

.4. Control charts

Instrument drift and calibration errors were monitored using
ppropriate control charts.

For the IC and ICP analyses, we prepared four standard matrix-
atched 1 L solutions which were used respectively for the analysis

f cations, anions, and elements in both the extracted and the
ineralized residual fraction. For each parameter, we used 20

epeated measures to estimate mean values (m) and standard devi-
tions from the mean (s). The solutions were then divided into
0 mL aliquots, and stored at −18 ◦C. Every 10 samples, we ana-
yzed one of the stored aliquots. We then plotted the results for
ach parameter on our control charts, using a range of m ± 3 s. Per-
entage coefficients of variation (CV%) lay in the range 1–3% for
he ICP-OES analyses and 0.5–2% for the IC analyses. To obtain
ercentage coefficients of variation for the XRF analysis, we took
0 readings for NIST 2783 Standard Reference Material, remov-

ng the filter and returning it to the sample holder after each
he same reference material was used for the control charts.
n this case, we took one measurement every 20 samples. To
heck for drift in the source, we analyzed the capsule of source
aterial once every 100 samples, using a multi-channel analyzer

MCA).
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Table 1
Validation parameters of the analytical procedure (Range = range of variability of measured amount in the set of sample equivalent pairs; R% = recovery percentage from NIST 2783 reference material; rrel = relative repeatability of
the set of sample pairs A and B; R2 = Pearson coefficient of the linear regression A vs. B; LOQ = limit of quantification; n◦ = number of valid pairs (>LOQ); S range = range of variability of elemental solubility (S = mext/(mext + mres)*100,
mext and mres are respectively the mean values of the amounts (ng) measured in the two members of each pair in output 4 and output 5).

Me Range (ng) XRF output 1 IC anions output 2 IC cations output 3 ICP-OES extract output 4 ICP-OES min residual output 5 ICP-OES total output (4 + 5)

R% rrel (n◦) R2 LOQ (ng) rrel (n◦) R2 LOQ (ng) rrel R2 LOQ (ng) rrel (n◦) R2 LOQ (ng) rrel (n◦) R2 LOQ (ng) rrel (n◦) R2 S range (%)

Al 1632–24513 75 ± 2 2.6 (20) 0.996 1170 – – – – – – – – – – – – – – –
As nd – 264 – – – – – – – – – – 10.5 (18) 0.953 52.1 19.4 (15) 0.854 60.4 9.5 (14) 0.948 49.0–100.0
Ba 81–1434 – – – – – – – – – – 5.4 (20) 0.999 15.5 6.9 (20) 0.987 36.7 3.1 (20) 0.999 50.7–77.7
Ca 9253–88159 133 ± 2 3.8 (20) 0.996 1180 – – – 5.4 (20) 0.887 530 6.8 (20) 0.984 656 – – – – – –
Cd 6–29 – – – – – – – – – – 8.1 (18) 0.972 5.11 8.3 (16) 0.952 5.45 5.7 (16) 0.986 61.4–76.6
Cr nd–743 132 ± 6 4.5 (18) 0.997 117 – – – – – – 7.5 (14) 0.978 45.6 – – – – – –
Cu 344–1655 122 ± 10 6.9 (16) 0.975 580 – – – – – – 6.3 (20) 0.990 11.0 9.2 (20) 0.989 55.3 5.2 (20) 0.993 17.5–37.5
Fe 3554–19256 75 ± 2 9.7 (20) 0.987 450 – – – – – – 8.9 (17) 0.961 1145 9.8 (20) 0.951 2090 8.1 (17) 0.962 9.0–22.6
K 3342–63645 103 ± 2 3.6 (20) 0.995 760 – – – – – – – – – – – – – – –
Mg 1304–8076 107 ± 4 4.1 (20) 0.995 1570 – – – 3.8 (20) 0.992 212 4.4 (20) 0.994 478 8.0 (19) 0.921 932 7.8 (19) 0.939 35.1–88.8
Mn 59–529 87 ± 3 5.5 (20) 0.980 58 – – – – – – 6.6 (20) 0.997 16.7 5.8 (20) 0.991 34.6 6.0 (20) 0.996 38.4–68.8
Na 5245–51004 128 ± 7 4.8 (20) 0.995 1330 – – – 7.9 (20) 0.981 111 10.1 (20) 0.916 313 – – – – – –
Ni nd–438 – – – – – – – – – – 9.5 (17) 0.932 26.0 10.7 (16) 0.963 105 8.5 (15) 0.972 7.1–34.1
Pb 159–1697 – – – – – – – – – – 5.9 (20) 0.997 48.8 8.4 (19) 0.972 84.2 6.5 (19) 0.985 20.9–40.1
S 13913–97876 124 ± 5 3.5 (20) 0.998 540 2.8 (20) 0.996 101 – – – 4.7 (20) 0.994 541 8.8 (20) 0.910 1339 4.0 (20) 0.995 85.0–95.3
Sb 77–520 – – – – – – – – – – 6.5 (20) 0.989 23.7 8.6 (19) 0.991 36.1 7.0 (19) 0.989 52.9–76.4
Si 1637–13252 121 ± 2 4.2 (20) 0.994 880 – – – – – – 11.3 (20) 0.912 24.0 – – – – – –
Sr 21–270 – – – – – – – – – – 7.2 (20) 0.985 7.53 9.4 (14) 0.958 24.4 7.8 (14) 0.972 53.3–88.9
Ti nd–371 – – – – – – – – – – 9.9 (20) 0.943 3.02 8.6 (16) 0.965 117 8.7 (16) 0.962 0.5–3.1
V 13–87 – – – – – – – – – – 5.8 (20) 0.991 4.71 7.3 (20) 0.986 5.88 6.3 (20) 0.992 18.5–59.7
Zn 733–5607 102 ± 4 8.5 (20) 0.995 290 – – – – – – – – – – – – – – –
Cl 517–243758 n. certif. 5.8 (18) 0.991 810 4.1 (20) 0.982 51 – – – – – – – – – – – –
NO3

− 95213–773846 – – – – 2.9 (20) 0.984 152 – – – – – – – – – – – –
NH4

+ 6547–233296 – – – – – – – 2.7 (20) 0.983 100 – – – – – – – – –
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. Results and discussion

.1. Validation of the analytical procedure

Given the lack of appropriate reference materials, it is very
ifficult to validate analytical methods for PM. No commercially
vailable CRM was suitable for the application of our complete pro-
edure. As a result, it was difficult to compare calculated recovery
nd repeatability values for CRMs with those from real samples. As
ar as concerns the IC analysis (outputs 2 and 3) and the ICP-OES
nalysis (outputs 4 and 5), we have reported recovery values for
eference material (NIST 1648) elsewhere [15,16]. For the XRF anal-
sis (output 1), we compared recovery values with those for NIST
783 Standard Reference Material. This material consists of urban
articulate collected on a polycarbonate filter and certified for Al,
a, Cr, Cu, Fe, K, Mg, Mn, Na, Pb, Ti, V, Zn. Reference values are also
vailable for S and Si.

In the majority of cases, percentage recovery values (R% in
able 1) were significantly different from 100%. This was presum-
bly due mostly to XRF calibration, which constitutes one of the
eaker steps in the overall PM chemical characterization proce-
ure. In order to obtain reliable results for PM samples, in fact, XRF
alibration must be carried out on the same filter material used
or PM sampling, that is, in our case, on Teflon® filters (see Section
.3.1). An unpleasant consequence of this procedure is the defective
ercentage recovery values of NIST Reference Material.

Limits of quantification (LOQ) were calculated using the IUPAC
rocedure. XRF values were computed using the relation:

OQ = 10 ×
√

Background × Ci

Ni

here Ci represents sample concentration (near LOD) and Ni is the
et pulse count.

For all other analytes we chose the highest value between the
nstrumental LOQs, calculated using the regression curve, and the
OQs calculated from values for blanks [24,25]. These last were
btained by applying the complete analytical procedure to 10
lank filters. LOQ was calculated applying the expression LOQ =
b + 10sb, where mb and sb represent respectively the mean value

or blanks and its standard deviation. We used instrumental LOQ
alue only for As, the sole element for which this procedure yielded
igher value than that obtained with blanks.

To assess the repeatability of the complete method, we applied
he procedure defined in UNI EN14902 [23], using 20 pairs of equiv-
lent real samples, analyzed in random order. Relative repeatability,
rel, of the set of filters pairs A and B, was calculated as follows:

=
∑20

i=1(miA + miB)

40
; r=

√∑20
i=1(miA − miB)2

40
; rrel=

r

X
× 100

here miA and miB are the masses of the analita measured on the ith
air of filters A and B. To confirm, the repeatability of our method,
e also calculated coefficient of linear regression (R2) between

esults from the A and the B filters. This procedure enabled us to
ssess the robustness of our results with respect to the environmen-
al variability of real samples. Values below the LOQ were excluded
rom the calculation. Table 1, summarizes the results.

Table 1 shows that for most of the analytes, repeatability val-
es were satisfactory, also considering the high environmental

ariability of their concentrations. In agreement to this, Pearson
oefficients are in most cases of the order of 0.99 and always higher
han 0.9, with the sole exception of As in the mineralized residual
raction (0.854). In general, as expected, repeatability was worse
hen amounts of analyte in samples were close to the LOQ.

l
p
i
o
b

7 (2009) 1821–1829 1825

Calculations of repeatability for XRF measures on pairs of real
amples gave values comparable to those for CRM and are, in most
ases (Al, Ca, Cr, K, Mg, Na, S, Si), lower than 5%. This suggests that
he repeatability of the sampling procedure plays a negligible role.

In the ICP analysis, rrel values are higher than XRF ones, accord-
ng to the longer sample manipulation. Anyway, they are lower
han 10% for all the measured analytes, with the exception of As
n both output 4 and 5 (respectively 10.5% and 19.4%), for Na and
i in output 4 (respectively 10.1% and 11.3%) and for Ni in output 5
10.7%). We also calculated the repeatability of total concentration,
omputed by summing the amount of analyte in the extracted frac-
ions (output 4) to the amount in mineralized residues (output 5).
espite to the uncertainty propagation, repeatability of the total
oncentrations are better than those of the extracted and miner-
lized residual fractions, with rrel values ranging from 3.1% (Ba) to
.5% (As) and R2 ranging from 0.939 (Mg) to 0.999 (Ba). This result
uggests that sample handling only has a small effect on repeata-
ility but that efficiency of extraction plays a non-negligible role.
ith our current experimental method, the extraction takes place

n an ultrasonic bath with no temperature control. This makes it
ne of the most delicate phases in the sequential extraction pro-
ess [26] and suggests that better standardization will be needed
n the future.

In the described procedure, several parameters can be measured
y more than one analytical technique. This made it possible to
ake inter-technique comparisons. In particular it was possible

o determine the total content of Mg, Mn, S, Fe and Cu both with
RF (output 1) or by summing the results for the extracted and

he residual fraction with ICP-OES (output 4 + output 5). Similarly,
oncentrations of several ions (SO4

2−, Mg2+, Ca2+, Na+) could be
etermined both with IC (outputs 2 and 3) and with ICP-OES (out-
ut 4). Finally, given that Na and Cl, are present almost exclusively

n the form of ions in soluble chemical species, XRF results for these
lements could be compared directly with results for the extracted
raction (output 2 for Na and output 3 for Cl).

.2. Identification and assessment of operational contributions to
epeatability

Individual contributions to measurement uncertainties, are
irectly correlated with the analytical techniques on which the
easurements are based (XRF, IC – anions, IC – cations, ICP-OES),

he way these techniques are applied and the various operations
nvolved in sample preparation (ultrasound extraction, filtration,
ilutions, digestion with acids) [27]. Uncertainties due to instru-
ents – such as those determined by calibration and drift – can

e easily controlled using internal standards and control charts.
owever, the fact that we cannot apply the complete method to cer-

ified materials makes it very hard to determine the contribution
f sample handling and other operational details to measurement
ncertainties. One possibility is to use inter-technique comparisons
or this purpose. As can be seen in Fig. 2, different operations affect
ifferent steps in the analytical procedure with different effects
n the outputs from measurement instruments. Each output can
e considered as a kind of “sample” taken while the analytical
rocedure is still in progress. Once we have measurements for a
ingle analyte from at least two different technique, we can use
t as tracer for operational contributes to uncertainty introduced
uring the application of the analytical procedure. For example: (i)
e can use the comparison between output 3 and output 4 to iso-
ate the separate contributions of Filtration A and sample dilution
rior to the IC analysis; (ii) the only factors affecting the compar-

son between output 1 and output 2 are filter handling and the
perations required for ultrasound extraction; (iii) the comparison
etween output 1 and the sum of outputs 4 and 5 reflects the com-
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pecific sources of measurement uncertainty. Dashed grey lines show comparisons

lete set of factors affecting measurement uncertainty. In sum, we
an use inter-technique comparisons in the same way many analyt-
cal methods use surrogates. The technique provides us with a way
f routinely identifying, assessing and monitoring different factors
ontributing to measurement uncertainty.

For each tracer, we began by calculating the coefficient of linear
egression between the data from the techniques we were com-
aring (Table 2). Values for the Pearson coefficient (R2) were >0.99
or all comparisons with the exception of the ICP-XRF comparison
or Fe (R2=) and Mg (R2=) and of the IC-XRF comparison for Na
R2 = 0.976) and Cl (R2 = 0.989). Regarding Fe and Mg, this result is

robably due to the lower repeatability of XRF (Fe) and ICP (Mg and
e) measurements with respect to the other tracers one (see rrel in
able 1). For Na and Cl, it is very likely that the observed discrepancy
as due to sample contamination in the first part of the proce-

F
v
p
i

able 2
hreshold values (QL), number of valid data (N◦), mean percentage deviations (ı%) and line
racers. Range in the last column is referred to the environmental variability of the whole

N◦ QL (�g) ı% R

CP (output 4 + output 5) vs. XRF (output 1)
Cu 226 1.4 7.1 0
Mn 261 0.16 6.2 0
S 310 – 4.9 0
Fe 156 28 12.1 0
Mg 174 2.9 10.4 0

C cations (output 2) vs. ICP (output 4)
Na+ 290 5.2 5.1 0
Mg2+ 255 1.0 5.5 0
Ca2+ 263 11 4.0 0

C anions (output 3) vs. ICP (output 4)
SO4

2− 310 – 2.8 0

RF (output 1) vs. IC cations (output 2)
Na 263 5.1 10.2 0

RF (output 1) vs. IC anions (output 3)
Cl 275 4.0 8.6 0
ults from different instruments, for different tracers (shown on the top) depends on
en outputs. Dotted lines connect sources of uncertainty to the outputs they affect.

ure (before Filtration A), as suggested also by the high R2 value
0.996) obtained when Na is used for IC-ICP comparison. It should
lso be observed that in all comparisons involving XRF, the slope
nd intercept of the regression line deviated significantly from the-
retical expected values. This is more evidence of the critical role
f calibration in the XRF technique.

In any case, inter-technique comparisons are only possible when
nstrumental repeatability is high enough to ensure the compari-
on will be sensitive to operational errors. This makes it necessary
o identify mean relative deviations for all possible inter-technique
omparisons and to define optimal conditions of use for each tracer.

or the purposes of this assessment, we decided to transform the
alues from inter-technique comparisons so as to make them inde-
endent of systematic differences in the calibration of different

nstruments. For this correction, we used the linear regression val-

ar regression parameters for inter-technique comparisons with different candidate
set of samples (310).

2 Slope Intercept (�g) Range (�g)

.994 1.118 −0.33 0.6–7.1

.996 0.852 0.03 0.1–2.7

.998 1.178 0.08 10–122

.938 0.865 0.04 3.0–77

.956 1.192 0.06 0.7–11

.996 0.961 0.44 4.3–65

.997 0.974 −0.07 0.6–9.8

.996 1.05 0.78 7.1–92

.997 0.985 0.23 23–306

.976 1.254 −1.1 4.3–65

.989 0.88 −1.2 3.3–86
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Fig. 3. Percentage deviations (ıi%) between measurem

es reported in Table 2 and recalculated the values obtained from
ne of the two techniques so as to obtain a regression equation with
ntercept of zero and slope of 1.

For each sample, and for each pair of techniques, we went on to
alculate percentage deviations ıi%, using the expression:

i% = (m′
i,A − mi,B)/(m′

i,A + mi,B) × 200

here m′
i,A is the corrected mass of tracer measured in the ith sam-

le, using technique A, and mi,B is the mass of tracer measured with
echnique B.

Given we had no way of artificially creating samples with
ifferent concentrations of tracer, we applied inter-technique com-
arisons to 310 real samples of PM10 (196 samples) and PM2.5 (114
amples), collected from different sites. We found, as expected, that
or nearly all tracers, the ıi% values were higher when the amount
f tracer in the sample was relatively small (see Fig. 3). The only
xceptions were cases where the amount of tracer was significantly
igher than the LOQ for both of the techniques in the compari-
on. This finding enabled us to determine a threshold value (QL
n Table 2), above which ıi%s were independent of the amount of
racer and normally distributed. To confirm this finding, we used
he Dixon and Grubbs outlier tests to detect and discard anomalous
ata, and applied the Shapiro-Wilk test for normality [28].

Table 2 provides mean ıi%s (ı%) for each tracer and for each
nter-technique comparison and shows the considered number of
amples (N◦), where the amount of tracer was higher than QL. Val-
es of ı%, N◦ and QL for Fe and Mg confirm that measurements
f this two elements are not sufficiently reliable to be used as
uality tracers. On the contrary, it can be seen that the quantity
f S collected on filters was always much higher than QL. As a
esult, S is a very effective tracer, both in the ICP-XRF compari-
on (total S content), and in the comparison between IC (anions)
nd ICP (SO4

2− soluble ion). All the other elements are mainly
resent in coarse particulate [29–31]. As a result, the amount of
hese elements in samples of PM2.5 is often below QL. By contrast,
he amounts present in PM10 is high enough to allow completely

eliable comparisons.

To gain more detailed insights into the way different steps in
he analysis contribute to measurement uncertainty, we examined
orrelations between comparison results for different tracers. The
pproach used is depicted in Fig. 4. This shows percentage deviation

m
a
l
p
P

f Cu with XRF (output 1) and ICP (output 4 + output 5).

alues for a small set of data. We observe that in the XRF-ICP com-
arisons the patterns of ıi% for Cu, Mn and S are practically identical
Fig. 4c). This suggests the presence of one (or more) predominant
ources of measurement uncertainty with the same effect on all
hree tracers. It should be noted that the ICP values used in the cal-
ulation represent the sum of the extracted and residue fractions
outputs 4 + 5), and that while S is present mainly in the extracted
raction, Cu and Mn are present in both (see the last column of
able 1). Some sources of uncertainty such as microwave acid diges-
ion only affect the residue fraction (output 5) (Fig. 2). On the other
and, filtration of the extract fraction (Filtration A) obviously has
ifferent effects on the extract and residue fractions. In brief, these
ources of uncertainty have different effects on the deviations in
ur tracers and cannot be the main factors determining the trends
e observed.

The other inter-technique comparisons provide us with addi-
ional information. In particular the deviations in the comparison
etween XRF (output 1) and IC (anions) (output 3) (Fig. 4d) are very
imilar to those we observe for Cu, Mn and S in Fig. 4a. By contrast,
he deviations measured in the comparisons between IC (outputs
and 3) and ICP (output 4) (Fig. 4a and b) are smaller and display

ery different trends. It thus appears that the main factors affect-
ng measurement uncertainty exert their effects in the initial stages
f the analytical procedure. Between XRF analysis and Ultrasound-
ssisted Extraction the sample filter is taken out of the XRF sample
older and the polymethylpentene ring is manually removed with
scalpel. Although these operations are performed with great care,

hey can still lead to loss of sample material. What is more, valida-
ion with certified materials cannot control for these losses. The
IST 2783 used for validation of the XRF analysis comes on filters
ith no supporting ring, and is not suitable for the destructive anal-

ses we use in the later stages of our procedure. The NIST 1648
sed to validate our extraction methods does not come on a filter.
e observe that the Teflon® filters used in our study are one of the
ost popular choices for this kind of work—mainly because ana-

ytical values for blank filters of this kind are especially low. The
act that the error we found is due to an unavoidable loss of sample
aterial, casts doubt on the accuracy of other kinds of destructive
nalysis that use the same kind of filter. We note that similar prob-
ems may arise during the division of filter samples into portions—a
rocedure often applied during the chemical characterization of
M.
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Fig. 4. Patterns of selected tr

.3. Process control

Procedures based on inter-technique comparisons, such as the
cheme we have just described, can also be used to identify the role
f operational errors in routine applications. They thus provide an
ffective form of process control. To apply them in this way, all we
eed to do is define the confidence intervals for inter-technique
eviations (in our case ±ı% and ±2 ı%, for the ı% values shown in
able 2). We then select those values where deviations are indepen-
ent of tracer quantities (value > QL), and plot them on the control
hart. Where errors are detected, we can use the scheme proposed
arlier to identify the nature of the error.

It is obvious that, in some cases, the identification of spe-
ific operational errors, affecting all measurements from a specific
nstrument, would allow us to recover data which would otherwise
e lost.

. Conclusions

We validated and applied to real PM10 and PM2.5 samples a
rocedure for a meaningful inorganic characterization (inorganic

ons, crystal, major and trace elements, elemental solubility) on
single filter. The procedure avails of XRF, IC and ICP measure-
ents and some parameters can be analyzed by more than one of

hese techniques. This allowed us to propose a scheme for analyt-
cal quality control based on inter-techniques comparison. Some
nalytes (Cu, Mn and S total concentration; Ca2+, Mg2+, Na+, Cl−,
O3

− and SO4
2− soluble ions) were selected as “quality tracers”

nd the scheme described in this paper allowed us to use them for
he identification and evaluation of some operative contributions

o uncertainty in PM composition measurements. The relevance
f the contributions can be traced on individual samples. These
ontributions could have hardly been detected with the conven-
ional tools for data quality control, as they refer to phases of the
rocedure which are not applicable to reference materials. In par-
ercentage deviation values.

icular, it has been shown that handlings of the sampled filters, such
s removal of the supporting ring or division into portions, may
ive operational contributions to uncertainty higher than those
elated to solvent extraction and acid digestion treatment. Other
ritical aspects of the procedure, which should be subjected to fur-
her optimization in the future, are extraction efficiency and XRF
alibration.

It is worth noting that this scheme for uncertainty sources trace-
bility can be applied to any analytical procedure involving the
se of more multi-parametric techniques, provided that some of
he analytes are measured by more techniques, at different steps
f the procedure. These requirements are quite common in ele-
ental chemical fractionation procedures applied to PM, where the

oined use of non-destructive and destructive techniques allows a
eneficial increase in the number of analyzed parameters.
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y sol–gel citrate method
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a b s t r a c t

Nanocrystalline Sr2FeMoO6 (SFMO) belonging to the group of double perovskite oxides, was prepared
by the sol–gel citrate method. The structural and microstructural characterization has been carried out
with the help of X-ray diffraction (XRD) and transmission electron microscopy (TEM), respectively. XRD of
Sr2Fe1−xNixMoO6 (SFNMO) shows the formation of solid solution with average grain size of about 40 nm.
vailable online 14 October 2008

eywords:
ouble perovskite structure
as response

A comparative study of gas sensing behaviour of Sr2FeMoO6 and Sr2Fe1−xNixMoO6 with reducing gases
like hydrogen sulfide (H2S), liquid petroleum gas (LPG), hydrogen (H2), ethanol (C2H5OH) and carbon
monoxide (CO) were also discussed. The sensitivity is calculated by measuring the change the resistance
of the sensor material in the presence of gas. Among the different composition of x (x = 0.2, 0.3, 0.4, 0.5),
Sr2Fe0.6Ni0.4MoO6 (x = 0.4) shows better response to H2S gas at 260 ◦C. Incorporation of palladium (Pd)
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electivity
2S gas

improves the gas respons
to 220 ◦C for H2S gas.

. Introduction

Gases are the key measurands in many industrial or domestic
ctivities. In the last decade, the specific demand for gas detection
nd monitoring has emerged particularly as the awareness of the
eed to protect the environment has grown.

Hydrogen sulfide (H2S) is one of the typical bad smelling odors
hich is frequently generated from sewage, a dump or the human
outh. H2S is a colorless toxic, flammable and bad smelling gas.
ith these properties, H2S has become a recent target of rather

xtensive research on solid-state sensors.
One of the most interesting and sensitive sensors studied is the

emiconductor metal oxide gas sensor. Recently, some composite
xides such as spinel AB2O4 [1] and perovskite ABO3 [2] were found
o be more attractive for their better selectivity and/or sensitivity to
2S gas. In particular, the perovskite structure was established to be
promising material in detecting reducing gases. It is well known

hat a number of perovskite oxides (ABO3) were used as gas sensor
aterials because of their stability in thermal and chemical atmo-
pheres. So over the last decade, the perovskite oxide materials have
reated and promoted interest in gas sensors.

Modified Sr2FexNi1−xMoO6 a well-known member of the double
erovskite family of oxides, has been studied due to its important

∗ Corresponding author.
E-mail addresses: cgnroa@yahoo.com, nano.d@rediffmail.com (G.N. Chaudhari).
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ctivity, response time and reduced the operating temperature from 260

© 2008 Elsevier B.V. All rights reserved.

roperties like crystalline structure, transport and magnetic prop-
rties [3]. Similarly Sr2FeMoO6 (SFMO) has been studied due to its
agnetic properties [4]. Although much progress has been made

n applications related to other areas for SFMO. As per our knowl-
dge, the gas sensing properties of SFMO have not been explored
or any gas.

In this paper, we report for the first time H2S gas sensing phe-
omena observed in SFMO thick film prepared by sol–gel citrate
ethod. The sensitivity of the SFMO based sensor to H2S has been

tudied by measuring the resistance of the sensor material in air
nd then in H2S environment. It has been observed that there
s an increase in gas response when exposed to H2S than other
educing gases like liquid petroleum gas (LPG), hydrogen (H2), car-
on monoxide (CO) and ethanol (C2H5OH). We have also tried
o improve the response to H2S gas by modifying the surface of
r2FeMoO6 with Sr2Fe1−xNixMoO6 (SFNMO). The effect of partially
ubstituted Ni2+ ions for Fe3+sites of SFMO on gas response is also
escribed. This sensor material is often modified by additive or
opant—e.g. noble metal such as Pd in order to improve the per-
ormance.

. Experimental
Nanocrystalline SFNMO powder was synthesized by using
ol–gel citrate method. The stoichiometric ratio of Ni(NO3)3·6H2O,
e(NO3)3·9H2O, Sr(NO3)2, (NH4)6Mo7O24·4H2O and citric acid
onohydrate [C6H8O7·H2O] were weighed and dissolved in ethy-
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The resulting SFNMO, annealed at 650 ◦C for 6 h, was examined
by powder X-ray diffraction analysis in Fig. 2. Results agree very well
with the XRD pattern reported in the literature [4]. The XRD pat-
tern shows double perovskite with tetragonal structure. The SFNMO
Fig. 1. Flowchart of sy

ene glycol at 80 ◦C. A transparent solution was obtained after 2 h.
his solution was then heated at 130 ◦C for 12 h in a pressure vessel
o form the gel precursor. The prepared product was subjected to
h heat treatment at 350 ◦C in a muffle furnace and then milled to
fine powder. The obtained powder was then calcined at 650 ◦C

or 6 h. Fig. 1 shows the flowchart of synthesized nanocrystalline
owder.

Incorporation of palladium (Pd) in the SFNMO was performed
y the impregnation technique as follows:

Aqueous solution of PdCl2 was impregnated followed by drying
ver night at 110 ◦C in an oven followed by calcination at 600 ◦C
or 2 h. Subsequently, the above compound was ground into a fine
owder and mixed with 2% polyvinyl alcohol (PVA) as a binder and
% ethanol as a solvent to obtain a paste. The resulting paste was
oated onto the alumina tube substrates provided with platinum
ire electrodes for electrical contacts. After coating, the element
as sintered at 700 ◦C for 2 h in a vertical furnace.

The gas sensitivity (S) was defined as: S = (Ra − Rg)/Ra = �R/Ra;
here, Ra and Rg are the resistance of sensor in air and the test gas,

espectively. The sensor was examined under different reducing
ases such as H2S, LPG, H2, CO and ethanol whose concentration
as fixed at 1000 ppm in air.

The crystal structure of the film was determined by X-ray
iffraction (XRD) using a Siemens D5000 diffractometer with
onochromatic CuK� radiation. The surface morphology of the

ynthesized powder was observed through a Hitachi-800 transmis-

ion electron microscope (TEM). The crystallite sizes of powders
ere calculated according to Scherrer’s equation,

= k�

ˇ cos �
ized SFNMO powder.

here, k is 0.9, � is X-ray wavelength, ˇ is full width at half-
aximum in radians and � is the diffraction peak position.

. Results and discussion
Fig. 2. XRD pattern of SFNMO, calcined at 650 ◦C for 6 h.
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Fig. 3. TEM image of SFNMO, calcined at 650 ◦C.

ad an average crystallite size of 40 nm calculated using Scherrer’s
quation applied to the XRD data. It should be noted that no nickel
ontaining phase was detected due to formation of solid solution.

Fig. 3 shows the powder distribution obtained from TEM image.
t can be seen that the particles have nanometer-scale morphology
t a relatively low calcination temperature and are well dispersed
rom each other. The particle size is estimated to be between 35
nd 45 nm for SFNMO.

When the material is exposed to reducing gases, the changes in
esistance for the semiconductor-based sensors is mainly caused
y the reaction between the reducing gases and the bound oxy-
en species adsorbed on the surface of the semiconductor, which
hanged with the operating temperature [5]. The gas response
hich is thermally activated depends on the operating temperature

s presented in Fig. 4 which shows the response of SFMO sensor to
2S, LPG, H2, CO and ethanol. The gas response was measured as a

unction of operating temperature. SFMO senses all reducing gases
ut the response for H2S gas at 310 ◦C is 0.45, which is much higher
s compared to other reducing gases.

The gas sensing mechanism belongs to the surface-controlled

ype. The gas sensitivity is a function of grain size, surface state, oxy-
en adsorption and lattice defects. Normally, the smaller the grain
ize is, the higher is its gas sensing property [6]. Besides, in order to
mprove selectivity for particular application, surface modification

ig. 4. Response as a function of operating temperature for undoped SFMO for H2S,
PG, H2, CO and ethanol.

g
a
t
a
r

F
a

ig. 5. Response as a function of operating temperature for different amount of Ni
A) 0.2, (B) 0.3, (C) 0.4 and (D) 0.5.

y proper choice of additives or dopants to the base materials are
ften used. The doping is generally based on the selection of most
ffective catalysts, which modulate specific chemical reaction on
he semiconductor sensor surface.

The gas response of the Sr2Fe1−xNixMoO6 was markedly
romoted by partial replacement of Fe ion by Ni ion. Fig. 5
hows the response as a function of operating temperature for
r2Fe1−xNixMoO6 with different amount of ‘x’ (x = 0.2, 0.3, 0.4 and
.5). The response to H2S gas improves with increasing amount of
i. The best response, in case of Sr2Fe0.6Ni0.4MoO6 (x = 0.4) may be
ecause of more available sites for the oxygen to be adsorbed and

n turn to oxidize the test gas. The decrease in response may be
ue to the insufficient number of sites available on the surface. The
artial replacement results in a decrease of grain size and hence

n an increase of surface area. Since small grains have relatively
arge grain boundary areas, the adsorption of H2S molecules is rel-
tively high. Fig. 6 shows the gas response of SFNMO as a function
f different reducing gases. It is seen that sensor responds with
ery high sensitivity selectively to H2S compared to the other test
ases. Figure indicates the high response of SFNMO sensor to H2S
as as compared to LPG, H2, CO and ethanol at an operating temper-

ture of 260 ◦C. Ni incorporation results in a decrease in operating
emperature by 50 ◦C. The lower operating temperature is prob-
bly due to its larger surface area and high surface activity, which
esults in stronger interaction between the test gases and the mate-

ig. 6. Response of SFNMO versus different reducing gases at an operating temper-
ture 260 ◦C.
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Fig. 7. Effect of Pd doping on SFNMO on the response to H2S gas.

ial surface. Compared with SFMO, SFNMO showed better response
o H2S. The reason may be that the partial replacement of Fe ions
y Ni ions is advantageous to adsorption and oxidization for H2S.
t is evident from the figure that the sensor was highly selective to

2S gas against CO, LPG, H2 and ethanol gases. The high selectivity
o H2S gas can be attributed to the surface modification by Ni over
r2Fe0.6Ni0.4MoO6film.

Noble metal such as Pd was added to SFNMO to improve the
esponse and reduced the operating temperature. Fig. 7 shows the
esponse of 0.5 wt% Pd doped SFNMO as a function of operating
emperature for H2S gas. We observed that sensor reaches its max-
mum value of response at 220 ◦C. The reduction in temperature,
.e. from 260 to 220 ◦C is considered to be very beneficial from the
ensor point of view.

In general, the response of gas sensor increases as the concentra-
ion of sensing gas is increased. Fig. 8 shows response as a function
f amount of gas (in ppm) for 0.5 wt% Pd doped SFNMO, at an oper-
ting temperature 220 ◦C. Figure shows that response of 0.5 wt% Pd
oped SFNMO sensor exhibits good dependence on H2S concentra-
ion up to about 100 ppm and further reaches to saturation level.

s seen from figure, the response initially increased slowly with

ncreasing concentration and then linearly as the gas concentration
ncreased.

ig. 8. Variation in response for SFNMO gas sensor as a function of gas concentration
or H2S in ppm.
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Fig. 9. Response characteristics of SFNMO at 220 ◦C.

The response and recovery times were used to characterize the
ensor performance. The response time defines the time taken for
he sensor to reach 90% of the saturation value after contact the
est gas with the surface of the sensor; the recovery time is the
ime of the resistance recovery to the initial level after the removal
f the test gas from the environment. Fig. 9 shows the response and
ecovery time for H2S gas at an operating temperature of 220 ◦C.
he response and recovery levels were attained at ∼20 and ∼45 s,
espectively, for 0.5 wt% Pd doped SFNMO.

. Gas sensing mechanism

It is well known that the sensing mechanism of the oxide mate-
ials is surface controlled in which the grain size, surface states
nd oxygen adsorption play an important role [7]. The larger sur-
ace area generally provides more adsorption–desorption sites and
hus the higher sensitivity. The H2S sensing mechanism is based on
he change in resistance of SFNMO thick film, which is controlled
y H2S vapor species and the amount of the chemisorbed oxy-
en on the surface. It is known that atmospheric oxygen molecules
re adsorbed on the surface of semiconductor oxides in the form
f O2

−, O− or O2−. The SFNMO film interacts with oxygen by
ransferring the electrons from the conduction band to adsorbed
xygen atoms. The reaction may be explained by the following
eactions:

2(gas) + e → O2(ads)−

2(ads)− + e → 2O(ads)−

When reducing gas molecules like H2S reacts with negatively
harged oxygen adsorbates, the trapped electrons are given back to
he conduction band of SFNMO. The reaction of H2S gas may takes
lace by following way:

2S + 3O(ads)− → SO2 + H2O + 3e−(conductionband)
The energy released during decomposition of adsorbed H2S
olecules would be sufficient for electrons to jump up into the

onduction band of SFNMO. An increase in operating temperature
urely increases the thermal energy so as to stimulate the oxidation
f H2S. The reducing gas donates electrons to SFNMO, which results
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ncrease in the electron concentration of the film. As a consequence,
hange in the resistance of SFNMO film is observed. This is the rea-
on why the gas response increases with operating temperature.
owever, the response decreases at higher operating temperatures,
s the oxygen adsorbates are desorbed from the surface of the sen-
or [8].

. Conclusion

Double perovskite Sr2Fe0.6Ni0.4MoO6 with tetragonal structure
as prepared by sol–gel citrate method. Sr2Fe0.6Ni0.4MoO6 shows

esponse and selectivity for H2S gas at an operating temperature of
60 ◦C. XRD of Sr2Fe0.6Ni0.4MoO6 calcined at 650 ◦C for 6 h showed

ood crystalline quality and TEM was utilized to observe the
icrostructure of the particles with a grain size of about 35–45 nm.

ncorporation of 0.5 wt% Pd in Sr2Fe0.6Ni0.4MoO6 improves the gas
esponse, response time and reduced the operating temperature
or H2S gas.
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a b s t r a c t

The mechanism of interaction of lipoic acid–palladium complex (LAPd) with double-stranded DNA
(dsDNA), as well as the adsorption process and the redox behaviour of LAPd, of its ligand lipoic acid (LA),
and of the LAPd-containing dietary supplement, Poly-MVATM, were studied using atomic force microscopy
(AFM) and voltammetry at highly oriented pyrolytic graphite (HOPG) and glassy carbon electrodes. In the
presence of small concentrations of LAPd molecules, the dsDNA molecules appeared less knotted and
bended, and more extended on the HOPG surface, when compared with the dsDNA molecules adsorbed
ipoic acid
ipoic acid–palladium complex
oly-MVATM

oltammetry
FM

from the same dsDNA solution concentration. The voltammetric results demonstrated the interaction of
both LAPd and Poly-MVATM with dsDNA, but no oxidative damage caused to dsDNA was detected. AFM
images revealed different adsorption patterns and degree of surface coverage and correlation with the
structure, the concentration of the solution, the applied potential, and the voltammetric behaviour of the
LA, LAPd and Poly-MVATM was observed. The application of a negative potential caused the dissociation
of the LAPd complex and Pd(0) nanoparticle deposition, whereas the application of a positive potential
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induced the oxidation of th

. Introduction

The lipoic acid–palladium complex (LAPd) was originally
esigned as a non-toxic chemotherapeutic agent, in a prescrip-
ion version called DNA Reductase, and consists of a palladium
onded to both end-groups of a lipoic acid (LA), the two sulfurs
f the thiolane ring and the carboxyl of the pentanoic chain in a 1:1
atio, Scheme 1 [1,2]. This arrangement is unique in that it allows
he molecule to be both water and lipid soluble. The presence of
he free radical scavenger, LA [3,4], and the addition of an alter-
ative energy source, palladium [2,5,6], led to consider that LAPd
an be used in the treatment of various cancers [2,7,8].

The LA, ligand in the LAPd complex, is a well established
ntioxidant that may act as a buffer in cancer therapy [9] where
he drugs used are known promoters of oxidative stress, or in
herapy of diseases associated with oxidative stress [10–13], either
irectly as a free radical scavenger [14–16] or indirectly due to its

ynergistic action with other antioxidants [17].

The LAPd-containing liquid dietary supplement, Poly-MVATM,
s based on a LAPd polymer that exists as a trimer of lipoic
cid–palladium complex joined to thiamine [1]. Besides the LAPd

∗ Corresponding author. Tel.: +351 239 835295; fax: +351 239 835295.
E-mail address: brett@ci.uc.pt (A.M. Oliveira-Brett).
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Pd complex and the formation of a mixed layer of LA and palladium oxides.
© 2008 Elsevier B.V. All rights reserved.

ore unit, Poly-MVATM also contains free LA [18], minerals (molyb-
enum, rhodium, ruthenium), vitamins (B1, B2, B12) and amino
cids (N-acetyl cysteine and formyl methionine). LAPd in Poly-
VATM was shown to regulate ischemic cell death and may be
potent neuroprotective agent for victims of transient ischemic

ttack, cardiac arrest, anesthetic accidents, or drowning [19].
oxicological studies showed no accumulation in or damage to any
issues, and the median lethal dose, LD50, in mice is greater than
000 mg kg−1 (the highest dosage tested) [19–21]. The Ames test
onfirmed that the complex is free of mutagenicity [22].

Voltammetric methods have been used for the characterization
f LA and palladium(II) containing solutions, at a glassy carbon
lectrode (GCE) [18,23]. The same methods were employed for
he determination LA in two dietary supplements, Poly-MVATM

nd Solgar Alpha-Lipoic Acid [18]. Atomic force microscopy (AFM)
as used to investigate the surface topography of highly oriented
yrolytic graphite (HOPG) electrodes modified with electrode-
osited palladium nanoparticles and nanowires [23].

In the present paper, the mechanism of interaction of LAPd
ith double-stranded DNA (dsDNA) was studied voltammetrically
nd morphologically evaluated by magnetic AC mode (MAC Mode)
FM. For this purpose, a systematic study of the adsorption pro-
ess and the redox behaviour of LAPd, of the ligand LA and of the
APd-containing Poly-MVATM was carried out at two carbon elec-
rodes, HOPG and GCE. The results revealed important correlations
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Scheme 1. Proposed structure of LAPd.

etween the different adsorption patterns, conformational changes
nd the voltammetric behaviour of LAPd and dsDNA upon interac-
ion.

. Experimental

.1. Materials and reagents

Solutions of 10 mM LAPd and 13 mg mL−1 Poly-MVATM (of pro-
rietary blend as marketed, containing 40 mM LAPd) were from
arnett McKeen Laboratory, Inc. and were used without further
urification. Solutions of different concentrations of either LAPd
r Poly-MVATM were freshly prepared before each experiment
y dilution of the appropriate quantity in supporting electrolyte.
L-�-lipoic acid (LA) was purchased from Sigma–Aldrich. A stock

olution of 100 mM LA was prepared in ethanol/water 1:1 and kept
t 4 ◦C. Calf thymus dsDNA and all the other reagents were Merck
nalytical grade. A stock solution of 300 �g mL−1 dsDNA was pre-
ared in deionized water and kept at 4 ◦C.

The solutions were then diluted to the desired concentration
y mixing buffer supporting electrolyte. All solutions were pre-
ared using analytical grade reagents and purified water from
Millipore Milli-Q system (conductivity ≤ 0.1 �S cm−1). The sup-

orting electrolyte solutions were 0.1 M acetate buffer pH 4.5 and
.1 M phosphate buffer pH 7.0. Nitrogen saturated solutions were
btained by bubbling high purity N2 for a minimum of 10 min
hrough the solution and a continuous flow of pure gas was main-
ained over the solution during the voltammetric experiments.

Microvolumes were measured using EP-10 and EP-100 Plus
otorized Microliter Pippettes (Rainin Instrument Co. Inc.,
oburn, USA). The pH measurements were carried out with
Crison micropH 2001 pH-meter with an Ingold combined

lass electrode. All experiments were done at room temperature
25 ± 1 ◦C).

.2. Atomic force microscopy

HOPG grade ZYB of 15 mm × 15 mm × 2 mm dimensions, from
dvanced Ceramics Co., was used as a substrate in the AFM study.
he HOPG was freshly cleaved with adhesive tape prior to each
xperiment and imaged by MAC Mode AFM in order to establish its
leanliness.

AFM was performed with a PicoSPM controlled by a MAC Mode
odule and interfaced with a PicoScan controller from Agilent

echnologies, Tempe, AZ (formally Molecular Imaging). A CS AFM
scanner, with a scan range 6 �m in x–y and 2 �m in z, and silicon

−1
ype II MAClevers of 225 �m length, 2.8 N m spring constants,
0–90 kHz resonant frequencies in air, from Agilent Technologies,
ere used. All images (256 samples line−1 × 256 lines) were topo-

raphical and were taken in air at room temperature, by MAC
ode, with scan rates of 0.8–2.0 lines s−1. When necessary, the

1
p
o
d
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FM images were processed by flattening in order to remove the
ackground slope and the contrast and brightness were adjusted.

Section analyses were performed with PicoScan software ver-
ion 5.3.1, Agilent Technologies and with Origin version 6.0 from
icrocal Software, Inc., USA. The mean values of the heights and

tandard deviations were calculated with Origin version 6.0 from
icrocal Software, Inc., USA.

.3. Voltammetric parameters and electrochemical cells

The voltammetric experiments were performed using an Auto-
ab running with GPES 4.9 software, Eco-Chemie, Utrecht, The
etherlands. Cyclic voltammograms (CVs) were recorded at scan

ate of 50 mV s−1. The differential pulse voltammetry (DPV) con-
itions were: pulse amplitude 50 mV, pulse width 70 ms, step
otential 2 mV and scan rate of 5 mV s−1. Measurements were car-
ied out in a 0.5 mL one-compartment electrochemical cell using a
lassy carbon electrode (GCE) (d = 1.5 mm), with a Pt wire counter
lectrode, and a Ag/AgCl (3 M KCl) electrode as reference.

The GCE was polished using diamond spray (particle size
�m) before every electrochemical experiment. After polishing,

he electrode was rinsed thoroughly with Milli-Q water then it
as sonicated for 1 min in an ultrasound bath and again rinsed
ith water. After this mechanical treatment, the GCE was placed in

uffer electrolyte and various CVs were recorded at V = 100 mV s−1

ntil a steady state baseline voltammogram was obtained. This
rocedure ensured very reproducible experimental results.

Electrochemical deposition of LAPd on the HOPG electrode
urface was performed in a one-compartment Teflon cell of
pproximately 12.5 mm internal diameter, holding the HOPG work-
ng electrode on the bottom of the cell. The Pt wire counter and
he Ag/AgCl reference electrodes were placed in the cell dipping
pproximately 5 mm into the solution.

.4. Sample preparation

The adsorption of LA, LAPd and Poly-MVATM onto HOPG and
CE and the dsDNA interaction with LAPd and Poly-MVATM were
tudied by MAC mode AFM in air and voltammetric methods, using
he procedures described below. For all modified HOPG and GCEs
he excess of solution was removed with Millipore Milli-Q water
nd the electrodes dried in a sterile atmosphere prior to AFM and
oltammetric measurements.

.4.1. Procedure 1 – LA, LAPd, Poly-MVATM and control dsDNA
odified HOPG

The spontaneous adsorption of control dsDNA, from 5 �g mL−1

r 10 �g mL−1 dsDNA, and different concentrations of LA, LAPd and
oly-MVATM solutions was performed depositing 200 �L samples
f the desired solutions onto freshly cleaved HOPG surfaces and
ncubating for 3 min.

.4.2. Procedure 2 – electrodeposited LAPd modified HOPG
The electrodeposition of LAPd was performed from concentra-

ions of 0.1 mM LAPd in 0.1 M phosphate buffer solutions pH 7.0, by
pplying −1.0 V or +1.2 V vs. Ag/AgCl (3 M KCl), during 30 min.

.4.3. Procedure 3 – electrodeposited LAPd and Poly-MVATM
The electrodeposition was performed from 1 mM LAPd or
.3 mg mL−1 Poly-MVATM (containing 4 mM LAPd) in 0.1 M phos-
hate buffer pH 7.0, by continuous cycling (10 CVs) or by applying
ne of the potentials: −1.00 V or +1.20 V vs. Ag/AgCl (3 M KCl),
uring 30 min.
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.4.4. Procedure 4 – layer by layer dsDNA–LAPd modified HOPG
A volume of 200 �L from a 5 �M LAPd in 0.1 M phosphate

uffer solution pH 7.0 was deposited for 3 min on a control dsDNA-
odified HOPG electrode, Procedure 1 (5 �g mL−1 dsDNA).

.4.5. Procedure 5 – layer by layer LAPd–dsDNA modified HOPG
A volume of 200 �L from a 5 �g mL−1 dsDNA in 0.1 M phosphate

uffer solution pH 7.0 was deposited for 3 min on a LAPd-modified
OPG electrode obtained using either 1 �M or 0.1 �M LAPd solu-

ions, Procedure 1.

.4.6. Procedure 6 – dsDNA–LAPd and dsDNA–Poly-MVATM

odified HOPG
For the preparation of dsDNA–LAPd modified HOPG, 5 �g mL−1

sDNA were incubated with 5 �M LAPd or 0.1 �M LAPd, in
.1 M phosphate buffer pH 7.0, at room temperature, during
4 h. For the preparation of dsDNA–Poly-MVATM modified HOPG,
0 �g mL−1 dsDNA were incubated with 3.3 �g mL−1 Poly-MVATM

containing 10 �M LAPd), in 0.1 M phosphate buffer pH 7.0, at room
emperature, during 24 h. In order to prepare the dsDNA–LAPd
nd dsDNA–Poly-MVATM modified HOPG, 200 �L samples of the
espective incubated solution were placed onto the freshly cleaved
OPG for 3 min.

.4.7. Procedure 7 – control dsDNA, dsDNA–LAPd and
sDNA–Poly-MVATM modified GCE

The control dsDNA modified GCE was obtained by depositing
volume of 5 �L of 50 �g mL−1 dsDNA in 0.1 M acetate buffer

olution pH 4.5 onto the GCE for 10 min. The dsDNA–LAPd and
sDNA–Poly-MVATM modified GCE were obtained by incubating
he control dsDNA modified GCE for 3, 5 and 10 min with 1.0 mM
APd or 1.3 mg mL−1 Poly-MVATM (containing 4 mM LAPd) in 0.1 M
hosphate buffer pH 7.0.

.4.8. Procedure 8 – control dsDNA and dsDNA–LAPd modified
CE

The control dsDNA modified GCE was prepared from a
0 �g mL−1 dsDNA in 0.1 M acetate buffer solution pH 4.5. The
sDNA–LAPd modified GCE was prepared from an incubated
olution containing 30 �g mL−1 dsDNA and 1 mM LAPd in 0.1 M
hosphate buffer pH 7.0 at room temperature, during 48 h. The con-
rol dsDNA modified GCE and the dsDNA–LAPd modified GCE were
repared depositing 3 drops of 5 �L each on the GCE and dried
nder a flow of pure N2 gas. The modified GCE was then placed in
he electrochemical cell where the voltammograms were always
ecorded in 0.1 M acetate buffer pH 4.5.

. Results and discussion

The adsorption process and the redox behaviour of LA, LAPd and
oly-MVATM were studied first using AFM and voltammetry and the
esults obtained are essential to explain the lipoic acid–palladium
omplex interactions with dsDNA. The investigation of the interac-
ion of dsDNA with LAPd and Poly-MVATM will be based on different

orphological and voltammetric modifications.

.1. Adsorption process and redox behaviour of LA, LAPd and
oly-MVATM

.1.1. AFM characterization of adsorbed LA, LAPd and Poly-MVATM
The adsorption process of the LA, LAPd and Poly-MVATM,
as first investigated by AFM, using the procedures from Sec-

ion 2.4. As described below, the topographical images clearly
howed the capacity of LA, LAPd and Poly-MVATM to interact
nd adsorb spontaneously on carbon electrode surfaces, forming

L
fi
L
s
H
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ifferent morphological films depending on solution concentra-
ion.

In all the AFM experiments the HOPG was used as working elec-
rode, as its atomically flat terraces permit the correct evaluation
f the morphological features of the adsorbed molecules and films.
s a comparison, the GC surface has a root-mean-square (r.m.s.)
oughness of 2.10 nm while the HOPG surface has a r.m.s. roughness
f less than 0.06 nm, for a 1000 nm × 1000 nm surface area. Fur-
hermore, the experiments using GCE and HOPG electrodes showed
imilar electrochemical behaviour.

.1.1.1. Spontaneous adsorption of LA onto HOPG. The LA molecule
s the ligand in the LAPd complex and has a disulfide-containing
ase, a short alkyl chain with four CH2 units, and a carboxyl
ermination [18]. The spontaneous adsorption of LA onto HOPG
Fig. 1A–D) was performed using the Procedure 1. AFM images in
ir of the LA modified HOPG, obtained from a solution of 400 �M
A, showed an approximately 0.5 nm height thin LA film (Fig. 1A)
hat corresponds to a monolayer formed by hydrophobic interac-
ions between LA alkyl chains and the hydrophobic HOPG surface.
lso the LA molecules have the tendency to form 0.8–5.0 nm height
pherical aggregates which are uniformly distributed within the LA
onolayer.
Using a higher concentration of 40 mM LA, two morphologi-

ally different LA layers were observed (Fig. 1B), with 1.5 ± 0.2 nm
ifference in height between the layers. The internal structure
f those two LA layers was revealed in the higher magnification
FM images presented in Fig. 1C and D, which have the scan cen-

res marked as white crosses in Fig. 1B. The first layer (Fig. 1C)
as a thin multilayer of LA molecules, which covered completely

he HOPG electrode, showed no pores and with large spherical
ggregates of 1.0–6.0 nm height embedded into its structure. The
econd LA layer (Fig. 1D) was a thick and smooth multilayer,
ith only a few narrow indentations, of 0.8–1.8 nm depth, that
ere not sufficiently deep to reach the HOPG substrate under-
eath.

.1.1.2. Spontaneous adsorption of LAPd onto HOPG. The LAPd
odified HOPG electrode was obtained by spontaneous adsorp-

ion during 3 min, from different concentrations of LAPd, using the
ethod described in Procedure 1. AFM images of the LAPd mod-

fied HOPG obtained from a low concentration of 0.1 �M LAPd
olution showed large aggregates of 0.9 ± 0.2 nm height (Fig. 2A).
APd presents a large three-dimensional structure, with the pal-
adium in the centre of the complex, covalently coordinated with
oth oxygens of the LA carbonyl and one or more sulphur atoms
Scheme 1) [2]. The approximately 0.9 nm height of the LAPd aggre-
ates is related with the deposition of a monolayer of molecules on
he HOPG surface.

AFM images of adsorption from a 1 �M LAPd solution (Fig. 2B)
howed looped filaments of 1.4 ± 0.1 nm height, as a result of the
ggregation of the small LAPd molecules, and large portions of
ncovered HOPG. AFM images of adsorption from a 10 �M LAPd
olution (Fig. 2C) and 50 �M LAPd solutions (data not shown)
howed similar results: a less compact LAPd film with larger pores
f 1.6 ± 0.3 nm depth. The height of the LAPd films constantly
ncreased with increasing the LAPd solution concentration, due
o the formation of LAPd multilayers. Inside the LAPd film small
ggregated molecules were observed.

AFM images of the LAPd modified HOPG obtained from a 100 �M

APd solution (Fig. 2D) showed the formation of a thick uniform
lm, covering the electrode completely. Small indentations into the
APd film were observed with the measured depth 0.7 ± 0.1 nm, not
ufficiently deep to reach the HOPG. AFM images of LAPd modified
OPG surfaces obtained by spontaneous adsorption during 30 min



1846 O. Corduneanu et al. / Talanta 77 (2009) 1843–1853

F 40 mM
c H 7.0,

f
a

3
p
t
a
t
b

s
o

p
H

d
n
T
d

ig. 1. AFM images of LA modified HOPG (Procedure 1) from: (A) 400 �M and (B–D)
rosses in image (B). (E) CVs and (F) DPVs in 100 �M LA in 0.1 M phosphate buffer p

rom the same solution concentration also led to a complete cover-
ge of the HOPG.

.1.1.3. Adsorption of LAPd under an applied potential. Electrode-
osited LAPd modified HOPG surfaces were achieved by applying
he potentials of −1.0 V or +1.2 V, during 30 min, in 0.1 mM LAPd,
s described in Procedure 2. Negative and positive applied poten-

ials have different effect on the adsorption and electrochemical
ehaviour of LAPd molecules onto HOPG (Fig. 3A and B).

AFM images of LAPd electrodeposited on HOPG at Edep = −1.00 V
howed small nanoparticles, with irregular shape and dimensions
f approximately 3–7 height, randomly dispersed into a com-

t
b
m
H
s

LA. (C and D) higher magnification images with the scan centres marked as white
(• • •) first and ( ) 2nd scan. See Section 2 for details.

lex, 1.4 ± 0.2 nm height, two-dimensional network spread over the
OPG terraces (Fig. 3A).

AFM studies performed in palladium(II) containing solutions
emonstrated that at Edep = −1.00 V, Pd(0) nanoparticles and
anowires were electrodeposited on the surface of HOPG [23].
herefore, the application of a high negative potential caused the
issociation of the LAPd complex and Pd(0) deposition as nanopar-

icles, that were embedded into the observed network film formed
y a mixture of LA and LAPd molecules (Fig. 3A). The network has
any pores, the dark regions in the image, leading to exposed
OPG surface at the bottom of the pores and presents a minor

urface coverage when compared with the LAPd multilayer films
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ig. 2. (A–D) AFM images of LAPd modified HOPG (Procedure 1) from: (A) 0.1 �M, (B
uffer pH 7.0, (• • •) 1st and (−) 10th scan, (F) 0.1 M acetate buffer pH 4.5 (Procedure 3

pontaneously adsorbed onto HOPG from the same solution con-
entration.

AFM images of LAPd electrodeposited at Edep = +1.2 V showed a
wo-dimensional film (Fig. 3B) with a very compact morphology
ormed by small densely packed globular aggregates. The film
resents both narrow pores as well as large ones that revealed
ncovered HOPG, allowing the measurement of the film thickness
f 2.7 ± 0.3 nm. The application of a positive potential induced the

xidation of the LAPd complex and the formation of a mixed mul-
ilayer of palladium oxides, LA and LAPd onto HOPG.

.1.1.4. Spontaneous adsorption of Poly-MVATM onto HOPG. The Poly-
VATM modified HOPG was achieved by spontaneous adsorption

3
a
t
c
m

, (C) 10 �M and (D) 100 �M LAPd. (E, F) CVs in: (E) 1 mM LAPd in 0.1 M phosphate
10 CV scans in 1 mM LAPd, (• • •) 1st and ( ) 3rd scan. See Section 2 for details.

uring 3 min as described in Procedure 1. AFM images of adsorption
rom 3.3 �g mL−1 Poly-MVATM (containing 10 �M LAPd) showed
nly a few molecules on the HOPG surface, assembled as small
pherical 1.2 ± 0.3 nm height aggregates (Fig. 4A). For higher con-
entrations of 33 �g mL−1 Poly-MVATM (containing 100 �M LAPd),
uniform but incomplete film was observed, with the molecules

orming thick globular filaments of 1.6 ± 0.4 nm height (Fig. 4B).
.1.1.5. Comparison between LA, LAPd and Poly-MVATM spontaneous
dsorption. The topography of the LAPd modified HOPG suggests
hat LAPd adsorbs strongly onto HOPG surface even at a very low
oncentration of 0.1 �M LAPd (Fig. 2A), when compared with LA
olecules that only form incomplete monolayer films at 400 �M
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ig. 3. (A and B) AFM images of electrodeposited LAPd modified HOPG (Procedure
Procedure 3) after 30 min electrodeposition in 1 mM LAPd: (C)–1.00 V, (D) +1.20 V, (

A (Fig. 1A). The LAPd greater adsorption onto HOPG is due
o the presence of palladium into the LA structure (Scheme 1),
hich facilitates the interaction with the HOPG substrate. Indeed,

omplementary AFM studies showed that palladium(II) presents
pontaneous adsorption onto the HOPG electrode from either
dSO4 or PdCl2 solutions.

In the case of Poly-MVATM modified HOPG, and for the cor-
esponding concentration of LAPd in solution (10 �M or 100 �M
APd), a decreased surface coverage was observed (Fig. 4A and B), in
omparison with the LAPd modified HOPG (Fig. 2C and D). The Poly-
VATM active ingredient is a LAPd polymer that exists as a trimer

f LAPd joined to thiamine [1,2]. Consequently, in Poly-MVATM,
alladium is more hidden into the complex polymeric structure,
ecreasing the possibility of direct LAPd interaction with the car-
on electrode surface, which explains the lower adsorption of the
oly-MVATM.

.1.2. Voltammetric characterization of LAPd and Poly-MVATM

.1.2.1. Redox behaviour of LA, LAPd and Poly-MVATM. The redox
ehaviour of LA was investigated by CV and DPV at GCE in 100 �M
A in 0.1 M phosphate buffer pH 7.0, and one anodic irreversible

eak occurred at Epa = +0.80 V (Fig. 1E and F) that was identified as
he �-lipoic acid oxidation to �-lipoic acid [18].

Next, the voltammetric behaviour of LAPd at GCE was inves-
igated by CV in 1 mM LAPd in 0.1 M phosphate buffer pH 7.0,
2 saturated solution (Fig. 2) starting scanning at Ei = 0.00 V, in

p
p

s
4

100 �M LAPd: (A) −1.0 V and (B) +1.2 V. (C, D) CVs in 0.1 M acetate buffer pH 4.5
st and ( ) 2nd scan. See Section 2 for details.

he positive direction, between the potential limits of E1 = +1.40 V
nd E2 = −1.00 V. Upon extensive cycling in the solution, an anodic
eak at Epa = +1.20 V and a cathodic peak at Epc = −0.40 V (Fig. 2E)
ppeared. After 10 CV scans, the GCE was rinsed and transferred to
.1 M acetate buffer pH 4.5 only. The voltammogram showed clearly
more complex redox behaviour at this pH (Fig. 2F) in agreement
ith the electrochemical behaviour of electrodeposited palladium
anostructures onto GCE [23].

The voltammetric behaviour of Poly-MVATM at GCE was studied
y CV in 1.3 mg mL−1 of Poly-MVATM (containing 4 mM LAPd) in
.1 M phosphate buffer pH 7.0. The CV experiments showed three
xidation peaks in the first scan (data not shown), which did not
ncrease upon continuous cycling (10 CV scans) in the same solu-
ion. When the GCE was transferred to 0.1 M acetate buffer pH 4.5,
he voltammogram showed in the first CV scan only one oxidation
eak. Using DPV, scanning from Ei = 0.0 V to E1 = +1.40 V, a better
ssessment of the oxidation processes of Poly-MVATM and the com-
arison with the LAPd oxidation results (Fig. 5) was possible.

The DPV recorded in 1 mM LAPd in 0.1 M phosphate buffer pH 7.0
olution showed a well defined oxidation peak, Epa = +1.11 V, while
n the case of 1.3 mg mL−1Poly-MVATM (4 mM LAPd) in 0.1 M phos-

hate buffer pH 7.0 solution, similarly to the CVs three oxidation
eaks occurred at Epa = +0.57 V, +0.85 V and +1.30 V (Fig. 5A).

After 3 min spontaneous adsorption directly from the stock
olutions of LAPd (10 mM), Poly-MVATM (13 mg mL−1, containing
0 mM LAPd), and 1 mM PdCl2 on GCE surface, the electrode was
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ig. 4. (A, B, E, F) AFM images of (A and B) Poly-MVATM modified HOPG (Procedure
OPG (Procedure 1) from 10 �g mL−1 dsDNA and (F) dsDNA–Poly-MVATM modified H
lectrodeposition in 1.3 mg mL−1 Poly-MVATM: (C) −1.00 V and (D) +1.20 V, (• • •) 1s

ransferred to 0.1 M acetate buffer pH 4.5 and DPVs (Fig. 5B) were
ecorded. The palladium characteristic voltammetric behaviour
23], seen in the voltammograms of Fig. 2E, was also observed
fter transferring the GCE to buffer (Figs. 2F and 5B). The voltam-
etry of the LAPd complex at the GCE and the AFM results are

n agreement with the proposed LAPd structure (Scheme 1) that

alladium incorporated into LA facilitates the interaction with the
arbon substrates. The results obtained by DPV after spontaneous
dsorption from either PdCl2 or the LAPd solution (Fig. 5B) show
he characteristic peak for palladium oxide formation during the
oltammetric scan, Epa = +1.15 V in 0.1 M acetate buffer pH 4.5.

c
b
t
i
T

om: (A) 3.3 �g mL−1 and (B) 33 �g mL−1 Poly-MVATM, (E) control dsDNA modified
Procedure 6). (C and D) CVs in 0.1 M acetate buffer pH 4.5 (Procedure 3) after 30 min

( ) 3rd scan. See Section 2 for details.

In the case of Poly-MVATM, the results showed that while
hree successive oxidation processes occur when the voltam-

ogram was recorded in the Poly-MVATM containing solution
Fig. 5A), when the GCE was transferred to buffer an oxidation
eak occurring at Epa = +1.10 V appeared, which is not related with
he palladium oxide formation. The anodic peak at Epa = +0.85 V

orresponds to the free LA present in Poly-MVATM, confirmed
y standard addition of LA [18]. The differences in the oxida-
ion potential between the standard LA (Fig. 1E and F) and LA
n Poly-MVATM (Fig. 5A) are small and due to a matrix effect.
he oxidation processes at Epa = +0.57 V is related to the oxidation
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f other components present in the complex matrix of the Poly-
VATM.

.1.2.2. Electrodeposition of LAPd and Poly-MVATM. Electrodeposi-
ion of LAPd and Poly-MVATM on GCE was carried out by applying
he potentials Edep = −1.0 V or Edep = +1.2 V, during 30 min, Proce-
ure 3, in 1 mM LAPd or 1.3 mg mL−1 Poly-MVATM (containing 4 mM
APd) in 0.1 M phosphate buffer pH 7.0.

A very complex redox behaviour, with various charge trans-
er reactions occurring at positive and negative potentials was
bserved in the CVs recorded in buffer (Fig. 3C) after electrode-
osition at Edep = −1.0 V in a 1 mM LAPd solution. The shape
f the voltammetric wave changed upon cycling, in the sub-
equent scans a large anodic peak at Ep = +0.06 V and, after
eversing the scan direction, a sharp cathodic peak at Epa = +0.05 V,

ere found. After electrodeposition at Edep = +1.20 V from 1 mM

APd solution, the CVs obtained in 0.1 M acetate buffer pH
.5 showed only small reduction peaks, at Epc = +0.06 V and
pc = −0.30 V, which improved slightly in the subsequent scans
Fig. 3D).

ig. 5. DPVs in: (A) ( ) 1 mM LAPd and ( ) 1.3 mg mL−1 Poly-MVATM

4 mM LAPd) in 0.1 M phosphate buffer pH 7.0. (B) 0.1 M acetate buffer pH 4.5 after
min spontaneous adsorption from: ( ) 10 mM LAPd, ( ) 13 mg mL−1

oly-MVATM (40 mM LAPd) and (• • •) 1 mM PdCl2. See Section 2 for details.
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Voltammetric studies performed in palladium containing solu-
ions [23] showed that palladium is electrodeposited on GCE as
d(0), after applying a negative potential, or palladium oxides,
fter applying a positive potential. Applying the potential of
dep = −1.00 V ensured that more palladium could be removed from
he LAPd complex and deposited at GCE as Pd(0), than in the case
f continuous cycling (Fig. 5A and B) the voltammograms showing
he characteristic palladium electrochemical behaviour [23], i.e.
xide formation and their reduction at positive potentials and
ydrogen incorporation at negative potentials (Fig. 3C). Electrode-
osition at Edep = +1.20 V was also performed in order to confirm
hat palladium could be removed from the LAPd complex and
eposited as palladium oxides. The peaks obtained in buffer only,
lthough smaller than in the case of Edep = −1.00 V electrodeposi-
ion, improved in the subsequent recorded scans, corresponding
o reduction of the palladium oxides deposited on GCE to Pd(0)
Fig. 3D).

Whereas after the electrodeposition performed in the solution
f 1.3 mg mL−1 Poly-MVATM at Edep = −1.00 V, the CVs showed in
uffer an oxidation peak, Epa = +1.37 V (Fig. 4C) after electrodepo-
ition at Edep = +1.20 V from the same the Poly-MVATM solution no
eaks were observed (Fig. 4D). This means that the voltammetric
ehaviour of Poly-MVATM (Fig. 6) cannot be associated with the
nown electrochemistry of palladium (Fig. 3C and D); although a
harge transfer reaction was observed in the first voltammogram,
o other peaks could be detected in the following scans.

.2. Interaction of dsDNA with LAPd and Poly-MVATM

.2.1. AFM characterization of dsDNA–LAPd and
sDNA–Poly-MVATM interaction

The mechanism of interaction of LAPd and Poly-MVATM with
sDNA was investigated and characterized by AFM. The films on
OPG were prepared depositing layer by layer dsDNA–LAPd (Pro-

edure 4) and LAPd–dsDNA (Procedure 5), and from incubated
olutions of dsDNA–LAPd and dsDNA–Poly-MVATM (Procedure 6).

In order to have the dsDNA control adsorption pattern, AFM
as employed to study spontaneous adsorption of dsDNA from

olutions of 5 �g mL−1 and 10 �g mL−1 dsDNA, as described in
rocedure 1. The AFM topographical images in air of the dsDNA film
btained from 5 �g mL−1 dsDNA showed coiled dsDNA molecules
f 1.5 ± 0.6 nm height (Fig. 6A), while from 10 �g mL−1 dsDNA
howed a thin network of 1.1 ± 0.2 nm height (Fig. 4E).

The layer by layer dsDNA–LAPd modified HOPG, Procedure 4
Fig. 6B), was obtained by LAPd spontaneous adsorption from a
olution of 5 �M LAPd onto the control dsDNA modified HOPG
btained from 5 �g mL−1 dsDNA (Fig. 6A). The AFM images showed
mall aggregates of molecules, as well as looped filaments with por-
ions of linear dsDNA. The measured thickness of the dsDNA–LAPd
lm was of 1.3 ± 0.4 nm.

The layer by layer LAPd–dsDNA modified HOPG surfaces, Pro-
edure 5 (Fig. 6C and D), were obtained by dsDNA spontaneous
dsorption from a solution of 5 �g mL−1 dsDNA onto a LAPd mod-
fied HOPG prepared from LAPd solutions of 0.1 �M (Fig. 2A) or
�M (Fig. 2B). The AFM images of the LAPd–dsDNA modified
OPG (0.1 �M LAPd) (Fig. 6C) showed a loosely packed film of
.6 ± 0.3 nm height and spherical aggregates, up to 5 nm height,
dsorbed on the HOPG areas uncovered by the LAPd–dsDNA. The
FM images of the LAPd–dsDNA modified HOPG (1 �M LAPd)

Fig. 6D) showed a non-compact, granular film of 1.4 ± 0.2 nm

eight, and unknotted extended dsDNA molecules could be imaged

nside the LAPd–dsDNA film. The measured thickness of the layer by
ayer dsDNA–LAPd and LAPd–dsDNA films presented heights con-
istent with both the height of the coiled dsDNA molecules and
APd films, leading to inconclusive results concerning the LAPd
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ig. 6. AFM images of: (A) control dsDNA modified HOPG (Procedure 1) from 5 �
odified HOPG (Procedure 5): (C) 0.1 �M and (D) 1.0 �M LAPd. (E and F) dsDNA–LAP

nteraction with dsDNA. Therefore the LAPd interaction with dsDNA
n solution was also AFM morphologically evaluated.

The HOPG electrode was modified by a dsDNA–LAPd film
btained by spontaneous adsorption during 3 min from incubated
olutions of 5 �g mL−1 dsDNA with 0.1 �M or 5 �M LAPd, as
escribed in the Procedure 6. AFM images of dsDNA–LAPd modi-
ed HOPG, from 0.1 �M LAPd, showed the HOPG surface covered
y small aggregates, a few twisted molecules, as well as a high num-

er of unknotted extended dsDNA molecules of 1.2 ± 0.2 nm height
Fig. 6E). Using 5 �M LAPd, the AFM images showed the formation
f a network with thick filaments of 1.7 ± 0.2 nm height, and a num-
er of dsDNA molecules arranged near the step edges of the HOPG
ere also observed inside the network film (Fig. 6F).

d
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l
T

1 dsDNA, (B) dsDNA–LAPd modified HOPG (Procedure 4). (C and D) LAPd–dsDNA
ified HOPG (Procedure 6): (E) 0.1 �M and (F) 5.0 �M LAPd. See Section 2 for details.

In conclusion, in the presence of lower concentration of LAPd
he dsDNA molecules appeared less tangled and bended, and more
xtended on the HOPG surface (Fig. 6B–F), when compared with
he dsDNA molecules adsorbed from the control dsDNA solution of
he same concentration (Fig. 6A).

For the AFM morphological evaluation of the Poly-MVATM inter-
ction with dsDNA in solution, the HOPG electrode was modified
y a dsDNA–Poly-MVATM film obtained by spontaneous adsorption

uring 3 min from incubated solutions of 10 �g mL−1 dsDNA with
.3 �g mL−1 Poly-MVATM (containing 10 �M LAPd), as described

n the Procedure 6. AFM images showed a layer formed by tight
oops and areas of the HOPG that were not covered at all (Fig. 4F).
he dsDNA–Poly-MVATM film was composed by aggregates of
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Fig. 7. DPVs in 0.1 M acetate buffer pH 4.5: (A–B) Procedure 7: ( ) control dsDNA
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odified GCE, (A) dsDNA–LAPd modified GCE and (B) dsDNA–Poly-MVATM modified
CE, incubation time ( ) 3, ( ) 5, and (• • •) 10 min. (C) Procedure 8: ( )
ontrol dsDNA modified GCE and dsDNA–LAPd modified GCE ( ) 1st, ( )
nd and (• • •) 3rd scan. See Section 2 for details.

olecules of 1.8 ± 0.3 nm height, larger than the expected height
f the dsDNA, which suggest a complex interaction of the dsDNA
ith the various molecules existent in the Poly-MVATM solution.
.2.2. Voltammetric characterization of dsDNA–LAPd and
sDNA–Poly-MVATM interaction

The dsDNA interaction with LAPd and Poly-MVATM was studied
n order to investigate the palladium complex action in inducing

s
M
s
s
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ouble helix deconformation, hydrogen bonding cleavage and/or
xidative damage to DNA bases. The interaction was followed by
PV, and the observed changes of the purine bases’ oxidation peak
urrents, desoxyguanosine (dGuo), Epa = +1.03 V, and desoxyadeno-
ine (dAdo), Epa = +1.30 V, were compared with the results obtained
or a dsDNA control solution. The occurrence of the guanine or/and
denine oxidation product peaks, the biomarkers 8-oxoguanine
nd 2,8-dihydroxyadenine, at Epa ∼ +0.45 V in 0.1 M acetate buffer
H 4.5, is an indication of oxidative damage caused to DNA
24,25].

The GCE was modified with a thin-layer of dsDNA, Procedure
, and then incubated for different periods of time with either
mM LAPd or 1.3 mg mL−1 Poly-MVATM (4 mM LAPd) in 0.1 M phos-
hate buffer pH 7.0. The DPV recorded in 0.1 M acetate buffer pH
.5 showed changes in the peak currents corresponding to the
xidation of dGuo and dAdo, respectively, when compared with
he results obtained for the dsDNA control solution (Fig. 7). How-
ver, other oxidation processes were also detected, the peak at
pa = +1.18 V in the case of dsDNA–LAPd incubation (Fig. 7A) and oxi-
ation peaks at Epa = +0.55 V, Epa = +0.80 V and Epa = +1.27 V in the
ase of dsDNA–Poly-MVATM incubation (Fig. 7B) and all increased
ith increasing incubation times.

In another experiment, the interaction of LAPd with dsDNA
as studied at GCE after 48 h incubation time, Procedure 8. The
PVs recorded in acetate buffer showed very small dGuo and dAdo
eak currents, compared with the dsDNA control solution, and a

arge oxidation peak which rapidly increases in the following DPV
cans, Epa = +1.18 V, corresponding to the joint deposition of palla-
ium oxides that hinders the DNA oxidation processes (Fig. 7C).
he voltammetric results led to the conclusion that modification of
he dsDNA structure occurs upon interaction with LAPd, recognized
hrough the decrease of the dGuo and dAdo oxidation peaks (Fig. 7A
nd C). Moreover, no oxidative damage to dsDNA was detected, as
o oxidation peaks corresponding to DNA oxidative damage were
oted in the DPVs recorded either after short (10 min) or long (48 h)

ncubation times.
The interaction of dsDNA with Poly-MVATM (Fig. 7B) was found

o be difficult to assess when compared to the interaction of
sDNA with LAPd, due to the other redox active compounds exis-
ent in the Poly-MVATM matrix. However, as no oxidation peaks of
-oxoguanine or 2,8-dihydroxiadenine were observed in the DPV
cans, it was concluded that there was no oxidative damage caused
o dsDNA by Poly-MVATM.

. Conclusions

The interaction of dsDNA with LAPd and Poly-MVATM was
tudied at room temperature, using AFM and voltammetry, show-
ng that the interaction with either caused no oxidative damage to
sDNA. The interaction of dsDNA with low concentrations of the
APd complex lead to less knotted and bended, and more extended
sDNA molecules on the HOPG surface, when compared with con-
rol dsDNA adsorbed on the HOPG.

The adsorption process and the redox behaviour of LA, LAPd
nd Poly-MVATM presents characteristic adsorption patterns and
egree of HOPG surface coverage, depending on the chemical struc-
ures, the dimensions, the solution concentration and the applied
otential. The LAPd molecules interact and adsorb strongly on
OPG, in comparison with LA, probably due to the incorporation of
alladium into the ligand structure.
By applying high negative or high positive potentials, the
tability of both the LAPd complex and the LAPd-containing Poly-
VATM solution was tested. The voltammetric and AFM results

how that while in the case of LAPd complex palladium removal is
till possible, in the Poly-MVATM solution the same is not achieved,
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ost likely due to palladium being sequestered within the LAPd
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a b s t r a c t

This paper demonstrates that a combined thermal and electrochemical conditioning step can greatly
minimize electrode blocking. We detected 50 ppm dopamine after a blocking step in 1000 ppm gelatine
solution. Only a treatment of the electrode at −1.5 V and 61.5 ◦C can reveal the voltammetric dopamine
signals to 82%. The increase of the peak separation of the cyclic voltammograms obtained in 50 ppm
dopamine is limited to 14%, whereas negative polarization (−1.5 V) alone leads to a 31% increase compared
eywords:
eated electrode
latinum wire electrode
lectrode fouling
opamine

to 109% upon thermal and 105% without any conditioning. The positive effects can be addressed to an
enforced reductive degradation and accelerated removal of the blocking agents. Also the formation of
hydrogen bubbles might play a significant role. Thermo-electrochemical treatment holds great promise
for electrochemical sensors and detectors which are applied for long-term monitoring of samples that
contain blocking matrices.
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elatin
lectrode conditioning

. Introduction

So called “electrode fouling” is a major hindrance for the prac-
ical application of electrochemical sensors at remote or hidden
laces. Such blocking of the electrode surface can occur in different
ays. Real samples often come with a complex matrix that already

ontains blocking substances. The latter can also be produced by
he electrode process itself such as oxidation of the analyte or cer-
ain matrix components. Such build-up of an inhibition layer often
eads to severe suppressions and distortions of the current signals,
long with irreproducible data.

One approach to minimize fouling is the use of alternate elec-
rode materials like carbon nanotubes [1–3], anodically pretreated
arbon fiber microelectrodes [4] or boron-doped diamond, which
ombine attractive electrochemical properties (stability and sen-
itivity) [5,6] and high resistance to deactivation via fouling [7]
r dissolved oxygen [8]. Glassy carbon electrodes modified with
ingle and multiwall carbon nanotubes show a decrease in the over-

oltage for NADH detection along with minimal surface fouling
uring amperometric detection [2,9]. A chemical reversibility of
he NADH oxidation reaction was achieved by modification of the
lectrode surface with poly(1,2-diaminobenzene) conducting nan-

∗ Corresponding authors. Tel.: +49 381 4986470; fax: +49 381 4986461.
E-mail addresses: gerd-uwe.flechsig@uni-rostock.de (G.-U. Flechsig),
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tube coatings [10]. Baranski applied a hot micro-disk electrode
or the determination of aniline, which is known to produce foul-
ng effects and proposed to use electrode heating for cleaning [11].
n 2005 we proposed to heat the electrode during the voltammetric
nd amperometric detection of NADH in order to prevent electrode
locking due to oxidation products of the analyte [12]. Electrically
eated electrodes have been successfully applied for the analysis
f a variety of substances including dissolved oxygen [13] heavy
etals [14,15], nucleic acids, carbon hydrates [16,17], and organic

ompounds [18,19]. Chen et al. reported about electroluminescence
easurements at directly heated wire [20–22] and carbon paste

lectrodes [23–25]. Another interesting approach of Chen et al. is
irectly heated graphite electrodes and their application for the
etermination of trace riboflavin [26,27]. The temperature rise can
lso be achieved by means of microwaves [28–31]. Electrochem-
stry at elevated temperature has been reviewed [32,33].

Here, we present an effective pretreatment procedure which
llows to measure trace amounts of dopamine following a blocking
y high level of surface-active materials. High gelatin concentra-
ions are used to illustrate the efficiency of pretreatment process.

. Experimental
.1. Reagents

All solutions were prepared using deionized water (PURELAB
ystem, R ≥ 18.2 M� cm). Square wave voltammetric and cyclic
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oltammetric measurements were carried out in 100 mM phos-
hate buffer solution containing 50 ppm of dopamine vs. an
g/AgCl (3 M KCl) reference electrode from CH Instruments Inc.

Austin, TX, USA) and a platinum counter electrode at a con-
tant 24 ◦C bulk solution temperature. Dopamine hydrochloride,
elatin, potassium ferrocyanide, potassium ferricyanide and potas-
ium chloride were purchased from Sigma–Aldrich (St. Louis, MO,
SA). A pH 7.04 phosphate buffer (PB) was prepared using sodium
hosphate (dibasic and monobasic), purchased from EMD (Gibb-
town, NJ, USA). NaOH was used to adjust the buffer pH. Stock
olutions of dopamine (1 × 104 �g/ml) and gelatin (1 × 103 �g/ml)
n buffer were prepared daily.

.2. Construction of the electrode

The used platinum wire electrode consisted of two 5-mm long
ieces of platinum wires (50 �m in diameter) which were sol-
ered carefully to both sides of a double printed circuit board
20 mm × 20 mm) which had a gap of 10 mm × 5 mm between the
wo copper contacts. Before the measurements the soldering con-
acts and the copper input leads were isolated using a mixture of
araffin/polyethylene and cleaned by glowing in air by applying a
urrent. The construction of the used electrode has been described
n detail previously [15].

.3. Apparatus and procedures

.3.1. Square wave voltammetry and cyclic voltammetry
All square wave voltammetric and cyclic voltammetric mea-

urements were carried out with a PalmSens potentiostat (Ivium
echnologies, Eindhoven, The Netherlands). These measurements
ere performed using a three-electrode measuring system con-

aining a platinum wire electrode as working electrode (described
bove), a platinum wire as counter electrode and an Ag/AgCl (3 M
Cl) reference electrode (CH Instruments Inc., Austin, TX, USA). In
ase of the cyclic voltammetry the measurements were started at
0.2 V with a step potential of 5 mV, and the second vertex poten-

ial was 0.5 V, the scan rate was 100 mV/s. Always the fifth scan was
onsidered and is shown in Figs. 1 and 2(B).

The square wave voltammetry measurements were performed
rom +0 to +0.8 V with a step potential of 1 mV and pulses of 25 mV
t 10 Hz.

.3.2. Temperature calibration
We performed a temperature calibration using 1 mM equimolar
erro-/ferrycyanide in 20 mM potassium chloride by open circuit
otentiometry with a �-Autolab (Ecochemie, Utrecht, and The
etherlands). In these measurements we applied an alternating
eating current with a frequency of 100 kHz which was delivered
y a heating system that has been described previously [34,35].

a
(
l
r
F

ig. 1. Effect of different treatments: cyclic voltammetric response for 50 ppm dopamin
dotted line in all graphs). Before each of the other measurements the electrodes was dip
ontaining 50 ppm dopamine. Solid lines present the signal without any pretreatment (A)
retreatment (60 s, at 61.5 ◦C) (C) and after a combination (thermal and electrochemical)
77 (2009) 1757–1760

sing the well known temperature coefficient for this redox couple
−1.56 mV/K) it is possible to calculate the electrode temperature
rom the measured potentials for each applied current. This proce-
ure has also been described in more detail previously [13,14].

.3.3. Passivation/cleaning and measuring procedure
To induce passivation of the electrode with gelatin, the electrode

as dipped into a quiescent phosphate buffer solution 0.1 M (pH
.04) containing 1000 ppm gelatin. After 5 min the electrode was
emoved, rinsed carefully with water and dipped into a phosphate
uffer solution containing 50 ppm dopamine for the voltammetric
easurements. To clean the electrode thermally (60 s at 61.5 ◦C),

lectrochemically (60 s, potential: −1.5 V), or electrochemically and
hermally (60 s, potential: −1.5 V at 61.5 ◦C), a 60 s conditioning step
as been performed immediately before the measurement.

. Results and discussion

Fig. 1 displays the effect of three different conditioning proce-
ures upon the cyclic voltammograms for 50 ppm dopamine. In all
ases we initially performed a measurement on the clean electrode,
ollowed by dipping it in a 1000 ppm gelatin solution for 5 min and
epeating the voltammetric scan. In Fig. 1A we applied no clean-
ng step after the gelatin passivation. Fig. 1B depicts the cleaning
ffect of electrochemical conditioning at −1.5 V for 60 s. Although
he original response could not be obtained, the dopamine signal is
onsiderably better than without any conditioning. Thermal condi-
ioning yields no improvement after the passivation (Fig. 1C). On the
ontrary, the signal of dopamine seemed even worse than without
ny cleaning. Only a combined thermo-electrochemical condition
tep of −1.5 V and 61.5 ◦C for 60 s leads to almost complete recover-
ng of the dopamine signal as has been demonstrated in Fig. 1D.
he improved resistance for fouling (vs. electrochemical activa-
ion alone) is more profound for a series of prolonged runs and
xposures to gelatin (see additional data below).

Fig. 2 exhibits square wave and cyclic voltammetric curves of
series of repetitive cycles involving measurements of 50 ppm

opamine, a 5 min dipping in a 1000 ppm gelatin solution, and 60 s
hermo-electrochemical conditioning steps at −1.5 V and 61.5 ◦C.
hree cycles after 1, 4, and 7 cycles are displayed. The results of
he full series of 12 cycles using thermal, electrochemical, and
hermo-electrochemical cleaning procedures are depicted in Fig. 3.
his series demonstrates the applicability of the new thermo-
lectrochemical cleaning procedure for long-term measurements.
nly a combined 60 s conditioning at −1.5 V and 61.5 ◦C leads to

stable signal even after 12 repetitive passivation/cleaning cycles

Fig. 3d). Electrochemical conditioning alone is not sufficient for
ong-term measurements. Although after a few cycles a significant
ecovering of the dopamine signal is still observed (refer also to
ig. 1), a dramatic current suppression is observed after the fourth

e in 100 mM phosphate buffer (pH 7.04) for a freshly cleaned platinum electrode
ped into a 1000 ppm gelatin solution for 5 min, rinsed and then dipped back in PB
, after an electrochemical pretreatment (60 s, potential: −1.5 V) (B), after a thermal
pretreatment (60 s, potential: −1.5 V at 61.5 ◦C) (D).
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F tivation part of a series of 12 repetitive measurements (Ref. to Fig. 3). Out of these series
t Between each measurement the electrode was dipped in 1000 ppm gelatin solution for
a surements (bn) have been conducted without any pretreatment. Measurements (an) have
b (60 s at −1.5 and 61.5 ◦C).
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Table 1
Anodic (Eap) and cathodic (Ecp) cyclic voltammetric peak potentials, and peak sep-
aration �Ep observed in a 0.1 M phosphate buffer (pH 7.04) containing 50 ppm
dopamine depending upon their respective conditioning parameters (all potentials
were measured vs. Ag/AgCl (3 M KCl) reference electrode).

Electrode treatment Eap Ecp �Ep

Freshly glowed electrode 0.259 0.084 0.175
Passivation in 1000 ppm gelatine without

conditioning
0.389 0.029 0.360

Passivation and thermal conditioning at 61.5 ◦C
for 60 s

0.394 0.029 0.365

Passivation and electrochemical conditioning
at −1.5 V for 60 s

0.294 0.064 0.230

P

ig. 2. Square wave voltammetry (A) and cyclic voltammetry (B) passivation and ac
he first (a1, b1), fourth (a2, b2) and seventh (a3, b3) measurements are presented.
bout 5 min, rinsed and then dipped back in PBS containing 50 ppm dopamine. Mea
een conducted after the electrode was electrochemically and thermally pretreated

ycle (Fig. 3b). Interestingly, the performance of a thermal treat-
ent without polarization (Fig. 3c) is even slightly worse compared

o measurements without any intermediate activation (Fig. 3a).
We observed a virulent gas bubble formation during the nega-

ive polarization (−1.5 V). These bubbles have been much smaller,
f the electrode was simultaneously heated to 61.5 ◦C. At room tem-
erature, the bubbles tended to grow and to stick on the electrode
or a long time. We suppose the following effects of polarization
nd heating. The strongly negative potential together with the
ormed hydrogen in statu nascendi leads at first to reductive degra-
ation of blocking substances at the electrode surface. Secondly,
he formed hydrogen bubbles loosen blocking films and particles

echanically as they are formed beneath. Thirdly, the elevated tem-
erature accelerates degradation reactions at the low potential and
ue to the formed hydrogen in statu nascendi. Fourthly, the micro-
tirring effect around the heated electrode causes a strong mass
ransport and hence, removal of the potentially passivating com-

ounds. Fifthly, adsorption of any compound at a solid surface is
iminished with increasing temperature. The finding that only a
ombined thermo-electrochemical treatment yields a long-term
nti-blocking effect means that reduction at negative potentials

ig. 3. Stability plots from 12 repetitive SWV measurements for 50 ppm dopamine
n 100 mM phosphate buffer solution. Between each measurement the electrode was
ipped in 1000 ppm gelatin solution for about 5 min, rinsed and then dipped back

n PBS containing 50 ppm dopamine. Some measurements were taken out without
ny pretreatment (a), after electrochemical pretreatment (60 s, potential −1.5 V) (b),
fter thermal pretreatment (60 s, at 61.5 ◦C) (c) and after combined thermal and
lectrochemical pretreatment (60 s, potential: −1.5 V at 61.5 ◦C) (d).
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assivation and thermal-electrochemical
conditioning at 61.5 ◦C and −1.5 V for 60 s

0.279 0.079 0.200

lays a crucial role and is dramatically enhanced by means of elec-
rode heating (Fig. 3).

The positive effect of the new cleaning procedure is further-
ore confirmed by the peak potentials of the cyclic voltammetric

opamine signals. Table 1 shows peak potentials and peak
eparations at the different cleaning conditions. Whereas the
hermo-electrochemical treatment leads to a peak separation that
s only slightly increased (by 25 mV), the electrochemical con-
itioning shows considerably higher increase in peak separation
55 mV) and hence, irreversibility due to the blocking gelatin film.
he peak separations increase observed upon thermal (190 mV) or
ithout any conditioning (185 mV) are dramatically worse.

. Conclusions

The blocking effect of a 1000 ppm gelatin matrix component
uring the determination of 50 ppm dopamine can be dramati-
ally reduced by means of a combined thermal and electrochemical
onditioning step by means of a directly heated platinum wire elec-
rode. The voltammetric dopamine signal can be maintained at ca.
2% of the initial value. A conventional electrochemical treatment
lone yields only a limited cleaning effect for a few repetitive mea-
urements. In long repetitive scan series the signal drops to ca. 39%.
he blocking effect of 1000 ppm gelatin causes an immediate signal

rop down to 29% of the initial value. Besides the peak currents also
he peak separations can widely be stabilized by the new thermo-
lectrochemical conditioning; however, also the electrochemical
onditioning preserves a relatively low peak separation.
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The positive effects can be addressed to an enforced reductive
egradation and accelerated removal of the blocking agents. Also
he formation of hydrogen bubbles might play a significant role.

Thermo-electrochemical treatment holds great promise for
nmodified electrochemical sensors and detectors which are
pplied for long-term monitoring of samples that contain block-
ng matrices. The improved resistance to surfactant interferences
hus makes the new protocol very attractive for many direct elec-
roanalytical applications in harsh environments, and obviates the
eed for protective membranes.
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a b s t r a c t

This paper proposes a simple and non-expensive electroanalytical methodology for classification of edible
vegetable oils with respect to type (canola, sunflower, corn and soybean) and conservation state (expired
and non-expired shelf life). The proposed methodology employs an alcoholic extraction procedure fol-
lowed by square wave voltammetry (SWV). Two chemometric methods were compared for classification
of the resulting voltammograms, namely Soft Independent Modelling of Class Analogy (SIMCA) and Linear
Discriminant Analysis (LDA) with variable selection by the Successive Projections Algorithm (SPA). The
eywords:
egetable oil
quare wave voltammetry
oft Independent Modelling of Class
nalogy

results were evaluated in terms of errors in a set of samples not included in the modelling process. The
best results were obtained with the SPA-LDA method, which correctly classified all samples in terms of
type and conservation state.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

The authenticity and conservation state of edible vegetable oils
s a very important issue, due to consumer health and economic
easons. In fact, beneficial and adverse properties for human health
epend on the oil type and may be influenced by inadequate stor-
ge or expiration of shelf life. Moreover, the retail price varies
ccording to the costs of raw material, processing, refining, bottling,
ransportation and storage. As a result, more expensive products

ay become the target of counterfeiting or adulterations with oils
aving less commercial value [1]. In this context, analytical method-

logies are of value to assess compliance with respect to the oil type
nd expiry date stated in the product label.

Several instrumental techniques may be employed for veg-
table oil analysis, such as near [2–6] and mid-infrared [7–10]

∗ Corresponding author at: Universidade Federal da Paraíba, Departa-
ento de Química – Laboratório de Automação e Instrumentação em Química
nalítica/Quimiometria (LAQA), Caixa Postal 5093, CEP 58051-970 – João Pessoa,
B, Brazil. Tel.: +55 83 3216 7438; fax: +55 83 3216 7437.

E-mail address: laqa@quimica.ufpb.br (M.C.U. Araújo).
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pectrometry, chromatography [11], fluorescence [12–14] and
hemiluminescence [15,16]. Electroanalytical methods could be
sed as an alternative. Nevertheless, such an approach has been
sed mostly for determination of physical properties, such as acid
alue [17], or specific chemical components, such as tocopherol
18–20], tert-butylhydroquinone [21], terf-butylhydroxyanisole
nd tert-butylhydroxytoluene [22], rather than direct authentica-
ion of oil type and conservation state.

The present paper proposes an electroanalytical methodology
or classification of edible vegetable oils with respect to type
nd conservation state. For this purpose, an extraction procedure
ith ethanol is employed and square wave voltammetry (SWV)

s applied to the extracts. SWV has the advantage of providing
arge sensitivity with high scanning speed and small capacitive cur-
ent [23]. Due to the complex nature of a vegetable oil matrix, the
esulting voltammograms are formed by the overlapping of several
nalytical peaks. Therefore, multivariate chemometric methods

re used for the classification task. The proposed methodology is
pplied to a data set with the four types of edible vegetable oils most
ommercialized in Brazil, namely canola, sunflower, corn and soy-
ean. According to resolution n◦. 482, RDC 292/99 from National
gency of Sanitary Vigilance (ANVISA) [24], these oils have sub-
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The experimental designs were elaborated by using Statistica®

6.0. Principal Component Analysis (PCA) and Soft Indepen-
dent Modelling of Class Analogy (SIMCA) were carried out in
Unscrambler® 9.7 (CAMO S.A.). The KS and SPA-LDA algorithms
were coded in Matlab® 6.5.

Table 1
Number of training, test and validation samples in each class.

Class Set

Training Test Validation

Canola 9 3 3
F.F. Gambarra-Neto et al.

le differences in average chemical composition, except for canola,
hich has a marked distinction in terms of brassicasterol, oleic and

inoleic acid contents. As a result, authentication may be a challeng-
ng task, especially with respect to the distinction between soybean,
orn and sunflower oil types. Therefore, the development of a sim-
le and non-expensive analytical procedure for this purpose would
e of value. In addition, samples with and without expired shelf life
re employed to assess the efficiency of the proposed methodology
o monitor the conservation state of the oil.

. Experimental

.1. Samples

One hundred and fourteen samples of canola, sunflower, corn
nd soybean oil from different lots and manufacturers were
mployed. Forty-eight of these samples (canola:13, sunflower:14,
orn:14 and soybean:7) had been stored in the original commercial
ask without strict environmental control for 12–18 months past
he expiry date. Henceforth, these will be termed “expired” sam-
les. For the classification study, the expired samples were gathered

nto a single group. As a result, five classes will be considered
canola, sunflower, corn, soybean and expired).

.2. Apparatus

The measurements were carried out with a potentio-
tat/galvanostat �AutoLab® Type II (Eco Chemie) coupled to a
olarographic module 663 VA Stand® (Metrohm) fitted with a
g/AgCl–KCl (3.0 mol L−1) reference electrode and a platinum wire
s counter electrode. In order to optimize the experimental condi-
ions, tests were carried out with platinum and gold disk electrodes
Pt-DE and Au-DE, both with 2.0 mm diameter), two different sup-
ort electrolytes (NaOH and CH3COOH, both 0.1 mol L−1) and both
athodic and anodic scanning directions.

.3. Analytical procedure

De-ionised water purified with a Milli-Q Plus system (Millipore)
nd high purity reagents were used throughout the analytical pro-
edure. No deaeration procedure was necessary.

.3.1. Extraction
The extraction procedure was adapted from the AOCS (American

il Chemists’ Society) method CA 5a-40 for quantification of free
atty acids in refined vegetable oils. An aliquot of each oil sample
as mixed with ethanol under agitation. Four different oil/ethanol
roportions (1:4, 1:2, 1:1 and 1:1/2 v/v) were tested. The resulting
ixture was maintained at rest for approximately 30 min. A 10 �L

liquot of the alcoholic phase was then mixed in the electrochem-
cal cell with 10 mL of the support electrolyte and agitated during
0 s. The mixture becomes slightly turbid, which may be caused by
he formation of an emulsion.

.3.2. Electrochemical cleaning of the working electrode
Preliminary investigations revealed that eliminating the oxygen

issolved in the medium was not necessary. In fact, the voltam-
ogram profile was not significantly altered by the presence or

bsence of oxygen. A similar result was obtained elsewhere [25].
Prior to the acquisition of each voltammogram, the working
lectrode was subjected to an electrochemical cleaning procedure
omprising two steps [25,26]. Initially, the electrode was kept at
n anodic potential (AP) during a time tA to remove contaminants
dsorbed in its surface. The electrode was then kept at a cathodic
otential (CP) during a time tC to remove the oxidized layer formed

S
C
S
E
T

ta 77 (2009) 1660–1666 1661

n the first step. The values of AP, tA, CP and tC were optimized
ccording to a 24 central composite design.

The response for each experiment in the design was the signal-
o-noise ratio evaluated in terms of Taguchi’s Z-parameter [27] as
ollows. Each voltammogram was registered in triplicate. The mean
oltammogram Īk and the variance profile s2

k
were then calculated

ccording to the following equations:

k = 1
nrep

nrep∑
i=1

Ii,k (1)

2
k = 1

nrep − 1

nrep∑
i=1

(Ii,k − Īk)
2

(2)

here nrep = 3 is the number of replicates for each experiment and
i,k is kth measured current value for the ith replicate voltammogram.
aguchi’s Z-parameter was then calculated as:

=
np∑

k=1

10 log

(
Ī2
k

s2
k

)
(3)

here np is the number of scanned potential values in the voltam-
ogram.
This optimization procedure was carried out by using the alco-

olic extract of a soybean oil sample and NaOH 0.1 mol L−1 as
upport electrolyte.

.3.3. SWV parameters
The alcoholic extract of a soybean oil sample in NaOH 0.1 mol L−1

as again employed for optimization of the SWV parameters. After
ddition of the extract, an equilibrium time of 10 s and a poten-
ial scan window from −0.9 to 0.6 V were used. The frequency (f),
tep height (�Es) and pulse height (�Esw) were optimized accord-
ng to a 23 composite central design. For this purpose, Taguchi’s
-parameter was employed, as described above.

.3.4. Chemometrics procedures
The samples were divided into training, test and validation

ets by applying the classic Kennard-Stone (KS) uniform sampling
lgorithm [28] to the voltammograms. Each class was treated sepa-
ately, as previously described [29]. The number of samples in each
et is presented in Table 1.

As previously described [29], the training and test samples were
sed in the modelling procedures (including Successive Projections
lgorithm (SPA) variable selection for Linear Discriminant Analy-
is (LDA) and determination of principal components in SIMCA)
hereas the validation samples were only used in the final evalu-

tion and comparison of the classification models.
unflower 10 3 3
orn 10 3 4
oybean 10 4 4
xpired 20 10 18
otal 59 23 32
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Table 2 presents the results of the 24 central composite design
employed to optimize the AP, tA, CP and tC parameters. The values
for the axial points in the design were chosen in view of the limits

Table 2
24 central composite design employed to optimize the electrochemical cleaning of
the working electrode. The response values correspond to Taguchi’s Z-parameter.

Experiment AP (V) tA (s) CP (V) tC (s) Response (Z)

1 0.5 1 −1.1 1 6752
2 0.9 1 −1.1 1 7574
3 0.5 5 −1.1 1 7505
4 0.9 5 −1.1 1 7897
5 0.5 1 −0.7 1 5709
6 0.9 1 −0.7 1 6062
7 0.5 5 −0.7 1 5752

Cubic 8 0.9 5 −0.7 1 6485
Design 9 0.5 1 −1.1 5 7003

10 0.9 1 −1.1 5 6973
11 0.5 5 −1.1 5 7084
12 0.9 5 −1.1 5 7163
13 0.5 1 −0.7 5 6081
14 0.9 1 −0.7 5 6374
15 0.5 5 −0.7 5 7842
16 0.9 5 −0.7 5 7312

17 0.4 3 −0.9 3 6791
18 1.0 3 −0.9 3 7053
19 0.7 0 −0.9 3 6621

Axial 20 0.7 6 −0.9 3 6837
Points 21 0.7 3 −1.2 3 8068

22 0.7 3 −0.6 3 6407
23 0.7 3 −0.9 0 6181
ig. 1. Voltammogram profiles of a soybean oil sample obtained for scan in the ano
u-DE and CH3COOH, (c) Pt-DE and NaOH and (d) Pt-DE and CH3COOH.

. Results and discussion

.1. Choice of oil/ethanol proportion in the extraction procedure

This study was carried out with a Pt-DE working electrode,
.1 mol L−1 NaOH support electrolyte and anodic scan direc-
ion. The SWV parameters were set to f = 20 Hz, �Es = 5 mV and

Esw = 25 mV. Moreover, the following values were employed in
he electrochemical cleaning of the working electrode: AP = 0.7 V,
A = 3 s, CP = − 0.9 V and tC = 3 s. These values were chosen on the
asis of reference [26].

Four oil/ethanol proportions were tested (1:4, 1:2, 1:1 and 1:½
/v). The proportion 1:1 was chosen as compromise between larger
urrent values and richer information in the voltammogram profile.
his proportion will be employed henceforth.

.2. Choice of support electrolyte, working electrode, scan
irection, and potential scan window

Fig. 1 presents the voltammograms of a soybean oil sample
btained with Pt-DE and Au-DE electrodes, NaOH and CH3COOH
both 0.1 mol L−1) support electrolytes and cathodic/anodic scan-
ing directions. The parameters for SWV and electrochemical
leaning of the working electrode were the same as those employed
n the previous section. The voltammograms in Fig. 1 were obtained
fter subtraction of the blank signal corresponding to the support
lectrolyte with a 10 �L aliquote of ethanol (same volume of the
lcoholic extract of the sample). This subtraction was carried out
o emphasize the voltammetric profile of the compounds extracted
rom the oil sample.

As can be seen, the voltammogram registered in NaOH
.1 mol L−1 with Pt-DE in the cathodic scan (Fig. 1c, solid line)
isplays a good compromise between large current values and
ichness of features. Arguably, the response obtained with NaOH is

etter because this support electrolyte facilitates the electrochem-

cal cleaning of Pt-DE in pulsed techniques, as previously described
30]. Therefore, the Pt-DE electrode with NaOH 0.1 mol L−1 support
lectrolyte and cathodic scan will be employed henceforth. Since
he voltammogram obtained under these conditions has very

C

T

shed line) and cathodic (solid line) directions, employing (a) Au-DE and NaOH, (b)

mall current values for potentials larger than 0.3 V, the potential
can window will be restricted to the range 0.3 V to −0.9 V.

.3. Optimization of the electrochemical cleaning of the working
24 0.7 3 −0.9 6 6839

25 0.7 3 −0.9 3 6786
entral Points 26 0.7 3 −0.9 3 6847

27 0.7 3 −0.9 3 6636

he bold values correspond to the best experimental conditions.
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Table 3
23 central composite design employed to optimize the SWV parameters. The
response values correspond to Taguchi’s Z-parameter.

Experiment f (Hz) �Es (mV) �Esw (mV) Response (Z)

1 20 2.0 25.0 17290.8
2 50 2.0 25.0 16527.4
3 20 5.0 25.0 6953.8

Cubic 4 50 5.0 25.0 7641.4
Design 5 20 2.0 50.0 18074.4

6 50 2.0 50.0 16160.1
7 20 5.0 50.0 6330.1
8 50 5.0 50.0 7359.1

9 10 3.0 37.5 8900.2
10 60 3.0 37.5 10493.1

Axial 11 35 1.0 37.5 32715.6
Points 12 35 6.0 37.5 6050.4

13 35 3.0 16.6 10122.3
14 35 3.0 58.4 10552.3

15 35 3.0 37.5 10720.4
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entral Points 16 35 3.0 37.5 10676.4
17 35 3.0 37.5 10176.6

he bold values correspond to the best experimental conditions.

or the region of investigation. In fact, the resulting voltammograms
id not display noticeable changes for tA or tC larger than 6 s. More-
ver, potentials larger than 1.000 V or smaller than −1.200 V could
ause the formation of an excess of platinum oxide and/or hydrogen
iberation, which would impair the precision of the analysis.

As can be seen in Table 2, the best experimental conditions,
hich correspond to the largest value of Z (8068 for experiment

1) are AP = 0.7 V, tA = 3 s, CP = − 1.2 V and tC = 3 s.

.4. Optimization of SWV parameters

Table 3 presents the results of the 23 central composite design
mployed to optimize the f, �Es and �Esw parameters. The values
or the axial points in the design were limited by the scan rate (prod-
ct of f and �Es). Scan rates larger than 360 mV s−1 compromise the
oltammogram profiles.

As can be seen in Table 3, the best experimental conditions,
hich correspond to the largest value of Z (32715.6 for experiment

1) are f = 35 Hz, �Es = 1.0 mV and �Esw = 37.5 mV.

.5. Selection of the working range in the voltammogram
Fig. 2 shows the voltammograms for the 114 oil samples acquired
nder the optimized experimental conditions described above.
ach voltammogram in Fig. 2 was obtained after subtraction of
he blank signal corresponding to the support electrolyte alone

ig. 2. Voltammograms of the 114 samples, comprising (a) non-expired and (b)
xpired oils. The working range for chemometric treatment was taken to the left
f the dashed vertical line.
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0.1 mol L−1 NaOH). This modification in the blank signal acqui-
ition was adopted to simplify the analytical procedure and thus
void the propagation of volumetric errors associated to the addi-
ion of the 10 �L aliquot of ethanol. As can be seen, the current
ntensities for potentials larger than 0 V are very small. Therefore,
he working range for the chemometric treatment was restricted
o cathodic potential values to the left of the vertical dashed line in
ig. 2. This range contains relevant potential values for determina-
ion of fatty acids, as described elsewhere [31,32]. After exclusion
f the anodic potential values, the resulting voltammograms com-
rised 800 variables (potentials).

A reproducibility study was conducted by repeating 20 times
he analysis of the same oil sample. The standard deviation of the
urrent ranged from 0.04 �A to 1.1 �A over the entire voltammo-
ram, which is considerably smaller than the current values seen
n Fig. 2.

The separation between expired and non-expired oil samples
s apparent around the −0.7 V potential in the voltammograms
resented in Fig. 2. This finding demonstrates that the proposed
ethodology is valid for monitoring the conservation state of the

ample. However, the separation between the oil types (canola,
unflower, corn and soybean) is not clear by visual inspection,
hich motivates the use of multivariate chemometric techniques.

.6. Principal Component Analysis (PCA)

Fig. 3 presents the PC2 × PC1 score plot resulting from the appli-
ation of PCA to the sample voltammograms. Fig. 3a reveals a
lear distinction between expired and non-expired samples, which
s in agreement with the separation observed in the voltammo-
rams (Fig. 2). As regards the non-expired samples, the canola
ype is clearly discriminated from the others, as can be seen in
ig. 3b. On the other hand, there is substantial overlapping among
he other types, especially between sunflower and soybean. These
ndings can be explained on the basis of the average chemical
omposition of the oils [24]. In fact, the correlation of content val-
es between canola and any of the other types is smaller than
.77. On the other hand, high correlation values are observed
etween the composition of corn and sunflower (0.96), corn and
oybean (0.98) and especially sunflower and soybean (0.99). These
esults are in agreement with other works, which employed more
ophisticated instrumental techniques, such as electrospray ioniza-
ion mass spectrometry [33], and near-infrared (NIR), mid-infrared
MIR) and Raman spectrometry [34].

As shown in Fig. 3c, there is no clear distinction between the oil
ypes for the expired samples. This gathering of expired samples in
single group may be ascribed to the process of oxidative rancid-

ty [35]. In this process, free radicals break fatty acid chains, which
eads to the formation of several products, such as lipoperoxides,
ldehydes, alcohols, ketones, volatile compounds, epoxide com-
ounds and polymers. Since the oil types under study are similar in
erms of fatty acid composition, the products of oxidative rancidity
end to be the same. Therefore, the expired samples will be treated
s a single group for the classification study presented below.

.7. SIMCA classification

A SIMCA model was built for each of the five oil classes, according
o the default settings of the Unscrambler software. Table 4 presents

he classification results obtained by applying the SIMCA models to
he test set for four different significance levels of the F-test (1%, 5%,
0% and 25%). It is worth noting that SIMCA errors can be of two
ypes: I (object not included in its own class) and II (object included
n a wrong class). Both error types are reported in Table 4. For exam-
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Fig. 3. PC2 × PC1 score plot for (a) the overall data set, (b) the non-expired samples
and (c) the expired samples (♦: canola; �: sunflower; �: corn; �: soybean). The
percent variance explained by each PC is indicated in parenthesis.
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le, the canola model presents one type I error (canola sample not
ncluded in the canola class) regardless of the significance level of
he F-test. On the other hand, the sunflower model presents three
ype II errors (soybean sample included in the sunflower class) for
ignificance levels of 1%, 5%, and 10% and two type II errors for a
ignificance level of 25%.

The type-II errors indicated in Table 4 corroborate the findings
f the PCA study. In fact, regardless of the significance level for the
-test, expired samples were not included in any of the non-expired
odels and non-expired samples were not included in the expired
odel. Similarly, canola samples were not included in the other
odels and other oil types were not included in the canola model.

hese results are in agreement with the clear separation between
xpired and canola samples from the remaining classes, as shown
n Fig. 3a–b. The largest number of errors in Table 4 correspond to
he inclusion of soybean samples in the sunflower model and vice-
ersa. Again, this finding agrees with the large overlapping between

hese classes (Fig. 3b) and the high correlation between their aver-
ge chemical composition, as discussed above. In this context, it is
orth noting that the oil type displaying the largest composition

orrelation with corn is soybean. As a result, the only type-II error

ig. 4. (a) Graph of the cost function value versus the number of selected potentials
n SPA-LDA. The optimum number of potentials corresponds to the point indicated by
n arrow. (b) Voltammogram of an oil sample illustrating the potentials selected by
PA-LDA (−0.1208, −0.1732, −0.2917, −0.4274, −0.5043, −0.6293, −0.7361, −0.7884,
0.8557 and −0.8995 V).
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Table 4
Number of classification errors of the SIMCA models in the vegetable oil validation set for 1%, 5%, 10%, and 25% significance levels for the F-test.

Model Canola (6/97.9%) Sunflower (4/99.1%) Corn (3/96.1%) Soybean (4/97.9%) Expired (3/97.8%)

Level (%) 1 5 10 25 1 5 10 25 1 5 10 25 1 5 10 25 1 5 10 25

Canola 1 1 1 1 – – – – – – – – – – – – – – – –
Sunflower – – – – – – – – – – – – 2 2 2 1 – – – –
Corn – – – – – – – – – – – 1 – – – – – – – –
S 1
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e

oybean – – – – 3 3 3 2 1
xpired – – – – – – – – –

he number of principal components/explained variance employed in each SIMCA m

nvolving corn was the inclusion of a soybean sample in the corn
odel.
As regards type-I errors, the most noticeable finding in Table 4

oncerns the five expired samples not included in their own model.
hese errors may be ascribed to the large dispersion of this class,
hich comprises expired oils of four types (Fig. 3c).
.8. SPA-LDA classification

Fig. 4a presents the cost function of SPA-LDA versus the number
f selected potentials. This cost function corresponds to the aver-

ig. 5. (a) DF2 × DF1 score plot for the overall data set of 114 oil samples. (b)
F3 × DF2 score plot for the non-expired samples. (♦: canola; � : sunflower; �:
orn; �: soybean and ©: expired).
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is indicated in parenthesis.

ge risk of misclassification of samples in the test set [29]. As can
e seen, the curve exhibits a minimum point at 10 selected poten-
ials, which are indicated in Fig. 4b. These potentials correspond
o informative regions associated to peaks, valleys and half-wave
oints.

An LDA model generates a number of discriminant functions
qual to the number of classes under consideration minus one [36].
herefore, in the present study, four discriminant functions (DF1,
F2, DF3 and DF4) are generated for the five classes (canola, sun-
ower, corn, soybean and expired). Fig. 5 presents the resulting
F2 × DF1 and DF3 × DF2 score plots for the data set. As expected,

he expired class is plainly discriminated from the remaining sam-
les along the DF1 direction (Fig. 5a). The four non-expired classes
re separated by DF2 and DF3, as shown in Fig. 5b. As can be
een in the DF3 × DF2 plot, the canola class is clearly separated
rom the others. The closest approximation between classes is
ound between soybean and sunflower, followed by soybean and
orn. This finding is in agreement with the discussion concerning
he PCA results and chemical composition correlation in Section
.6.

In contrast to SIMCA, the SPA-LDA model classified all samples
n the validation set correctly (i.e., no type-I or type-II errors were
btained). This result can be explained in light of the better separa-
ion of the non-expired classes observed in Fig. 5b, as compared to
he PCA score plot in Fig. 3b. Therefore, it may be concluded that the
ariable selection process was valuable for the classification task,
s an alternative to the use of the entire working range of potentials
0 to −0.900 V).

. Conclusions

This paper proposed a simple and non-expensive method-
logy for classification of edible vegetable oils with respect to
ype (canola, sunflower, corn and soybean) and conservation state
expired and non-expired shelf life). The proposed methodol-
gy employs an extraction procedure followed by square wave
oltammetry and chemometric classification methods. The best
xperimental conditions obtained as the result of an optimization
tudy were the following: (1) extraction with ethanol in the pro-
ortion 1:1 (v/v); (2) use of a platinum disk as working electrode;
3) use of 0.1 mol L−1 NaOH as support electrolyte; (4) potential
can started in the cathodic direction; (5) electrochemical cleaning
f the working electrode with an anodic potential of 0.7 V during
s followed by a cathodic potential of −1.2 V during 3 s; (6) SWV
ith frequency of 35 Hz, step height of 1.0 mV and pulse height

f 37.5 mV; (7) potential scan window from 0.3 to −0.900 V; (8)
orking range from 0 to −0.900 V.

A PCA study applied to the voltammograms in the working range

f potentials revealed that the expired oils are plainly separated
rom the non-expired ones. This finding demonstrates that the pro-
osed methodology is valid for monitoring the conservation state
f the sample. However, overlapping was observed between some
lasses of non-expired oils, especially soybean and sunflower. Such
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n overlapping resulted in classification errors when SIMCA mod-
ls were applied to the set of validation samples. This problem was
ircumvented by using 10 potentials selected by the SPA-LDA tech-
ique, which resulted in the correct classification of all validation
amples.

These results suggest that the proposed methodology is a
romising alternative for inspection of authenticity and conser-
ation state of edible vegetable oils. Future works could use a
ow-batch system [37] to automate the procedures and increase
he analytical frequency. Moreover, an investigation concerning the
nalysis of simulated adulterations of oil samples could be carried
ut.
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a b s t r a c t

Water-soluble CdTe quantum dots (QDs) with five sizes (2.25, 2.50, 2.77, 3.12, and 3.26 nm) were synthe-
sized with the hydrothermal method. The electrochemiluminescence (ECL) of CdTe QDs was investigated
in detail in air-saturated solution without adding foreign oxidant. It was found that the ECL of CdTe QDs
displayed a size-dependent property. With the increasing in the particle size of the CdTe QDs, the ECL
intensity was gradually increased, in addition, both ECL peak potentials and ECL onset potentials of CdTe
vailable online 19 October 2008

eywords:
dTe
uantum dots
ize-dependent effect

QDs were shifted positively. Influences of some factors on the ECL intensity were investigated. Under the
optimal conditions, the ECL intensity had a linear relationship with the concentration of l-cysteine (l-Cys)
in the range from 1.3 × 10−6 to 3.5 × 10−5 mol L−1 (R2 0.996) with a detection limit of 8.7 × 10−7 mol L−1

(S/N = 3). The proposed method was applied to the determination of l-Cys in real samples with satisfactory
results. Compared with previous reports, it has better selectivity for the determination of l-Cys.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Electrochemiluminescence (ECL) is a special form of chemilumi-
escence (CL). It has become an important and valuable detection
ethod in analytical chemistry because of its low cost, wide range

f analyte, excellent selectivity and high sensitivity [1–3]. Many
hemiluminescent reagents were applied in ECL reactions, such as
uminol and ruthenium complex, etc. [4–6]. Since they have been
xtensively studied, it is necessary to look into new luminescent
eagents and develop new ECL systems.

Among the miscellaneous functional nanomaterials, quantum
ots (QDs) are of considerable interest owing to their variety of
uperior optical and electrical properties. Recently, some scientists
ecame aware of the potential application of QDs in ECL field. The
CL of Si QDs was first observed by Bard and co-workers in 2002
7], which introduced a new type of luminescent reagent to ECL sys-
ems and opened a new field of ECL studies. Subsequently, the ECL
nalytical techniques coupled with QDs have been rapidly devel-

ped [8–27]. However, these researches were mostly carried out
n organic media [7–9,10–12], or by modifying them to electrodes
13–16] in the presence of foreign strong oxidants which are indis-
ensable for the accomplishment of such work. Actually, ECL of QDs

∗ Corresponding author. Tel.: +86 27 87288246; fax: +86 27 87288246.
E-mail address: hyhan@mail.hzau.edu.cn (H. Han).
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039-9140/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2008.09.061
n aqueous solution has a wider potential as a sensor in biological
nalysis.

Our previous works have first reported the ECL of QDs dis-
ersed in aqueous solution with bare electrode [17,27]. It was
emonstrated that water-soluble QDs were promising lumines-
ent materials used in ECL system, which avoided complicated
odifying electrode or using toxic organic solution. Generally, the

oreign strong oxidants are indispensable for the ECL of QDs, but
e recently found that the ECL of QDs can be conducted in air-

aturated solution without adding any foreign oxidants. Thus, the
CL systems of QDs were simplified, which was undoubtedly of
reat importance for expanding potential analytical applications of
CL of QDs. Nevertheless, very few reports have been published
n size-dependent ECL properties of QDs, though the unique size-
ependent properties of QDs have been the subject of considerable

nterest [28,29]. Therefore, the goal of our present study is to make
n in-depth research on the size-dependent ECL behavior of CdTe
Ds.

In this paper, the ECL of CdTe QDs with different sizes were
onducted in air-saturated solution without adding any additional
xidants at bare glassy carbon (GC) electrode, which simplified

he operating processes of our ECL study. Furthermore, the size-
ependent ECL properties of CdTe QDs were investigated in detail.
ased on the annihilation of ECL emission from CdTe QDs by
-cysteine (l-Cys), a novel method for the high selectivity determi-
ation of l-Cys was developed under the optimal conditions. Our
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bonds were formatted between TGA and CdTe core. The asymmet-
ric vibration of the carboxyl group in TGA shifted from 1720 to
L. Hua et al. / Talan

ork would expand the potential applications of QDs in the field of
CL.

. Experimental

.1. Apparatus

ECL studies were performed using a Model MPI-B from ECL
nalyzer Systems (Xi’An Remex Electronic Science & Technology
o. Ltd., Xi’An, China). The voltage of the photo multiplier tube
PMT) was biased at 800 V during the whole processes. A conven-
ional three-electrode system was used for the electrolytic system,

glassy carbon electrode was used as the working electrode, a
latinum wire as the counter electrode, and an Ag/AgCl (saturated
Cl) electrode as the reference electrode. The ultraviolet–visible
UV–vis) absorption spectra were performed on a Thermo Nicolet
orporation Model evolution 300 spectrophotometer coupled with
1.00 cm quartz cell. The photoluminescence (PL) spectra were

cquired with a PerkinElmer Model LS-55 luminescence spectrom-
ter equipped with a 20 kW xenon discharge lamp as a light source.
he Fourier transform infrared (FT-IR) spectra were performed
n a Thermo Nicolet Corporation Model avatar 330 spectrometer.
he high-resolution transmission electron microscopy (HRTEM)
mage of the CdTe QDs was acquired on a JEM2010FEF HRTEM
Japan).

.2. Reagents

CdCl2·2.5H2O (99.0%), Tellurium powder (99.99%) and NaBH4
96%) were obtained from Tianjin Chemical Reagent Plant (Tian-
in, China). Thioglycolic acid (TGA) and Na2TeO3 were obtained
rom Sinopharm Chemical Reagent Co., Ltd. A 0.1 mol L−1 phos-
hate buffer solution (PBS, pH 7.1) was used throughout this work.
-Cysteine (l-Cys), l-glycine (l-Gly), l-proline (l-Pro), l-glutamic (l-
lu), l-leucine (l-Leu), l-alanine (l-Ala), l-lysine (l-Lys), l-threnine
l-Thr), l-glutamine (l-Gin), l-aspartic acid (l-Asp), l-isoleucine (l-
le), l-serine (l-Ser), l-valine (l-Val) and l-asparagine (l-Asn), etc.
ere purchased from Shanghai Boao Biotechnology Co, Ltd. (Shang-
ai, China). Fresh l-Cys solutions were prepared every day. Human
erum was provided from a healthy volunteer. The stock solutions
f 0.1 mol L−1 other common amino acids were prepared and stored
n a refrigerator. All other reagents were of analytical reagent grade
nd used as purchased without further purification. Milli-Q (Milli-
ore) water was used throughout.

.3. Preparation of CdTe QDs

Water-soluble CdTe QDs were synthesized according to the
ydrothermal method with slight modifications [30]. Briefly, 10 mL
f 0.01 mol L−1 CdCl2 and 38 mL of ultrapure water were transferred
o a small flask. This solution was mixed with 10 �L of TGA and kept
ubbling with highly pure N2. 1.0 mol L−1 NaOH was added to adjust

ts pH to 11.0, and this mixture became clear. Then 55.5 mg Tri-
odium citrate and 2.0 mL of 0.01 mol L−1 Na2TeO3 were injected
nto this mixture respectively. Finally, 3.0 mg NaBH4 was added
t N2 atmosphere. After mixing, about 25 mL of this mixture was
ransferred to a reaction kettle and kept heated at 180 ◦C for 60 min,
nd then water-soluble CdTe QDs could be obtained. By controlling

he heating time, different sizes of CdTe QDs were attained. The
esulting products were precipitated by acetone and superfluous
GA and Cd2+ were removed with centrifugation at 1086 (×g) for
min. The resultant precipitate was redispersed in water, reprecip-

tated by a copious amount of acetone more than two times, and
hen kept under dark for further use.

1
1
t
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c
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.4. Sample preparation

For preparation of serum, 10 mL of human blood was taken
nd collected in a sample tube. The serum of blood was sep-
rated after putting the sample in an incubator at 37 ◦C for
0 min for removing red cell. The above serum layer was cen-
rifuged at 1100 (×g) for 6 min to precipitate proteins. The
esulting human serum solution was then stored at −70 ◦C until
sed.

.5. Standard procedures for the ECL detection

ECL measurements were carried out in a 0.1 mol L−1 PBS solu-
ion (pH 7.1) in the presence of 4.0 × 10−7 mol L−1 CdTe QDs solution
sing a conventional three electrode cell mentioned above. The
pplied working potential ranged from 0 to −2.3 V, and a cycle scan
ate was 0.34 V s−1. A high voltage power supply applied 800 V to
he PMT, and ECL signals were recorded by a Model MPI-B ECL ana-
yzer. Each data point was an average of five measurements. The
ifferent concentrations of standard l-Cys solutions were injected

n the ECL cell to obtain the calibration curve. Similarly, sample solu-
ions were injected in the ECL cell to detect the l-Cys concentrations
n sample.

. Results and discussion

.1. Characterization of water-soluble CdTe QDs

As shown in Fig. 1(A), the prepared CdTe QDs were charac-
erized by UV–vis and the PL spectra. The particle sizes of CdTe
Ds were 2.25, 2.50, 2.77, 3.12, and 3.26 nm, respectively, which
ere calculated in virtue of the following empirical equation

31]:

= (9.8127 × 10−7)�3 − (1.7147 × 10−3)�2 + 1.0064� − 194.84

n the above equation, D (nm) is the diameter of a given QDs, and �
nm) is the wavelength of the first excitonic absorption peak of the
V–vis absorption spectra. It can be seen that the UV–vis absorp-

ion peaks and the PL peaks shifted to longer wavelengths with the
ncreasing QD sizes as a consequence of the well-known quantum
ize effect. The quantum yield (QY) of the prepared CdTe QDs was
btained in comparison to the PL emission of Rhodamine 6G (QY
5%) [32]. The result supported that the PL QYs of CdTe QDs were
.5%, 8.5%, 16.0%, 23.6% and 21.4%, respectively.

The CdTe QDs was also studied carefully by HRTEM image
Fig. 1(B)). The morphology and size of CdTe QDs could be observed
learly. The average size of studied CdTe QDs was about 3.16 nm, and
onsidered close to the value of 3.12 nm resulting from the empir-
cal formula which seems to be convenient to calculate the size of
dTe QDs.

The FT-IR spectra were used to character the structure of the pre-
ared CdTe QDs. From Fig. 1(C), TGA showed a peak at 2566 cm−1

or stretch vibration of the S–H bond, which diminished in the spec-
rum of CdTe QDs. Therefore, it could be concluded that the S–Cd
551 cm−1, and the symmetric vibration of the carboxyl anion at
387 cm−1 appeared in the spectrum of CdTe QDs, implying that
he COOH in TGA turned to its anion. As a result, the structure of
he prepared CdTe QDs could be identified as a cadmium-rich CdTe
ore covered with excess TGA2− anions, which was similar to the
tructure of CdSe QDs [33].
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ig. 1. (A) PL and UV–vis absorption spectra of CdTe QD solution with different sizes
f CdTe QDs. (B) The HRTEM image of CdTe QDs, (C) FT-IR spectra of CdTe QDs (a)
nd TGA (b).

.2. Size-dependent ECL behavior of CdTe QDs

The size-dependent ECL behavior of CdTe QDs was investi-
ated in air-saturated solution. It was found that the ECL intensity
radually increased while the particle size of CdTe QDs increased,
ndicating that ECL intensity of CdTe QDs has a size-dependent
ffect (Fig. 2(A)). Here, the concentrations of CdTe QDs were fixed in
ll our experiments (4.0 × 10−7 mol L−1). According to ECL energy

atch theory [34], the ECL intensity depends on both the quan-

um efficiency of producing excited-state QDs and the luminescent
uantum efficiency of excited-state QDs. The quantum efficiency
f producing excited-state QDs enhanced with the increasing sizes

s
a
g
n

otential and ECL intensity in CdTe QD solution with different sizes (conditions:
.0 × 10−7 mol L−1 CdTe QD solution with different sizes; scan rate: 0.34 V s−1;
.1 mol L−1 pH 7.1 PBS; PMT voltage: 800 V).

f QDs, which was probably resulted from the generated energy
f ECL reaction matching degree with the chemical energy for
ormation of excited state of CdTe QDs [28,29]. It is known that
nergy band gap of QDs decreased with the increment in particle
ize [31]. In this case, the increment in ECL intensity was possibly
cctributed to chemical energy, generated during the ECL reaction
f CdTe QDs, more matched the smaller energy band gap of the
tudied five sizes QDs. The more chemical energy matched the exci-
ation energy need, the stronger the ECL intensity and efficiency.

oreover, the luminescent quantum efficiency of excited-state QDs
ncreased with the increasing QDs sizes, because the confinement
nergy of excited-state QDs shifted to low energy with the increas-
ng sizes of QDs. In addition, the luminescent quantum efficiency
f excited-state QDs was inversely proportional to the confinement
nergy [35]. As a result, both the quantum efficiency of produc-
ng excited-state QDs and the luminescent quantum efficiency of
xcited-state QDs increased with increment in sizes, which finally
esulted in that the ECL intensity of CdTe QDs increased with the
article sizes.

The relationships of ECL peak potentials and ECL onset poten-
ials with the sizes of QDs were illuminated in Fig. 2(B). Both the
CL peak potentials and ECL onset potentials shifted positively with
he increasing size or the decreasing band gap of the QDs, indicating
hat the injection of electrons to the surface of smaller QDs should
e more difficult. It has been indicated that the energy band gap
f QDs decreased with the increment in particle sizes. The energy
evels of QDs move to low energies when the size of QDs increases,

ince the top of the valence band is shifted toward higher energies
nd the bottom of the conduction band is moved to lower ener-
ies with increasing particle size. This means that the smaller QDs
eed more energy for injection of electrons to the surface of QDs.



ta 77 (

A
e
t
d
Q
T
t
f

b
s
t
T
t
c
t
o
s
a

3

w
d
F
b
d
i
t
a
w

F
(
o
s

s
e

i
o
t
Q
b
d
a
H
(
T
c
n
t
e

W
f
p
s
4
e
C
h

The CdTe QDs was added to the PBS solution and incubated about
5, 10, 15, 20, 25 and 30 min. Then the effect of incubation time
L. Hua et al. / Talan

similar relationship between the band gap of CdTe QDs and their
lectrochemical behaviors also was observed [28]. Given the fact
hat the CdTe QDs larger than 4 nm might be unstable, and it was
ifficult to obtain the large QDs of high quality. Therefore, CdTe
Ds of 3.12 nm were chosen to conduct the following experiments.
his work possibly provided a promising principle for improving
he efficiency of QDs ECL by optimizing the sizes of QDs and the
ast preferences of the ECL systems.

The ECL and cyclic voltammetry (CV) curves of the air-saturated
lank PBS solution were also observed (not shown). No light emis-
ion and current peak were detected. Under the same conditions,
he obvious light emission was observed in the CdTe QDs solution.
he same experiment was done in the air-saturated blank PBS solu-
ion using the GC electrode which has done continuous CVs for 300
ycles in CdTe QDs solution. Similar results were obtained. It means
hat there nearly was no absorption on the surface of the electrode,
r the working electrode was not easily contaminated by CdTe QDs
olution in the process of ECL. Therefore, CdTe QDs can be studied
s an excellent illuminant in the field of ECL.

.3. Conditions optimization

The ECL of CdTe QDs was conducted in air-saturated solution
ithout adding any additional oxidants. Therefore, the effect of
issolved oxygen on ECL intensity was investigated. As shown in
ig. 3(A), when dissolved oxygen was removed from the solution
y bubbling high-purity N2, the light emission intensity of ECL
ecreased dramatically, indicating that dissolved oxygen was an
mportant coreactant for producing ECL of CdTe in the QDs solu-
ion. It was very interesting for producing the ECL emission without
dding any foreign oxidants, and the operating processes of ECL
ere simplified. To acquire both simple process and high ECL inten-

ig. 3. (A) Effects of dissolved oxygen (a) N2-saturated CdTe QD solution
4.0 × 10−7 mol L−1); (b) air-saturated CdTe QD solution (4.0 × 10−7 mol L−1) and (B)
ther coreactants (c) CdCl2; (d) TGA; (e) TGA + CdCl2 (f–h) ECL curves. (Conditions:
can rate: 0.34 V s−1; 0.1 mol L−1 pH 7.1 PBS; PMT voltage: 800 V.)
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ity, air-saturated CdTe QDs solution was recommended in our
xperiments.

The contrast experiments were also conducted to examine the
nfluence of coexisting substances (e.g., free CdCl2 and TGA) on ECL
f CdTe QDs (Fig. 3(B)). The concentrations of CdCl2 and TGA solu-
ion were in agreement with their concentrations in un-pured CdTe
Ds solution. With the same electrochemical parameters, the ECL
ehaviors of CdCl2 and TGA solution were studied. Fig. 3(B) (curves
and g) depicted the ECL behaviors of pure TGA in PBS solution,

nd showed that no ECL signals and current peaks were observed.
owever, a pair of peak current appeared in pure CdCl2 solution

curve c), and the ECL signal (curve f) was also quite weak. When
GA solution was added into the CdCl2 solution, reduction peak
urrent was decreased evidently (curve e), and the ECL signal was
ot observed. Therefore, the free CdCl2 and TGA only affected elec-
rochemical behaviors of CdTe QDs (CV curves), but effect on ECL
mission was not obvious.

The effect of concentrations of CdTe QDs was studied (Fig. 4(A)).
hen the concentrations of CdTe QDs were augmented, the

ormed individual CdTe QDs species were increased in the scanning
rocess, which resulted in the enhancement of the ECL inten-
ity. When the concentration of the CdTe QDs solution exceeded
.0 × 10−7 mol L−1, the ECL intensity decreased, indicating that the
xcessive CdTe QDs could inhibit the generation of excited-state
dTe QDs, which was due to an effect called self-absorption in
igher concentration [36].
n the ECL of CdTe QDs was investigated (Fig. 4(B)). It was found
hat there was no obvious effect of incubation time on the ECL of

ig. 4. (A) Effects of concentration of CdTe QDs (conditions: scan rate: 0.34 V s−1;
.1 mol L−1 pH 7.1 PBS; PMT voltage: 800 V) and (B) incubation time. (conditions:
.0 × 10−7 mol L−1 CdTe QD solution; 0.1 mol L−1 pH 7.1 PBS; PMT voltage: 800 V).
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amounts of them. As shown in Fig. 7, no interference was observed
ig. 5. Effect of scan rate on ECL intensity of CdTe QDs. Inset: Plot of current ver-
us square root of scan rate (v1/2) (conditions: 4.0 × 10−7 mol L−1 CdTe QD solution;
.1 mol L−1 pH 7.1 PBS; PMT voltage: 800 V).

dTe QDs in a certain time range, indicating the better stability of
CL.

The scan rate could also affect on the ECL intensity (Fig. 5). With
he increasing scan rate, the ECL intensity increased and tended to
constant value at the scan rate of 0.34 V s−1, indicating the ECL

ntensity reached the saturation point. Therefore, the scan rate of
.34 V s−1 was chosen for the following studies. We also found that
he cathode peak current was linear with the square root of the scan
ate during CV as shown in Fig. 5 (inset), which indicated that this
lectrochemical reaction was an irreversible diffusion-controlled
lectrode process.

The studied potential windows were selected as −1.9 to 0, −2.0
o 0, −2.1 to 0, −2.3 to 0 and −2.5 to 0 V, respectively. It was found
hat the ECL intensities were enhanced, but the ECL signals reached
maximum at a potential window of −2.3 to 0 V. That might be due

o the fact that the CdTe QDs in the ECL processes with a high excited
lectrochemical potential window were unstable. Thus, to achieve
he optimum intensity and stability, a potential window of −2.3 to
V was selected for the following ECL experiment.
.4. The quenching effects of l-Cys on the ECL intensity

The quenching effects of l-Cys on the ECL intensity was studied
nd shown in Fig. 6. Upon addition of l-Cys to the PBS containing
.0 × 10−7 mol L−1 CdTe QDs, the ECL intensity decreased greatly

ig. 6. The quenching effect of l-Cys at 0 (a), 0.65 (b), 1.3 (c), 2.0 (d), and
.8 × 10−5 mol L−1 (e) on the ECL intensity of CdTe QDs. Inset: linear calibration
lot for l-Cys (conditions: 4.0 × 10−7 mol L−1 CdTe QD solution, scan rate: 0.34 V s−1;
.1 mol L−1 pH 7.1 PBS, PMT voltage: 800 V).
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ith an increase in the concentration of l-Cys. The l-Cys was
esponsible for the quenching effect according to the following
eaction:

RSH
O2,H2O−→ RSSR

According to the above reaction, if l-Cys was added to the sys-
em, it would react with the dissolved oxygen or its intermediate
pecies produced in the processes of QD ECL, which resulted in
ecreasing the ECL intensity. Meanwhile, it confirms the above
esults about the role of dissolved oxygen. Here, although the sta-
ilizer TGA was also a thiol compound, FT-IR spectrum (Fig. 1(C))

ndicated that the ECL emission was quenched by the l-Cys. The
tructure of CdTe QDs indicated only S–Cd bond without an SH
roup present in the QDs. Thus, it did not quench the ECL emission
nd interfere with the detection of l-Cys. Therefore, our present
tudy aims to develop a finer method for the detection of l-Cys
ased on our above discussion.

.5. Application to detection of l-Cys

l-Cys is a naturally occurring amino acid with a thiol group,
hich plays an important role in several biological processes. l-Cys

s involved in a variety of key cellular functions including protein
ynthesis, detoxicfication, and metabolism, and its insufficiency
ay cause many diseases. Due to the structural similarity of amino

cids and their spectroscopic inertness, most of analytical methods
sually involve complicated chromatography separation [37]. Thus,
he development of a simple and highly selective method [38] for
he detection of l-Cys is obviously of significance.

From the inset of Fig. 6, the ECL intensity decreased linearly
ith the concentrations of l-Cys. The calibration range for deter-
ination of l-Cys was from 1.3 × 10−6 to 3.5 × 10−5 mol L−1 with

he correlation coefficient of 0.996. The detection limit (S/N = 3)
as found to be 8.7 × 10−7 mol L−1. The relative standard deviation

R.S.D.) at the l-Cys concentration of 1.3 × 10−5 mol L−1 was 2.0%
n = 5), indicating an acceptable reproduction.

To study the selectivity for l-Cys determination with the pro-
osed method in amino acid detection, various amino acids were

nvestigated according to the proposed procedure by increasing
n the presence of l-Pro, l-Glu, l-Ala, l-Gly, l-Leu, l-Val, l-Thr and
-Ile, even when they were present in a 1000-fold concentration.
urthermore, the ECL intensity decreases were all less than 5% rel-
tive to l-Cys in the presence of some other common amino acids

ig. 7. Interferences of same common amino acid (conditions: 4.0 × 10−7 mol L−1

dTe QD solution; scan rate: 0.34 V s−1; 0.1 mol L−1 pH 7.1 PBS, PMT voltage: 800 V).
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Table 1
Determination of l-Cys in real samples.

Sample l-Cys added (� mol L−1) l-Cys founda (� mol L−1) Recovery (%) R.S.D.a (%)

Synthetic amino acids mixtures
1 39.0 38.6 ± 2.6 99.0 6.6
2 126.0 126.0 ± 2.0 96.9 1.6
3 210.0 204.4 ± 1.0 97.3 5.5

Human serum
1 0 364.3 ± 7.6 4.7
2 100.0 462.1 ± 8.4 98.0 2.6
3 200.0 565.7 ± 10.5 101.0 1.8
4 ± 6.5
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[36] K.S. Jang, H.C. Ko, B. Moon, H. Lee, Synth. Met. 150 (2005) 127.
[37] F. Xu, L. Wang, M. Gao, L. Jin, J. Jin, Anal. Bioanal. Chem. 372 (2002) 791.
400.0 735.4

a Mean result of five measurements.

ith a 100-fold concentration, which also could be neglectable.
herefore, the proposed method is practical for the determination
f l-Cys and showed the ideal selectivity.

As a practical use, the proposed method was used to detect l-Cys
n synthetic amino acids mixtures and human serum. The recover-
es of l-Cys are determined by the standard addition method. The
esults shown in Table 1. It indicated that the proposed method
as suitable for the determination of l-Cys in the presence of other

mino acids. Moreover, this method could be also used to success-
ully detect l-Cys in human serum, and the total concentration were
ound to be 364.3 ± 7.6 �mol L−1. This value fell in the normal range
f total l-Cys (174.0–378.0 �mol L−1) in human serum detected by
tabler et al. [39]. Meanwhile, the method had good recoveries,
s given in Table 1. These data suggested the fine accuracy and
cceptable practicability of the proposed method.

Our following work also extensively studied the quenching
ffects of other thiol compounds on the ECL intensity, and the simi-
ar results could be demonstrated (not shown). Thus, the proposed

ethod could be developed and applied for thiol compounds detec-
ion.

. Conclusions

In summary, we demonstrated that the ECL behavior of CdTe
Ds was size dependent. It gives a new path to further improve the
fficiency of QD ECL by optimizing the sizes of QDs, and provides
promising strategy for the fast preferences of the ECL system.

urthermore, it was found that the relative high ECL intensity
as also observed in air-saturated solution without adding for-

ign oxidant, and the operating processes of ECL were simplified.
novel method for the high selectivity determination of l-Cys was

eveloped. In contrast to other ECL sensor methods, this proposed
ethod showed simple operating processes and ideal selectivity.
ur studies would promote the further studies of QD ECL sensor
nd has found potential analytical applications.

cknowledgements
The authors gratefully acknowledge the support for this research
y National Natural Science Foundation of China (20675034), Pro-
ram for New Century Excellent Talents in Chinese Ministry of
ducation (NCET-05-0668), Program for academic pacesetter of
uhan (200851430484).

[
[

92.8 1.0

eferences

[1] M.M. Richter, Chem. Rev 104 (2004) 3003.
[2] M.J. Shi, H. Cui, Electrochim. Acta 52 (2006) 1390.
[3] R. Lei, X. Xu, F. Yu, N. Li, H.W. Liu, K. Li, Talanta 75 (2008) 1068.
[4] R. Wilson, C. Clavering, A. Hutchinson, Anal. Chem. 75 (2003) 4244.
[5] J.P. Yuan, T. Li, X.B. Yin, L. Guo, X.Z. Jiang, W.R. Jin, X.R. Yang, E.K. Wang, Anal.

Chem. 78 (2006) 2934.
[6] W. Zhan, A.J. Bard, Anal. Chem. 79 (2007) 459.
[7] Z. Ding, B.M. Quinn, S.K. Haram, L.E. Pell, B.A. Korgel, A.J. Bard, Science 296

(2002) 1293.
[8] Y. Bae, N. Myung, A.J. Bard, Nano. Lett. 4 (2004) 1153.
[9] Y. Bae, D.C. Lee, E.V. Rhogojina, D.C. Jurbergs, B.A. Korgel, A.J. Bard, Nanotech-

nology 17 (2006) 3791.
10] N. Myung, Y. Bae, A.J. Bard, Nano Lett. 2 (2002) 1315.
11] N. Myung, Y. Bae, A.J. Bard, Nano Lett 3 (2003) 1053.
12] N. Myung, X. Lu, K.P. Johnston, A.J. Bard, Nano Lett. 4 (2004) 183.
13] H. Jiang, H.X. Ju, Anal. Chem. 79 (2007) 6690.
14] G.Z. Zou, H.X. Ju, Anal. Chem. 76 (2004) 6871.
15] G.Z. Zou, H.X. Ju, W.P. Ding, H.Y. Chen, Electroanal. Chem. 579 (2005) 175.
16] B. Liu, T. Ren, J.R. Zhang, H.Y. Chen, J.J. Zhu, C. Burda, Electrochem. Commun. 9

(2007) 551.
17] H.Y. Han, Z.H. You, J.G. Liang, Z.H. Sheng, Front. Biosci. 12 (2007) 2352.
18] S.K. Poznyak, D.V. Talapin, E.V. Shevchenko, H. Weller, Nano Lett. 4 (2004)

693.
19] T. Ren, J.Z. Xu, Y.F. Tu, S. Xu, J.J. Zhu, Electrochem. Commun. 7 (2005) 5.
20] J.J. Miao, T. Ren, D. Lin, J.J. Zhu, H.Y. Chen, Small 1 (2005) 802.
21] S.N. Ding, J.J. Xu, H.Y. Chen, Chem. Commun. 34 (2006) 3631.
22] G.F. Jie, B. Liu, J.J. Miao, J.J. Zhu, Talanta 71 (2007) 1476.
23] M. Chen, L. Pan, Z. Huang, J. Cao, Y. Zheng, H. Zhang, Mater. Chem. Phys. 101

(2007) 317.
24] Z.H. Dai, J. Zhang, J.C. Bao, X.H. Huang, X.Y. Mo, J. Mater. Chem. 17 (2007)

1087.
25] G.F. Jie, B. Liu, H.C. Pan, J.J. Zhu, H.Y. Chen, Anal. Chem. 79 (2007) 5574.
26] L.H. Shen, X.X. Cui, H.L. Qi, C.C. Zhang, J. Phys. Chem. C 111 (2007) 8172.
27] H.Y. Han, Z.H. Sheng, J.G. Liang, Anal. Chim. Acta 596 (2007) 73.
28] S.K. Poznyak, N.P. Osipovich, A. Shavel, D.V. Talapin, M.Y. Gao, A. Eychmüller, N.

Gaponik, J. Phys. Chem. B 109 (2005) 1094.
29] Z.P. Wang, J. Li, B. Liu, J.Q. Hu, X. Yao, J.H. Li, J. Phys. Chem. B 109 (2005)

23304.
30] N. Gaponik, D.V. Talapin, A.L. Rogach, K. Hoppe, E.V. Shevchenko, A. Kornowski,

A. Eychmüller, H. Weller, J. Phys. Chem. B 106 (2002) 7177.
31] W.W. Yu, L.H. Qu, W.Z. Guo, X.G. Peng, Chem. Mater. 15 (2003) 2854.
32] J. Georges, N. Arnaud, L. Parise, Appl. Spectrosc. 50 (1996) 1505.
33] M.Y. Gao, B. Richter, S. Kirstein, Adv. Mater. 9 (1997) 802.
34] A.M. García-Campaña, W.R.G. Baeyens, Chemiluminescence in Analytical

Chemistry, Marcel Dekker, New York, 2001.
38] B.X. Li, Z.J. Zhang, M.L. Liu, C.L. Xu, Anal. Bioanal. Chem. 377 (2003) 1212.
39] S.P. Stabler, P.D. Marcell, E.R. Podell, R.H. Allen, Anal. Biochem. 162 (1987)

185.



S
i

J
D

a

A
R
R
3
A
A

K
N
I
U
S
G
S
C

1

u
s
c
s
t
[
a
i
b
r
h
i
t
a
p

0
d

Talanta 77 (2009) 1694–1700

Contents lists available at ScienceDirect

Talanta

journa l homepage: www.e lsev ier .com/ locate / ta lanta

ilver UPD ultra-thin film modified nanoporous gold electrode with applications
n the electrochemical detection of chloride

ing-Fang Huang
epartment of Chemistry, National Chung Hsing University, Taichung 402, Taiwan, ROC

r t i c l e i n f o

rticle history:
eceived 27 August 2008
eceived in revised form
0 September 2008
ccepted 1 October 2008
vailable online 17 October 2008

eywords:
anoporous

onic liquid
PD

a b s t r a c t

Nanoporous noble metals are usually expected to exhibit much higher surface areas than smooth ones,
making them of particular importance in many electrochemical applications. This paper describes a simple
electrochemical method to modify a nanoporous Au (NPG) surface by using an under potentially deposited
(UPD) Ag adlayer. The NPG electrode was obtained by the dealloying of Zn from AuxZn1−x in a 40–60 mol%
zinc chloride–1-ethyl-3-methylimidazolium chloride (ZnCl2–EMIC) ionic liquid. The Ag UPD modified
nanoporous gold (NPG/Ag(UPD)) electrode possessed dual properties, including an intrinsic high surface
area from the nanoporous structure and the characteristics of the Ag UPD adlayer. The potential utility of
using NPG/Ag(UPD) for sensors was demonstrated by its excellent sensitivity and selectivity in the elec-
trochemical determination of chloride ions. An atomic scale metal monolayer obtained in the UPD process
was selected as a sensing agent. The long-term storability and operational stability of the electrode were
ensor
old
ilver
hloride

strongly demonstrated. Specifically, two couples of redox waves at ∼552 mV and ∼272 mV, respectively,
were observed in the cyclic voltammograms (CVs) of the NPG/Ag(UPD) after the adsorption of chloride
ions. The first couple of redox waves was related to the UPD and silver stripping and the second couple
of redox waves was induced by the adsorption of Cl−. The Cl− adsorption process on the NPG/Ag(UPD)
electrode followed the transient Langmuir adsorption kinetic model. The ratio of the integrated charges
for these two anodic stripping peaks was selectively used to determine dilute chloride ion levels. The
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calibration curve was line

. Introduction

A nanostructured noble metal with micrometer-sized pores is
sually expected to exhibit a much higher surface area than a
mooth metal, which is of particular importance in many electro-
hemical applications, such as electrocatalysis and electrochemical
ensors [1–6]. In recent years, the dealloying process was found
o be an effective route for fabricating nanoporous noble metals
3,7,8]. Dealloying is a kind of corrosion process that is used to sep-
rate the components of an alloy by selective dissolution [9,10]. For
nstance, if component B is more reactive than component A in a
inary alloy AxB1−x, B will be dissolved from the alloy while A will
emain during a dealloying process. This method is relatively easy;
owever, in the past, high temperature processes, such as arc melt-
ng at 1000 ◦C, were required to prepare the binary alloys [7]. Even
hough the development of electrochemical deposition offered an
dvantage, by reducing the operating temperature needed for the
reparation of a binary alloy, a drawback to the electrochemical
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the Cl− concentration range of 0.5–30.0 �M.
© 2008 Elsevier B.V. All rights reserved.

abrication of porous metals was that strongly acidic, alkaline, or
oxic cyanide electrolyte solutions were used in the typical elec-
rochemical process. Ionic liquids (ILs) are defined as salts that

elt below 100 ◦C. ILs are attracting increasing attention as reac-
ion media, because of their remarkable properties, which include
ow vapor pressures, high thermal stabilities, and high ionic con-
uctivities [11–15]. Huang et al. demonstrated the replacement of
typical aqueous solution with an ionic liquid, which provided a
ide working temperature range, covering from room tempera-

ure to above 150 ◦C. This facilitated the direct formation of alloys
n a substrate using the electrodeposition process, simplifying the
abrication step for nanoporous Au and Pt electrodes [3,4].

Although the ultra-high surface area of the nanoporous material
s a significant property in numerous research areas, the modi-
ed surface of the nanoporous material could be gifted with other
nique properties, such as those related to binding sites, charge
ensity, and so forth, further extending their applications. Organic

ltra-thin films, such as thiols and sulfides, have been used to mod-

fy the surface of electrodes and to functionalize nanoporous gold
NPG) electrodes [3]. It has been demonstrated that organic ultra-
hin film modified NPG electrodes show excellent performance
n analytical applications, such as in the selective detection of
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opper ions. To the best of our knowledge, there have been fewer
tudies on using an inorganic modified layer on an NPG electrode.
nderpotential deposition (UPD) is a phenomenon wherein a metal
onolayer is deposited onto the surface of a foreign metal at a

otential that is more positive than the reversible Nernst poten-
ial [16]. Metallic UPD adlayers have been demonstrated to alter
he composition and chemical properties of an electrode’s surface.

etallic UPD should allow for the precise and reproducible control
f the surface coverage and for the study of coverage dependent
roperties, including the structure of the metallic adlayer and its
lectronic properties [16]. Numerous UPD systems, such as Cu+,
b2+, Bi3+, Ag+, etc., on polycrystalline or single crystalline noble
etals, such as Pt and Au, have been broadly investigated in a

ariety of studies [16–24]. Because of this, it was felt that noble
etals would be excellent substrates for modification using metal-

ic UPD. In addition, it was expected that a noble metal composed
f nanopores would provide a high capacity for the formation of a
PD adlayer because of its ultra-high surface area. Accordingly, such
etallic UPD adlayer modified nanoporous noble metals would not

nly have the original ultra-high surface area but also the additional
haracteristics of the reproducible metallic UPD adlayer. This would
e due to the addition of the metallic UPD adlayer as an ultra-thin
lm on a substrate with high surface coverage. This paper describes
n electrochemical method for modifying an NPG surface using a
etallic UPD adlayer. The NPG electrode was obtained by the selec-

ive electrochemical dissolution (dealloying) of Zn from AuxZn1−x
lloy in a 40–60 mol% zinc chloride–1-ethyl-3-methylimidazolium
hloride (ZnCl2–EMIC) ionic liquid, as reported by Huang et al. [3].

silver UPD system was selected to modify the surface of the
PG electrode. This work demonstrated that the ultra-thin Ag UPD
dlayer modified NPG electrode was highly reproducible and com-
ounded a high surface area and the unique properties of the Ag
PD adlayer on the same electrode.

Chloride sensing is an important need in clinical diagnosis,
nvironmental monitoring, and industrial applications [25–30].
n many of these chloride detection applications, there is a need
o increase the sensitivity and selectivity. Ion-selective electrodes
ISEs) are popular and commercially available methods for sens-
ng various ions, including chloride [26,31–33]. Optical methods
hat utilize fluorescence measurement have also been used in the
etection of chloride ions [34–38]. Although these methods all have
otable performance in many analytical applications, their selec-
ivity and detection limits (typically 5 × 10−5 M) are drawbacks. The
tability of the dye molecule used in the optical method also lim-
ts this method to related applications. It has been reported that
n Ag UPD modified gold electrode can serve as a sensing elec-
rode in the detection of chloride [39,40]. The shift of Ag UPD and
tripping peaks on an Au(1 1 1) electrode caused from the adsorp-
ion of chloride on the Ag adatom provided a possibility for halide
ensing, and the current–potential relationship could be used to
dentify the type of halide and its concentration. However, even
fter this crystalline electrodes were still limited to some practical
perations for sensing applications because preparing and storing
hem required a more complicated process. To solve this problem,
polycrystalline Au electrode, fabricated by vapor deposition in a
igh vacuum chamber, was used as a sensing probe to replace the
ingle crystalline electrode [40]. The adsorption of chloride onto the
g UPD adlayer was used to easily and quantitatively determine the
hloride ions in the sample. This is a highly sensitive and selective
ethod for detecting chloride ions (with a detection limit lower
han 5 × 10−7 M).
This paper describes a simple electrochemical method for the

abrication of an NPG/Ag(UPD) electrode. This NPG/Ag(UPD) elec-
rode could serve as a possible substrate for the detection of
hloride. It possesses dual properties, including an intrinsic high

2

s
t
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urface area from the nanoporous structure and the characteris-
ics of the Ag UPD adlayer. It could increase the chloride adsorption
apacity and further improve chloride detection performance. This
ork also demonstrated the potential utility of the NPG/Ag(UPD)

lectrode for sensors as a result of its excellent sensitivity and selec-
ivity in the electrochemical determination of chloride ions.

. Experimental

.1. Reagents

Deionized water was used to prepare all of the solutions. All
hemicals were of analytical grade unless otherwise stated. Glass-
are and polyethylene bottles were soaked in diluted nitric acid and

insed with deionized water before use. Silver sulfate (JT-Baker),
odium sulfate (JT-Baker), potassium chloride (JT-Baker), potas-
ium bromide (JT-Baker), potassium iodide (JT-Baker), potassium
erchlorate (JT-Baker), potassium phosphate (Riedel-de-Haen),
ulfuric acid (Aldrich), and zinc chloride 98% (Aldrich), were used
ithout purification.

.2. Synthesis of ZnCl2–EMIC ionic liquid

The EMIC was prepared and purified according to the method
escribed in the literature [3,41]. The ZnCl2–EMIC ionic liquid was
repared in a glove box filled with dry nitrogen gas by mixing the
roper amounts of ZnCl2 and EMIC in a beaker, followed by heating
t 90 ◦C for 1 h to ensure that the reaction between the ZnCl2 and
MIC was complete. The resulting ionic liquids were colorless.

.3. Fabrication of nanoporous gold (NPG) electrode

The NPG electrode was prepared according to the method pro-
osed by Huang et al. [3]. The electrochemical experiments were
ccomplished with a CHI 660C potentialstat/galvanostat in a glove
ox filled with dry nitrogen gas or in an electrochemical cell covered
ith 99.9% argon gas. A three-electrode electrochemical cell was
sed for the electrochemical experiments. The reference electrode
as a zinc wire (Aldrich, 99.99%) immersed in a partitioned fritted

lass tube containing pure 50–50% ZnCl2–EMIC ionic liquid. A zinc
piral was used as a counter electrode and immersed in a parti-
ioned fritted glass tube containing pure 40–60% ZnCl2–EMIC ionic
iquid. The polished gold wire electrode was cleaned by immer-
ion in 70% ethanol, rinsed with deionized water (specific resistivity
8.2 M� cm−1), and dried before being used as the working elec-
rode. To conduct the selective dissolution of zinc from an Au–Zn
lloy, an Au–Zn surface alloy was made by electrodeposition on an
u wire in a 40–60 mol% ZnCl2–EMIC ionic liquid at 120 ◦C. After
his, anodic stripping was used to selectively remove the zinc from
he as-prepared Au-Zn alloy in the same ionic liquid, leaving an Au
ire electrode with a nanoporous structure.

The microstructure of the NPG electrode was observed with
JEOL JSM-6700F field-emission scanning electron microscope

FE-SEM). The resulting NPG electrode was then electrochemically
leaned using a cycling potential between +1.5 V and 0.0 V versus
g/AgCl in 0.2 M sulfuric acid until reproducible cyclic voltammo-
rams (CVs) were obtained. The surface area of the nanoporous Au
lectrode was estimated from the integrated reduction current of
old oxide and a conversion factor of 480 �C cm−2 [21].
.4. Modification of the Ag UPD adlayer on the NPG electrode

The Ag UPD process was conducted in a 0.1 M H2SO4 aqueous
olution containing 1.0 mM Ag2SO4. A typical three-electrode elec-
rochemical cell was used for the electrochemical experiments. The
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Fig. 1. (a) An SEM image of the NPG electrode. The NPG electrode was obtained by
selective anodic stripping of Zn at 1.0 V from gold wire, where the Zn was electrode-
p
v
(
+

t
t
s
a surface-constrained electrochemical process and strongly depen-
dent upon the surface structure of the electrode. This also implied
that the source of the material used as a probe in a UPD study
should significantly effect the observation of the UPD process. The
positions of the two couples of redox peaks observed on the NPG
696 J.-F. Huang / Talan

PG electrode and a gold wire served as the working and counter
lectrodes, respectively. To prevent Cl− interference from the typi-
al Ag/AgCl reference electrode, a silver wire served directly as the
uasi-reference electrode. The Ag UPD adlayer was modified on the
PG by a potential scan of 0.65–0.2 V. The potential was stopped at
.2 V for 1 min to allow the Ag UPG to completely cover the whole
urface of the NPG electrode. The as-prepared Ag UPD modified NPG
lectrode (NPG/Ag(UPD)) was rinsed with deionized water before
eing used for the detection of chloride.

.5. The NPG/Ag(UPD) electrode used for the detection of chloride

The NPG/Ag(UPD) electrode was employed as the working elec-
rode for the detection of chloride. First, adsorptive accumulation
f chloride ions at the NPG/Ag(UPD) electrode was carried out at
n open circuit potential by dipping the electrode into a potassium
hloride solution for a specified contact time. The electrode was
hen removed from the cell, washed thoroughly with deionized
ater, and transferred to a Cl− free 0.1 M H2SO4 aqueous solution

ontaining 1.0 mM Ag2SO4 for CV measurement of the Ag UPD. The
ntegrated charge ratio between the two anodic stripping peaks
a3 at ∼272 mV/a′

1 at ∼612 mV), due to the accumulated Cl− ions,
as used for a quantitative determination of Cl−. The NPG/Ag(UPD)

lectrode was electrochemically cleaned in the 0.2 M H2SO4 solu-
ion to recycle the NPG electrode and re-modify the Ag UPD adlayer
efore each measurement.

. Results and discussion

The SEM image of the NPG electrode prepared by the elec-
rochemical formation and selective electrochemical dealloying of
uxZn1−x alloys in a 40–60 mol% ZnCl2–EMIC ionic liquid, as pro-
osed by Huang et al. [3] showed a continuous porous network with
characteristic ligament size of about 20–30 nm. The diameter of

ach pore was found to be 10–20 nm, similar to that reported in the
iterature [3], allowing them to be characterized as nanopores. The
s-prepared gold electrode was then characterized by electrochem-
cal methods. Fig. 1 shows cyclic voltammograms of the NPG and
olished gold electrodes in 0.2 M H2SO4 at 200 mV s−1 from 1.5 V to
.0 V (vs. Ag/AgCl). These voltammograms show the current peaks
ue to the formation of surface gold oxide on the anodic scan and
he subsequent gold oxide reduction on the cathodic scan. Because
he NPG electrode had a much higher active surface area, it also had
current response approximately 200 times higher than that of the
olished gold electrode. The microscopic surface area Am of the NPG
lectrode was estimated from the integrated reduction current of
he gold oxide and a conversion factor of 480 �C cm−2 [21]. The
oughness factor, which is the ratio of the microscopic surface area
m and the geometric area Ag of the polished gold electrode, was
etermined to be 72. This result also provided strong evidence of
n ultra-high surface area for the NPG electrode.

Fig. 2 shows a typical cyclic voltammogram of the Ag UPD
nto the NPG electrode in the 0.2 M H2SO4 solution containing
.0 mM Ag2SO4. As can be seen in the insert of Fig. 2, no appar-
nt redox waves were observed on a polished polycrystalline
old electrode, whereas two couples of redox waves, c1/a1 and
2/a2 at ∼536 mV/552 mV and ∼320 mV/448 mV, respectively, were
bvious at the NPG electrode in Fig. 2. Although Ag UPD on a poly-
rystalline Au electrode had been reported in the literature [40], the

g UPD phenomenon on a common polished polycrystalline gold
lectrode still was not observed in this work. The polycrystalline Au
lectrode used in the literature was fabricated by vapor depositing
gold thin film on a glass slide in a high vacuum chamber. The

urface microstructure of this electrode should be different from

F
l
1
o

osited in a 40–60% ZnCl2–EMIC ionic liquid with Qc = 0.5 C cm−2 at 120 ◦C; (b) cyclic
oltammograms of the polished gold electrode (dash line) and the NPG electrode
solid line) recorded in a 0.2 M H2SO4 solution at 200 mV s−1 between 0.0 V and
1.5 V (vs. Ag/AgCl).

he normal polished gold wire used in this work. The difference in
he intensity of the Ag UPD signal should be from variations in the
urface structure of the substrate because the UPD phenomenon is
ig. 2. Cyclic voltammograms of Ag UPD recorded on a polished gold electrode (dash
ine) and the NPG electrode of Fig. 1a (solid line) in a 0.2 M H2SO4 solution containing
mM Ag2SO4 at 20 mV s−1 at 28 ◦C. The insert is the magnification of a CV of Ag UPD
n the polished gold electrode.
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ig. 3. (a) A multiple-scan CV for the NPG electrode between 0.6 V and 0.1 V at a sc
eaks, c1 (� and �) and a1 (© and �), for the UPD and stripping of Ag recorded a
lectrode, (d) the NPG/Ag(UPD) electrode and (e) the bare NPG electrode after repe

lectrode in Fig. 2 were similar to those reported by Choi and Laib-
nis [40]. These peaks were due to Ag UPD and stripping on the
PG electrode. In a comparison of the Ag UPD signals between the
olished and NPG electrodes, a high intensity was observed on the
PG electrode because its high surface area provided a high Ag
PD formation capability. The resulting CV also showed that the
PG electrode should be a good candidate for observing the Ag
PD process and that the electrode surface could be easily modi-
ed with an Ag UPD thin film using a simple and effective potential
can method.

To study the reproducibility of an NPG electrode modified with
n Ag UPD adlayer, a multiple-scan CV was conducted on the NPG
lectrode between 0.6 V and 0.1 V at a scan rate of 20 mV/s. Dur-
ng this potential scanning, the Ag UPD adlayer could be repeatedly
athodic deposited on and anodic stripped off the NPG electrode.
s can be seen, the shapes in the multiple-scan CVs in Fig. 3a are

ndependent of scanning cycles. A linearity between the peak cur-
ent, ip, and scan rate, �, was observed but is not shown in this
ork. These phenomena are consistent with the fact that UPD

s a surface-constrained electrochemical process [42]. The inte-

rated charge density for the Ag UPD stripping peak (Qa1 /A in
hich A is the surface area of the electrode) on the NPG surface
as 1620 ± 4 �C cm−2, which was calculated using the geomet-

ic surface area Ag (0.05 cm2) of the NPG electrode, whereas the

m
r
t
a

able 1
he rate constant for the adsorption and desorption of Cl− on the NPG/Ag(UPD) electrode

lectrode Rate constant

Adsorption, ka
(×102 L mol−1 s−1)

Des
(×1

PG/Ag(UPD) 1.1 8.7
u (vapor deposition)/Ag(UPD) 16.0 80.

a The value of ka and kd were estimated from the slope and intercept in the plot of the
b The value was evaluated with Eq. (2).
e of 20 mV/s. (b) The integrated charge, Q, and the peak potential, Ep, of the redox
tions of the potential scan cycle. SEM images were obtained for (c) the bare NPG
he Ag UPD modification 1000 times.

harge density, 22 ± 2 �C cm−2, was calculated using the micro-
copic active surface area Am (3.61 cm2) of the NPG electrode. The
ltra-high value shown in the first calculated result means the NPG
lectrode provided a high Ag UPD adlayer formation capacity. The
ast calculated result was closer to the previously reported value
f 20 ± 2 �C cm−2, which was found using a polycrystalline Au film
abricated by vapor deposition. This indicated that the high Ag UPD
dlayer coverage could be modified on the NPG electrode. Fig. 3b
hows the integrated charge, Q, and the peak potential, Ep, of the
edox peaks, c1 and a1, for the UPD and stripping of Ag, recorded
s functions of the potential scan cycle. It was observed during the
otential scan cycle that the integrated charge density and peak
otential of the Ag UPD were independent on the cycle of potential
can and that the recovery of the Ag UPD, that is the charge ratio
etween the UPD and stripping of Ag on the NPG electrode, was
lose to 100%. This result demonstrated that the microscopic active
urface area of the NPG electrode was constant after each Ag UPD
odification. It also indicated that the Ag UPD adlayer modifica-

ion of the NPG electrode was highly reproducible. To further study
he surface morphology of the NPG electrode, before and after the
odification of the Ag UPD thin film, Fig. 3c–e shows, respectively,
epresentative SEM images obtained for the bare NPG electrode,
he Ag UPD coated NPG electrode, and the bare NPG electrode
fter repeating the Ag UPD modification 1000 times. There was no

.

� = kd/ka (×10−6 M) Reference

orption, kd
0−4 s−1)

7.9a (7.9)b In this work
0 4.9 (5.0) [40]

apparent rates (kaC + kd) vs. Cl− concentration.
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Fig. 4. CVs of Ag UPD and stripping on a NPG/Ag(UPD) electrode that was (a)
immersed in a 10.0 �M Cl− solution at an open circuit potential for various immer-
sion periods, including (short dash) 0.0 min, (dash dot dot) 1.0 min, (dash dot)
3.0 min, (dot) 5.0 min, (dash) 7.0 min, and (solid) 10.0 min, respectively, and (b)
immersed in solutions containing various Cl− concentrations, including (short dash)
without the addition of Cl− , (dash dot dot) 1.0 �M Cl− , (dash dot) 2.0 �M Cl− , (dot)
5.0 �M Cl− , (dash) 10.0 �M Cl− , and (solid) 20.0 �M Cl− , respectively, for 1.0 min,
recorded in a 0.2 M H2SO4 solution containing 1.0 mM Ag2SO4 at 20 mV s−1 at 28 ◦C.
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Fig. 5. (a) The ratio of the integrated charges of anodic stripping peaks as a function of th
10.0 �M, (�) 20.0 �M, (�) 50.0 �M and (�) 100.0 �M Cl− , respectively. Data were fitted w
function of Cl− concentration. Data were fitted with Eq. (2).
2009) 1694–1700

ignificant morphological change, which is indicative of an ultra-
hin Ag UPD coating and high reproducibility for the Ag UPD

odification of the electrode.
The Cl− adsorption effect of an Ag UPD ultra-thin film mod-

fied single or polycrystalline Au electrode has attracted interest
rom the chloride-sensing field [39,40]. Our work demonstrated
hat an NPG/Ag(UPD) electrode simultaneously possesses an ultra-
igh surface area and the characteristics of the Ag UPD adlayer. It
hould be a good candidate for a chloride sensing electrode due
o its high capacity of Cl− adsorption from the ultra-high surface
rea of the NPG electrode. We immersed the NPG/Ag(UPD) elec-
rode into a Cl− containing solution at an open circuit potential
or various immersion periods. After the adsorptive accumula-
ion of chloride ions at the NPG/Ag(UPD) electrode and rinsing it
ith deionized water, a CV was conducted in a 0.2 M H2SO4 solu-

ion containing 1.0 mM Ag2SO4. As shown in Fig. 4a, the redox
eaks, c1/a1, at 540 mV/550 mV for the UPD and stripping of Ag
n the NPG electrode were replaced by a new couple of redox
eaks, c′

1/a′
1, at 605 mV/612 mV, with a gradual positive shift as

function of the immersion period in the Cl− containing solu-
ion. Another new couple of redox peaks, c3/a3, occurred at 262 mV
nd 272 mV, respectively, and increased with an increase in the
xposure period for the NPG/Ag(UPD) electrode in the Cl− contain-
ng solution. Fig. 4b shows the CVs recorded for the NPG/Ag(UPD)
lectrode immersed in solutions containing various Cl− concen-
rations for 1.0 min, after being rinsed with deionized water. The
ame trend of the peak shift and peak growth of the redox peaks
′
1/a′

1 and c3/a3 in Fig. 4a could also be observed during the
xposure of the NPG/Ag(UPD) to solutions of increasing Cl− concen-
ration for a constant immersion period. The assignment of these
wo new couples of redox peaks, c′

1/a′
1 and c3/a3, was previously

eported in the literature [40]. The primary redox peaks, c′
1/a′

1,
ere attributed to the average electrochemical state, which indi-

ates a combination of the Cl− adsorbed NPG/Ag(UPD) sites and
he native NPG/Ag(UPD) sites. Although the peak position varia-
ion was observed for the Cl− adsorbed on the NPG/Ag(UPD), the
ntegrated charges of these peaks showed little change through
arious conditions. For the other couple of redox peaks, c /a ,
3 3
enerated at 262 mV/272 mV by Cl− adsorption, their peak inten-
ities gradually increased with Cl− concentration, but no change
n their peak potential could be found. This means the redox
eaks, c3/a3, are directly related to the amount of chloride adsorp-

e immersion time in a sample containing (©) 1.0 �M, (�) 2.0 �M, (�) 5.0 �M, (�)
ith Eq. (1). (b) Equilibrium values of the integrated charge ratio were recorded as a
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Table 2
Interference studies of ions at the NPG/Ag(UPD) electrode in the determination of
Cl− .

Ion Concentration (�M) The ratio of integrated
charges Qa3 /Qa′

1

Relative difference
from 5.0 �M Cl−

Cl− 5 0.050 0.000
SO4

2− 5000 0.050 0.000
N
P
C

r
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a
e
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w
p
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t
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c
ride are shown as the integrated charge ratio, Qa3 /Qa′

1
, against

various Cl− concentrations and immersion periods. We observed
a wider dynamic range and lower sensitivity under a shorter con-
tact period than under a longer contact period. In order to reach a
proper detection performance, 3 min of contact time was selected
ig. 6. Calibration plots as the ratio of integrated charges of anodic stripping peaks
s. Cl− concentration for various immersion periods, including (©) 1.0 min, (�)
.0 min (�) 5.0 min, and (�) 10.0 min.

ion on the NPG/Ag(UPD) electrode. Since these two couples of
edox peaks are related to the Cl− adsorption, we herein select
he anodic stripping peaks, a′

1 and a3, as the quantitative signal
o determine the amount of Cl− adsorbed on the NPG/Ag(UPD)
lectrode. The ratio of the integrated charges of these two anodic
tripping peaks, Qa3 /Qa′

1
, is related to Cl− concentration in the Cl−

ontaining sample. Fig. 5 shows the ratio of the integrated charges
f the anodic stripping peaks, Qa3 /Qa′

1
, as functions of immersion

ime and Cl− concentration in the sample. In each Cl− contain-
ng sample, the adsorbed amount of Cl− generally increased with
mmersion time, to a limiting plateau where Cl− adsorption and
esorption reached an equilibrium state. At higher concentrations,
he measured values of Qa3 /Qa′

1
reached their equilibrium values

uch faster than in experiments conducted at lower Cl− concen-
rations. With an increase in the Cl− concentration in the sample,
he adsorption rate increased gradually to the maximum plateau.
t can be assumed that at the maximum adsorption plateau, the
l− adsorption fully covered the NPG/Ag(UPD) electrode. To fur-
her study the chloride adsorption/desorption on the NPG/Ag(UPD)
lectrode, the transient Lagmuir adsorption kinetic model was used
o study the chloride adsorption kinetics [43]. In this model, the

onolayer adsorption can be assumed to be a surface-site filling
rocess in which the adsorption and desorption process compete
ith each other, and without the effect of mass transport from
iffusion. The following equation was used to illustrate the tran-
ient Cl− adsorption:

Qa3

Qa′
1

= ˇ� = ˇ
ka

kaC + kd
{1 − exp[−(kaC + kd)t]}, (1)

here ˇ is a proportional constant that was determined from the
aximum value of the integrated charge ratio (0.45), � is the frac-

ional coverage of the converted sites, C is the concentration of Cl−,
is the adsorption time, and ka and kd are the adsorption and des-
rption rate constants, respectively. The values of ka and kd could be
stimated from the slope and intercept in the figure for the appar-
nt rates (kaC + kd) verses the Cl− concentration. A comparison of
he adsorption ka and desorption kd rate constants in this work
ith the values reported in the literature is given in Table 1. The

lower Cl− adsorption and desorption rates for the NPG/Ag(UPD)

ompared to on a smooth polycrystalline Au electrode should be
ue to the fact that a portion of the active sites for the Cl− adsorp-
ion on the NPG/Ag(UPD) are in the nanopores. It should be more
ifficult for the Cl− to adsorb into and escape from these nanopores
han from a smooth surface.

F
i
c
H

O3
− 5000 0.053 0.062

O4
3− 5000 0.048 −0.036

lO4
− 5000 0.051 0.022

Fig. 5b shows that the plateau values for Qa3 /Qa′
1

in Fig. 5a were

ecorded as a function of Cl− concentration. It shows the typical
angmuir-like adsorption isotherm. At the plateau values, the Cl−

dsorption and desorption could be assumed to be in a state of
quilibrium. Eq. (1) was reduced to give the Langmuir adsorption
sotherm (t → ∞, at equilibrium):(

Qa3

Qa′
1

)
eq

= ˇ�eq = kaC

kaC + kd
= C

C + �
, (2)

here � = kd/ka. Eq. (2) reasonably describes Fig. 5b. A reciprocal
lot of Fig. 5b yielded a value for � of 7.9 × 10−6 M, as shown in
able 1. This value was consistent with the value estimated from
ig. 5a (7.9 × 10−6 M). The results shown in Fig. 5 indicate that
he Cl− adsorption process on the NPG/Ag(UPD) electrode can be
escribed by the transient Langmuir adsorption kinetic model.

From the discussion above, the NPG/Ag(UPD) electrode has the
otential to serve as a new electrode material for chloride detec-
ion applications. The fractional chloride coverage estimated from
he integrated charge ratio, Qa3 /Qa′

1
, on the electrode was depen-

ent on the Cl− concentration and contact time in the chloride
ontaining sample. In Fig. 6, the calibration curves for the chlo-
ig. 7. CVs of Ag UPD and stripping were recorded on the NPG/Ag(UPD) electrode
mmersed in 20.0 �M: (a) Cl− (b) Br− and (c) I− solutions, respectively, at an open
ircuit potential for 3.0 min after rinsing with deionized water, taken in a 0.2 M

2SO4 solution containing 1 mM Ag2SO4 at 20 mV s−1 at 28 ◦C.
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s a quantitative standard period. Under this condition, the calibra-
ion curve was linear for a Cl− concentration range of 0.5–30 �M.
ompared with most of the results reported in the literature, the
etection limit in this work (<5 × 10−7 M Cl−) was much lower
han ISE-based and optical sensors. Our results were close to those
eported by Choi and Laibinis [40], but we used a much simpler
nd more economical method for preparing the sensing electrode.
he long-term storage and operational stability of the electrode
n our work were also strongly demonstrated. In the interference
tudy of the NPG/Ag(UPD) electrode against chloride determina-
ion, the possible interferents, such as SO4

2−, NO3−, PO4
3−, and

lO4
− were chosen on the basis of their adsorption affinities on the

lectrode and the frequencies of their occurrence in natural sam-
les. Table 2 shows the integrated charge ratio of 5.0 M Cl− recorded

n the presence of excess amounts of various potential interfering
nions. Table 2 shows that the interference from these anions is
nsignificant. Although it is still difficult to inhibit the interference
rom other halide ions, Br− and I−, during the detection of Cl−, the
istinguishable electrochemical signals for each of these halide ions
ere obtained in Fig. 7, allowing these ions to be identified directly.

. Conclusions

In conclusion, a simple yet effective approach to modifying an
PG electrode with an ultra-thin metallic UPD film was presented

n this work. A sensitive and selective method for the determina-
ion of chloride ions was also described, using the NPG/Ag(UPD)
lectrode as a sensing probe. While a typical electrodeposition pro-
ess could easily be used to create a 3D dendritic structure for a
etallic modified layer, it is difficult to obtain a microstructure
ith the desired features. While an atomic scale metal monolayer

btained using the UPD process was selected as the source of the
odified layer in our method, the 3D nanostructure of noble metals

an still be kept and endowed with the characteristics of the mod-
fied UPD metal adlayer. Some of the general advantages of this

ethod include: (1) easy control of the architecture and chemical
roperties of the NPG electrode after the modification of the metal-

ic UPD adlayer, (2) applicability to a wide variety of UPD systems
ith metallic properties of interest and (3) potential applicability to

ther analytical systems, including glucose detection, gas sensing,
etection of metal ions, and so forth, or to serve as a new generation
f substrates for the development of sensors.
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a b s t r a c t

This work shows the possibility of combining the high sensitivity of genetically-modified Drosophila
melanogaster acetylcholinesterase (B394) with the ability of phosphotriesterase (PTE) to hydrolyse
organophosphate compounds, in the aim of developing a biosensor selective to two insecticides of inter-
est: chlorpyrifos and chlorfenvinfos. The studies clearly demonstrate that chlorfenvinfos is a substrate
that acts as competitive inhibitor of PTE, therefore preventing the efficient hydrolysis of other pesti-
vailable online 14 October 2008

eywords:
cetylcholinesterase
hosphotriesterase
iosensor
hlorpyrifos

cides, including chlorpyrifos. A bi-enzymatic sensor was designed by immobilizing both B394 and PTE
in a polyvinylalcohol matrix. The sensor was shown to be able to discriminate between chlorpyrifos and
chlorfenvinfos inhibitions.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Pesticides are neurotoxic agents widely used for agricultural,
ndustrial, household and warfare purposes. Neurotoxic pesticides

ainly act by inhibiting acetylcholinesterase (AChE) [1], an essen-
ial enzyme that permits the transmission of electrical signals in the
ervous system of most animal beings. Organophosphosphate (OP)
ompounds are among the most powerful neurotoxics, they are
ommonly used as pesticides (insecticides) and chemical warfare
gents. Due to their high acute toxicity and risk towards the pop-
lation, some European directives have been established to limit
heir presence in water and food resources. For instance, the council
irective 98/83/CE concerning the quality of water for human con-
umption has set a maximum admissible concentration of 0.1 ppb
�g L−1) per pesticide and 0.5 ppb for the total amount of pesticides.

Early detection of OP neurotoxins is thus important for pro-
ecting water resources and food supplies, but also for defence
gainst terrorist activity, and for monitoring detoxification pro-

esses. Accordingly, there are growing demands for field deployable
evices for reliable on-site monitoring of OP compounds.

Routine methods are based on extraction, cleanup and analysis
ormally performed by gas chromatography (GC) or liquid chro-

∗ Corresponding author. Tel.: +33 4 68 66 22 55; fax: +33 4 68 66 22 23.
E-mail address: noguer@univ-perp.fr (T. Noguer).
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atography (LC) coupled to sensitive and specific detectors such
s nitrogen–phosphorus detectors (NPD) [2–4], flame ionization
etectors (FID) [3,4], ultraviolet detectors (UV) or diode array detec-
ors (DAD) [5–7], although recently most methods involve the use
f mass spectrometry (MS) as detector to provide ultimate con-
rmation [8,9]. These methods are highly sensitive and allow the
etermination of a large number of compounds but they are costly,

ong and/or complex.
Biosensors have been described for many years as being good

andidates as substitutive or complementary tools to these con-
entional methods, as they can provide real-time qualitative
nformation about the composition of a sample with minimum
reparation. Biosensors based on the inhibition of AChE have
een widely used for the detection of OP compounds. Among the
umerous sensors described, some of them involve the use of
ecombinant acetylcholinesterases allowing to enhance dramat-
cally the sensitivity of these devices. Such sensors have been
ecently described in our group for the highly sensitive detection
f chlorpyrifos and chlorfenvinfos, two insecticides included since
001 in a list of priority substances in the field of water policy (deci-
ion 2455/2001/EC) [10]. Although these biosensors show a high

ensitivity, they often lack of selectivity due to the fact that they
eact with any cholinesterase inhibitor.

An alternative biosensing route for the detection of these insec-
icides involves the use of phosphotriesterase (PTE) [11]. This
nzyme, also called organophosphate hydrolase (OPH), has the
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bility of hydrolysing ester links of organophosphate compounds,
hus liberating the different radicals attached to the phosphate
roup. Several OPH-based amperometric, potentiometric, or opti-
al biosensors have been already described [12,13]. Recently,
eo et al. [14] have described an amperometric biosensor for
rganophosphate pesticides based on a carbon nanotube-modified
ransducer and a PTE biocatalyst. In this sensor, the detection is
ased on the electrochemical oxidation of p-nitrophenol, which is
he produced by the PTE-catalysed hydrolysis of the paraoxon or

ethyl-parathion. However, it must be underlined that only a few
nsecticides including parathion, methyl-parathion and their oxi-
ation products (paraoxon and paraoxon-methyl) can be detected
y this method, as other organophosphate do not generate p-
itrophenol upon hydrolysis.

This work presents the development of a biosensor based
n the combination of PTE and a highly sensitive recombinant
cetylcholinesterase for the selective detection of organophosphate
nsecticides. In a first step, the activity of PTE towards the main anti-
holinesterase insecticides was investigated. Then, a bi-enzymatic
ensor based on the co-immobilization of AChE and PTE was devel-
ped for the detection of chlorpyrifos and chlorfenvinfos.

. Experimental

.1. Chemicals and stock solutions

Genetically modified AChE from Drosophila melanogaster type
394 and PTE were produced by Protein Bio Sensor (PBS, Toulouse,
rance). Before immobilisation, enzymatic activities were spec-
rophotometrically measured using 5,5′-dithiobis(2-nitrobenzoic
cid) (DTNB – Ellman’s reagent) provided by Sigma. The substrate
cetylthiocholine chloride (ATCh) was purchased from Sigma. A
.1 M ATCh stock solution was daily prepared in water and stored
t 4 ◦C.

The organophosphorus insecticides chlorpyrifos-oxon (phos-
horic acid, O,O-diethyl O-(3,5,6-trichloro-2-pyridinyl) ester),
hlorpyrifos-oxon-methyl (phosphoric acid, O,O-dimethyl O-
3,5,6-trichloro-2-pyridinyl) ester), dichlorvos (phosphoric acid,
,O-dimethyl O-(2,2′-dichlorovinyl) ester), paraoxon (phosphoric
cid, O,O-diethyl O-(4-nitrophenyl) ester), paraoxon-methyl (phos-
horic acid, O,O-dimethyl O-(4-nitrophenyl) ester) and chlorfen-
infos (phosphoric acid, 2-chloro-1-(2,4-dichlorophenyl)ethenyl
iethyl ester) were purchased from Dr Ehrenstorfer (Augsburg,
ermany). Stock solution of pesticides (10−3 M) was prepared in
cetonitrile and stored at 4 ◦C.

Azide-unit Pendant Water-soluble Photopolymer (AWP) was
rovided by Toyo Gosei Kogyo Co. (Chiba, Japan).

The pastes used for screen-printing, i.e. Electrodag PE-410,
23SS and 6037SS were obtained from Acheson (Plymouth, UK).
obalt–phtalocyanine-modified carbon paste was purchased from
went Electronic Materials, Ltd. (Gwent, UK). A glycerophthalic
aint (Astral, France) was used as insulating layer. Transparent PVC
heets (200 mm × 100 mm × 0.5 mm) were used as printing sup-
orts.

.2. Apparatus

Spectrophotometric measurements were performed using a
ewlett Packard diode array 8451A spectrophotometer. Ampero-

etric measurements were carried out with a 641VA potentiostat

Metrohm, Switzerland), connected to a BD40 (Kipp & Zonen, The
etherlands) flatbed recorder.

Chromatographic determination of pesticides was carried out
sing a Merck L-6220 HPLC-system fitted with a Supelcosil LC18

i
r
t
d
a
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eversed phase column (Supelco). The elution solvent used was
cetonitrile/water (70:30), at a flow rate of 1 mL/min. The detec-
ion of pesticides was performed at 220 nm using a Merck L-4000
V detector.

Screen-printed electrodes were produced using a semi-
utomatic DEK 248 printing machine according to a procedure
reviously described [15], but in a three-electrode configuration.
he working electrode was a 4 mm-diameter disk, the auxiliary
lectrode was a 16 mm × 1.5 mm curved line and the Ag/AgCl
seudo-reference electrode was a 5 mm × 1.5 mm straight line.

.3. Determination of PTE activity

The activity of PTE was measured using the enzyme in solu-
ion, in 10 mM phosphate buffer pH 8, using concentrations of
ubstrate (insecticide) ranging from 10−6 M to 10−3 M. The activ-
ty was measured by two different methods, depending on the
ubstrate used. When using paraoxon derivatives as substrate, the
nzyme activity was easily monitored by spectrophotometric mea-
urement of the paranitrophenol produced at 405 nm. Using other
ubstrates (chlorpyrifos-oxon derivatives, dichlorvos, chlorfenvin-
os, omethoate and fenamiphos), the activity was measured by
PLC coupled with a UV detector. In that case, the reaction mix-

ure was injected after different reaction times in order to follow
he hydrolysis of the pesticide.

.4. Immobilisation of enzymes

The immobilisation of enzymes was performed by physical
ntrapment in a polyvinylalcohol-based photopolymer (AWP),
s described in previous works [10]. AWP polymer was mixed
ith enzymatic solution in a ratio 70:30 (v/v). The mixture was

ortex-mixed and briefly centrifuged to eliminate the foam. A
olume of 3 �L was then spread onto the working electrode
sing a micropipette. The concentration of the initial B394 solu-
ion was adjusted in order to obtain a final enzyme loading of
mU/biosensor. Three types of biosensors were prepared, without
TE or based on the co-immobilization of B394 (1 mU) and PTE in
ifferent quantities (0.14 U/biosensor or 0.85 U/biosensor).

The electrodes were exposed to neon light for 3 h at 4 ◦C to allow
he photo-polymerisation between azide groups. After drying for
8 h at 4 ◦C, the electrodes were ready to use.

.5. Amperometric measurement principle

Amperometric measurements were performed in stirred solu-
ions using a 5 mL cell. The electrodes were tested in 5 mL of 0.1 M
hosphate buffer at a working potential of +100 mV versus Ag/AgCl,
hich corresponds to the oxidation of thiocholine, the product of

he enzymatic hydrolysis of the ATCh substrate in the presence of
obalt–phtalocyanine as electron mediator. The current intensity
as recorded and, after current stabilisation, 1 mM ATCh (final con-

entration in the cell) was injected. The time necessary to reach the
lateau was 2–3 min. The measured signal corresponded to the dif-

erence of current intensity between the baseline and the plateau.
he cell was washed with distilled water between measurements.

The pesticide detection was made in a three-step procedure as
ollows: first, the initial response of the electrode at the injection
f the ATCh (1 mM) was recorded three times, then the electrode
as incubated in a solution containing a known concentration of
nsecticide, and finally the residual response of the electrode was
ecorded again in the same conditions. The percentage of the inhibi-
ion was correlated with the insecticide concentration. The limit of
etection was calculated as the insecticide concentration inducing
10% decrease of the biosensor response.
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ig. 1. 1/v versus 1/[CPO] plot of PTE activity in the presence of different fixed
oncentrations of CFV (Lineweaver–Burk representation).

. Results and discussion

.1. Determination of Michaelis constants (Km) of PTE enzyme for
ifferent organophosphate substrates

The activity of PTE was investigated using eight well-known
rganophosphate insecticides in order to determine their respec-
ive kinetic constants (Km and Vm). Parathion derivatives (ethyl
nd methyl) and their oxidation compounds have been widely
escribed as PTE substrates [12,13], mainly due to the easy detection
f their hydrolysis product: paranitrophenol. In order to facili-
ate the comparison between substrates, the maximum velocity
as thus expressed throughout this work as paraoxon-ethyl-

quivalent activity. The kinetic constants Km and Vm relative
o paraoxon-ethyl were determined spectrophotometrically, their
bsolute values were 0.25 mM and 14.1 mM min−1, respectively.

The relative values of the kinetic constants obtained for each
esticide are summarized in Table 1.

It clearly appears that PTE has a higher affinity for chlorpyrifos-
xon derivatives than for paraoxon compounds (lower Km), which
re generally used in PTE-based sensors. Both chlorpyrifos-oxon
CPO)-ethyl and chlorfenvinfos (CFV) show a very good affin-
ty for PTE, but even though CFV has a better affinity than
PO, its hydrolysis rate was shown to be 10,000-fold slower
han CPO one. Additional “blank” assays without PTE confirmed
hat CFV was not chemically hydrolysed during the reaction
ime. The high affinity and the low degradation velocity of
FV indicate that this substrate is likely to act as a competi-
ive inhibitor of PTE for hydrolysis of other organophosphates.
onfirmation of this behaviour was obtained by carrying out
inetics of CPO hydrolysis in the presence of different fixed con-
entrations of CFV. As clearly shown on the Lineweaver–Burk
epresentation (1/v versus 1/[S], Fig. 1), an increase of appar-
nt Km was observed in presence of CFV while no change
ccurred in the maximum rate (Vm). The replot of Kmapp (obtained
rom Lineweaver–Burk plot) versus the concentration of inhibitor

CFV) allowed us to calculate the competitive inhibition con-
tant (Ki), that was found to be equal to the Km of PTE for CFV
Ki = 0.015 mM = Km) (replot equation: y = 2.7663x + 4 × 10−5). Sim-
lar results were obtained using paraoxon as substrate, in that case
pectrophotometric measurements allowed to determine a com-

s

m
e
C

able 1
inetic constants of PTE enzyme using eight different organophosphate insecticides (subs

TE CPO-ethyl CPO-methyl CFV Dichlorvo

m (mM) 0.03 0.06 0.017 0.31
elative Vm (/paraoxon) 1.8 0.25 0.0002 0.003
77 (2009) 1627–1631 1629

etitive inhibition constant Ki = 0.017 mM = Km (replot equation:
= 15.8823x + 25 × 10−5).

All these features confirmed that CFV acts as a competitive
nhibitor of PTE.

.2. Biosensor characterisation and kinetic study of the
mmobilised enzyme

The stability of the sensors needs to be evaluated in order
o ensure that the decrease in the signal during inhibition mea-
urements is due to enzyme inactivation and not to enzyme
eaking. Due to the fact that the developed device is based on

bi-enzymatic system, separate assays must be performed to
ssess the activity of each enzyme. The operational stability of
mmobilized B394 acetylcholinesterase was estimated by succes-
ively measuring the response of the same enzyme electrode to
mM ATCh, at 100 mV versus Ag/AgCl. PTE stability was estimated
y measuring the sensor response to 1 mM paraoxon using the
ame enzyme electrode at 700 mV versus Ag/AgCl. The sensors
ere washed between tests with distilled water. All three types

f sensors were shown to be stable for at least 10 consecutive
easurements. The biosensors based on AWP-entrapment pre-

ented a good reproducibility, with a signal maximum variation
f 5%. The average response to 1 mM ATCh for n = 5 electrodes pre-
ared in the same experimental conditions was 290 ± 15 nA. These
eproducibility data refer to the mean value of 10 assays for each
lectrode.

.3. Separate detection of CPO and CFV using the bi-enzymatic
ensor

.3.1. Optimization of incubation time
The incubation time of each sensor with various concentrations

f pesticides was optimized in order to achieve the highest sensitiv-
ty of detection. It was observed that an incubation time of 10 min
as sufficient to achieve the maximum inhibition rate whatever

he pesticide concentration used. This incubation time was thus
pplied in further experiments.

.3.2. Effect of PTE loading on AChE inhibition by CPO and CFV
The inhibition effect of CPO and CFV on sensors incorporating

mU of AChE and different amounts of PTE was studied using an
ncubation time of 10 min. Fig. 2 shows that the inhibitory effect of
PO was decreased when the amount of PTE immobilized on the
lectrode was increased. In each case, the limit of detection I10, the

0, I50, and I100 were calculated corresponding to the pesticide con-
entration inducing 10%, 0%, 50% and 100% inhibition, respectively.
hese results are summarized in Table 2.

As expected from the determination of the kinetic constants of
TE, the inhibitory effect of CFV was the same whatever the concen-
ration of PTE immobilized on the electrode, this insecticide being
ot hydrolysed by PTE. Consequently, the responses of a dual-sensor
evice incorporating B394 and B394 + PTE will be the same if the

ample contains only CFV.

A different behaviour was observed when studying CPO deter-
ination, due to the rapid hydrolysis of this insecticide by PTE

nzyme. For instance, no inhibition was observed for 3 × 10−8 M
PO using the bi-enzymatic sensor incorporating 0.85 U of PTE,

trates). CPO = chlorpyrifos-oxon (ethyl), CFV = chlorfenvinfos.

s Paraoxon-methyl Paraoxon-ethyl Omethoate and Fenamiphos

1.2 0.25
No hydrolysis

0.38 1
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Table 2
Characteristics of the biosensors based on the co-immobilization of B394 acetylcholinesterase (1 mU/sensor) and PTE (0, 0.14 or 0.85 paraoxon-equivalent U/sensor) for the
detection of CPO and CFV.

PTE (U/sensor) Equation I0 (M) I10 (M) I50 (M) I100 (M)

CPO
0 I = 25.085 ln(C) + 591.3 5.8 × 10−11 8.6 × 10−11 4.3 × 10−10 3.0 × 10−9

0.14 I = 17.928 ln(C) + 376.6 7.5 × 10−10 1.0 × 10−9 1.2 × 10−8 2.0 × 10−7

0.85 I = 19.501 ln(C) + 336.8 3.2 × 10−8 5.3 × 10−8 4.1 × 10−7 4.1 × 10−6

CFV
0 or 0.14 or 0.85 I = 16.487 ln(C) + 383.8 7.7 × 10−11 1.4 × 10−10 2.0 × 10−9 3.3 × 10−8
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Fig. 3. Effect of CPO and CPO + CFV mixtures on the inhibition rate of a bi-
enzymatic sensor incorporating 1 mU of B394 AChE and 0.85 U of PTE. Equations:
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ig. 2. Detection of CPO using a bi-enzymatic sensor incorporating 1 mU of B394
ChE and different fixed amounts of PTE.

hile the same CPO concentration induced a total inhibition of
he mono-enzymatic sensor. In such case, PTE can be considered
s a discriminating tool allowing the selective detection of CPO
nd CFV. Globally, the combination of PTE with B394 AChE allowed
etermining CPO concentrations much higher than those detected
sing the mono-enzymatic B394-based sensor. For instance, the
ono-enzymatic sensor allowed determining CPO concentrations

anging from 3 × 10−9 M to 5.8 × 10−11 M, while the bi-enzymatic
ensor incorporating 0.85 U of PTE was usable from 4.1 × 10−6 M
o 3.2 × 10−8 M. These features suggest the possibility of devel-
ping in the near future sensor arrays incorporating both types
f sensors. Due to their complementary working ranges, such
evices will allow a dramatic extension of the detectable con-
entration range, as well as a selective detection of CPO and
FV.

.4. Effect of mixtures of CPO and CFV on the bi-enzymatic sensor

The bi-enzymatic sensor incorporating 1 mU of B394 AChE and
.85 U of PTE was used in second step for the assessment of mix-
ures of CPO and CFV. In Fig. 3 is shown the global inhibition induced
y CPO alone or mixed with CFV at concentrations of 7.7 × 10−11 M
=I0), 1.4 × 10−10 M (=I10), 5 × 10−10 M (=I30) and 2 × 10−9 M (=I50). It
an be seen that, in the absence of CFV, PTE induced a great decrease
f the inhibition rate of B394-based sensor. This feature was due to
he hydrolysis of CPO by the PTE enzyme, which was only partial
sing high concentrations of CPO. When present, CFV induced a

ompetitive inhibition of PTE, which in turn was unable to react
ith CPO. Consequently, a dramatic increase of the sensor inhibi-

ion was observed due to the non-degradation of CPO. For instance,
CPO concentration of 3 × 10−8 M was shown to induce inhibition

ates of 0%, 30% and 95% using 0 M, 1.4 × 10−10 M and 2 × 10−9 M

p
p
b
t
w

FV = 0, I = 16.877 ln(C) + 292.6; CFV = 7.7 × 10−11 M (=I0), I = 9.587 ln(C) + 181.4;
FV = 1.4 × 10−10 M (=I10), I = 8.636 ln(C) + 186.2; CFV = 5 × 10−10 M (=I30),
= 7.372 ln(C) + 190.8 and CFV = 2 × 10−9 M (=I50), I = 5.622 ln(C) + 191.1.

f CFV, respectively. Such effect was observed even using CFV con-
entrations that do not induce any inhibition of the B394 enzyme
7.7 × 10−11 M).

. Conclusions

This work shows the possibility of combining the high sensitivity
f B394 AChE with the ability of PTE to hydrolyse organophosphate
ompounds to develop a biosensor selective to chlorpyrifos and
hlorfenvinfos. It clearly appeared in this study that chlorfenvin-
os binds strongly to PTE but is not hydrolysed by this enzyme.
FV thus acts as a competitive inhibitor of PTE, therefore pre-
enting the efficient hydrolysis of other pesticides. A bi-enzymatic
ensor was designed by immobilizing both B394 AChE and PTE
n a polyvinylalcohol polymer. The biosensor was used in a first
tep for the detection of CPO and CFV, and then for the detection
f mixtures of these pesticides. In the first case, the sensor was
hown to be able to discriminate between the two pesticides, since
nly CPO is efficiently hydrolysed by the PTE. Using pesticide mix-
ures, it was shown that due to the competitive inhibition of PTE
y CFV, it was difficult to distinguish between inhibitions due to
ach compound. To become selective, this sensor must be associ-
ted with a biosensor incorporating only B394 AChE. Concretely,
f both sensors give the same inhibition rate, the inhibition can be
ttributed to CFV. If an inhibition is observed using B394 and no
nhibition occurs with the bi-enzymatic sensor, then the pesticide

resent is undoubtedly CPO. In between, if the two pesticides are
resent in the solution, a weaker inhibition is observed using the
i-enzyme sensor, but it is difficult to evaluate the part of each pes-
icide. In the aim of improving the selectivity of this sensor, future
orks will focus on the development of sensor arrays involving



alanta

d
p
o

R
[

[

G. Istamboulie et al. / T
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ossible pre-treatment of pesticide mixtures with PTE immobilized
n solid-phase columns will be also investigated.
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An improved design for high resolution electrospray ionization ion mobility spectrometry (ESI-IMS) was
developed by making some salient modifications to the IMS cell and its performance was investigated. To
enhance desolvation of electrospray droplets at high sample flow rates in this new design, volume of the
desolvation region was decreased by reducing its diameter and the entrance position of the desolvation gas
was shifted to the end of the desolvation region (near the ion gate). In addition, the ESI source (both needle
and counter electrode) was positioned outside of the heating oven of the IMS. This modification made it
possible to use the instrument at higher temperatures, and preventing needle clogging in the electrospray
igh resolution
lectrospray ionization
on mobility spectrometry

process. The ion mobility spectra of different chemical compounds were obtained. The resolving power and
resolution of the instrument were increased by about 15–30% relative to previous design. In this work, the
baseline separation of the two adjacent ion peaks of morphine and those of codeine was achieved for the
first time with resolutions of 1.5 and 1.3, respectively. These four ion peaks were well separated from each
other using carbon dioxide (CO2) rather than nitrogen as the drift gas. Finally, the analytical parameters
obtained for ethion, metalaxyl, and tributylamine indicated the high performance of the instrument for
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quantitative analysis.

. Introduction

Ion mobility spectrometry (IMS) was developed for detection
nd characterization of chemical compounds such as illicit drugs,
xplosives, pharmaceuticals, environmental pollutants [1]. This
echnique has been recently used in high-throughput proteomics
tudies [2–4]. IMS technique can distinguish between compounds
n the basis of differences in their reduced mass, charge, and col-
isional cross section under a weak electric field. Therefore, IMS
nables resolution of closely related ionic species. It has also shown
o be a valuable structural tool for determining gas-phase ion con-
ormations [5,6].

Ionization source is one important part of an ion mobility spec-
rometer which produces ions at ambient pressure. Electrospray
onization (ESI), as an ionization source for IMS, converts sam-
le molecules from liquid to gas phase ions. This nonradioactive

onization source has become attractive as a method for IMS deter-

ination of biomolecules [7–9]. This method may also be used for

etection of inorganic compounds such as uranyl acetate in water
10]. The main advantages of ESI are possibility of direct intro-
uction of liquid samples into IMS, retaining of molecular weight

∗ Tel.: +98 311 391 2351; fax: +98 311 391 2350.
E-mail address: jafari@cc.iut.ac.ir.
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© 2008 Elsevier B.V. All rights reserved.

nformation due to the soft ionization processes, and formation of
ultiply charged ions in some instances [1]. A lot of liquid-phase

eparation techniques have been developed using mass spectrom-
try (MS) as detector. However, using a mass spectrometer as a
etection system in separation techniques has some important
roblems such as complexity of the instrument and high price. In
ontrast, IMS has less complex instrumentation, high throughput,
ase of operation, and low cost as a detector for liquid chromatog-
aphy [11,12]. Hence, application of ESI-IMS was demonstrated as
detection method for liquid chromatography [13–16], capillary

lectrophoresis [17], and flow injection analysis [18]. The main
imitation of ESI-IMS is, however, its low resolution which can be
ttributed to several points. First, a relatively large volume of sam-
le is typically introduced for trace analysis. Solvent evaporation
rom the electrosprayed fine droplets in the drift region can, there-
ore, cause broadening of the analyte bands [19,20]. Second, heat
ransfer from the atmospheric gas to the sprayed droplets is low,
nd desolvation cannot be completed effectively before the droplets
nter the drift region. Third, the electrical potential of the ESI source
erturbs the homogeneity of the electric field in the drift region

21,22].

Electrospray ionization was first introduced as an ionization
ource for IMS in 1972 by Dole and co-workers [23]. They concluded
hat due to inefficient desolvation of the electrosprayed droplets,
SI would not find the same applicability in IMS as it does in MS, in
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ig. 1. The schematic diagram of the electrospray ionization-ion mobility spectrom
o about half of the drift region diameter and the desolvation gas was entered into t

hich solvent can be readily evaporated under vacuum condition.
ater, instrumental improvements such as adding a counterflow of
dry gas and a water-cooled electrospray ion source, suggested

y Hill and co-workers, enhanced the desolvation efficiency and
revented needle clogging [19,24–27]. According to the equation
erived by Siems et al. [22] for calculation of ion pulse duration
easured at half of maximal intensity, lowering the drift tube tem-

erature is an effective way to increase the resolving power of an
on mobility spectrometer. On the other hand, higher temperature
f the countercurrent drift gas is necessary for efficient desolvation
f the analyte ions.

In addition to the drift gas we recently [28] constructed an ESI-
MS with a preheated dry gas named “Desolvation Gas”. Flowing
he desolvation gas through the desolvation region of the IMS cell
ncreased solvent evaporation and resulted in decreasing the drift
ime and increasing the resolving power. In that design, the electro-
pray needle was located outside of the cell oven. The consequence
as to prevent prespray solvent evaporation problems inside the
eedle and therefore, needle clogging did not occur during the
peration up to 130 ◦C.

Following these instrumental studies, this paper demonstrates
urther improvements in the design. In this new design, more effi-
ient desolvation could be achieved by reducing the volume of the
esolvation chamber in addition to proper entrance for desolvation
as. These modifications in the proposed design enable the use of
igher flow rates at elevated temperature, preventing problems in
he electrospray process.

. Experimental
.1. Ion mobility spectrometer

The electrospray ionization ion mobility spectrometer used in
his research was designed and constructed at Isfahan University
f Technology, Isfahan. The schematic diagram of the spectrome-

n
fl
r
w
c

pparatus with improved design. The diameter of desolvation region was decreased
l at the end of the desolvation region.

er is shown in Fig. 1. The key components of the system included
he IMS cell, power supply and pulse generator devices, and signal
rocessing program. The ESI-IMS cell was divided into three differ-
nt sections named ESI source region, desolvation region, and drift
egion. This cell was constructed out of our previous design [28], but
number of modifications were made to further increase the opera-

ion performance of the instrument. These modifications included:
a) decreasing the volume of the desolvation region by reducing
he inside diameter of this region, (b) moving the entrance position
f the desolvation gas to the end of the desolvation region, and (c)
ocating the ESI source (including needle and counter electrode)
ompletely outside of the heating oven.

In this work, the glass cell of the system was substituted
ith aluminum rings (as conducting rings), which were sepa-

ated from each other by thin PTFE rings (as insulating rings) of
mm thickness. The drift and desolvation conducting rings have

he dimensions of 60 mm (o.d.) × 40 mm (i.d.) × 10 mm (width),
nd 60 mm (o.d.) × 21 mm (i.d.) × 10 mm (width), respectively. The
engths of the drift and desolvation regions are 11 and 5 cm, respec-
ively, but they can be easily shortened or lengthened by removing
r adding a number of rings. Electrical contact between conduct-
ng rings of drift and desolvation regions was accomplished by
sing a series of 5.6 M� resistors. This configuration provided a
niform electric field inside the drift tube. A high voltage power
upply (±10 kV, non-isolated) provided adequate voltage through
voltage divider for the entrance and exit of the desolvation and
rift regions. An oven with a sufficient volume (22 L, 12 Bahman
o., Iran) was used to warm up the IMS cell as well as the drift
nd desolvation gases before entering the cell. The temperature of
he heating oven can be chosen from 25 to 200 ◦C (±0.01). Pure

itrogen was employed as the drift and the desolvation gases with
ow rates of 500 and 900 mL min−1, respectively [28]. In order to
emove water vapor or other contaminations, the gas was filtered
ith a 13× molecular sieves (Fluka) trap before entering the IMS

ell. As shown in Fig. 1, the entrance tube of the desolvation gas
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Table 1
Typical operating conditions during the experimental runs.

Operating parameters Setting

Needle voltage (kV) 11.40
Target electrode voltage (kV) 9.00
Liquid flow rate (�L min−1) 10
Drift field (V cm−1) 600
Desolvation field (V cm−1) 600
Drift gas flow (N2) (mL min−1) 500
Desolvation gas flow (N2) (mL min−1) 900
Drift tube length (cm) 11
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hutter grid pulse (ms) 0.3
umber of IMS averages 50
can time (ms) 20
umber of points per ion mobility spectrum 500

as oriented ∼45◦ with respect to the drift tube axis to achieve the
ame direction as that of the drift gas. This figure also shows that
he exhaust tube of the IMS cell is located on the first ring of the
esolvation region (target electrode) to exit the warm gas before it
eaches the needle tip.

Ion gating was achieved with a Bradbury–Nielsen gate [29] ring
21 mm i.d.) located at the end of the desolvation tube and the
ntrance of the drift tube. The Bradbury–Nielsen gate was made
f electrically isolated alternating parallel alloy 26 wires (50 �m in
iameter) with 0.75 mm spacing. The ion gate timing was set manu-
lly using a custom-built pulsing electronic device. The logic signals
equired by the pulsing electronics were generated through a per-
onal computer equipped with an arbitrary waveform generator
oard. When the potentials applied on the alternating wires were
he same as the reference potential, the gate was “open” to allow
ons to pass through, whereas when the potentials on the adjacent

ires were offset (85 V with respect to the reference potential) an
lectric field (∼2200 V cm−1) was created orthogonal to the drift
eld of the spectrometer, and the gate was “closed” to shut off

on transmission. An aperture grid ring, made of an electrical joint
etween the last drift ring and a wire screen (stainless steel), was

ocated at the end of the drift tube. The function of the aperture
rid was to shield the incoming ion cloud from the detector prior
o its arrival and hence reduce peak broadening.

The default Faraday plate detector configuration consisted of
stainless steel Plate 21 mm in diameter, positioned ∼1.0 mm

ehind the aperture grid. The Faraday plate detector was con-
ected to a home-made current to voltage (A/V) amplifier with
gain of 109 V/A. The signal can be amplified, up to 1000 times,

sing a tunable-gain amplifier. The high-speed A/D module (12-
it dynamic range) was used to measure the spectrometer output
nd to convert the analog signal to a digital one. All mobility data
ere collected by data acquisition software and each IMS spectrum
as the average of 50 individual spectra. Table 1 summarizes the
perating conditions under which the IMS spectra were taken.

.2. ESI ionization source

In this design, the ESI ionization region, comprising the electro-
pray needle and counter electrode was located completely outside
he heating oven. A small glass-tube (15 cm length and 21 mm i.d.)
as used as a window for observing the needle tip by illuminating

t with a small diode laser. The glass window was sealed with the
luminum target electrode. A cap for the glass-tube was fabricated
y machining a PTFE piece (40-mm o.d. × 10-mm thick) with a cen-

ral hole 0.8 mm in diameter. This metal-glass-Teflon seal outside
he oven serves as a joint for the varying temperature between the
esolvation and ionization regions of the instrument. This modi-
cation allowed us to use the instrument without the need for a
ooling system for the ESI needle, even at 200 ◦C. This tempera-
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009) 1632–1639

ure is the limit of our heating oven. In addition, the glass window
llows the operator to observe the needle tip and to optimize the
xperimental conditions for producing a plume formation and a
table electrospray. A commercially available 26s-gauge polished
eedle (P/N 7768-01, Hamilton, Reno, NV, U.S.A.) with 0.13 mm i.d.,
.46 mm o.d., and a length of approximately 51 mm was used as the
lectrospray needle. The position of the ESI needle was adjusted
uch that its tip was located about 7 mm from the target elec-
rode. A relatively large tip aperture was chosen in this research
ecause it allowed liquid to be delivered through the emitter at
relatively wide range of flow rates. Normally, the flow rate var-

ed from 1 to 40 �L min−1. The solution was delivered from the
ame syringe (1.0 mL Hamilton gastight syringe, Reno, NV, U.S.A.)
or the entire set of the experiments, to ensure consistency through-
ut. Sample solution was delivered to the electrospray ion source
y a programmable syringe pump (New Era Pump System Inc.,
.S.A.). A second high-voltage power supply (±5 kV, isolated) pro-
ided independent voltage control for the ESI ion source up to
5 kV. The electrical contact was applied through a stainless steel
erodead-volume union that connected the emitter with the PTFE
apillary transfer line (2.0-mm o.d. × 0.2-mm i.d., ∼15 cm long). The
orona discharge problem was eliminated by insulating the spray
eedle with a Teflon tubing [26,28]. The high-voltage power sup-
ly and pulse generator devices were prepared from Radyabchem.
o., Isfahan Science & Technology Town. Although the mixture of
ethanol, water, and acetic acid are commonly used for ESI-IMS, in

his work, for better comparison of the results with those of the old
nstrument, pure methanol was used as the electrospray solvent.
lectrospray ionization was normally induced by applying a poten-
ial difference of 2.0–3.0 kV between the electrospray needle and
he target electrode, which also served as the first ring electrode
or the desolvation region. In this work, an electrospray voltage of
1.4 kV (2.4 kV versus the desolvation chamber entrance) was used,
nd the electrospray flow rate was maintained at 10 �L min−1 for
ll experiments unless otherwise mentioned.

.3. Chemicals and solutions

Methanol used as the electrospray solvent was high perfor-
ance liquid chromatography (HPLC) grade and was purchased

rom Merck (Germany). The drug standards of morphine sulfate
nd codeine phosphate were prepared from Temad Co. (Tehran),
nd the methadone with concentration of 5 mg mL−1 was pur-
hased from Darou pakhsh Co. (Tehran). Pesticides including ethion,
alathion, fenamifos, and metalaxyl were prepared from Accu-

tandard, Inc. (U.S.A.). All the amines and furfurals used in this
ork were purchased from Merck. Unless specified, samples were
repared at a concentration of 1.0 mg L−1 for obtaining the IMS
pectra. Stock standard solutions of 100 �g mL−1 ethion, metalaxyl,
nd tributylamine were prepared in methanol. Working solutions
0.01–20 �g mL−1) were prepared by successive dilution of the
tock solutions.

. Results and discussion

.1. Desolvation efficiency

To investigate the extent of desolvation process with the pro-
osed design, ESI-IMS spectra of some chemicals such as drugs,

esticides, and some amines and furfurals were obtained and the
educed mobility values (K0) of produced ions were calculated.
omparison of K0 values obtained through electrospray ionization
nd the conventional 63Ni can be used as an extent of the desolva-
ion efficiency of sprayed droplets [24]. The ion mobility spectra of
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Fig. 2. The ion mobility spectra of the some compounds obtained at the optimum
conditions of operating (Table 1). *Constituent ion peak of the compound. **Dimer
ion formation.
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Table 2
Reduced mobility values (Ko) and literature Ko values for several compounds employed in

Compound Class Drift Time (ms), ±0

Ammonia Industrial 4.08
Methylamine Industrial 4.32
Triethylamine Industrial 5.84
Tributylamine Industrial 7.94
Trioctylamine Industrial 12.16
Tetrabutylammonium bromide Industrial 8.88
Furfural Industrial 6.32
Methylfurfural Industrial 6.68
Ethion Pesticide 10.24

Malathion Pesticide 9.60
14.44b

Metalaxyl Pesticide 9.08
13.60b

Fenamifos Pesticide 9.72
14.04b

Methadone Drug 9.68
10.12

Primidone Drug 7.72
8.16

Morphine Drug 8.96
9.32

Codeine Drug 9.28
9.56

a The reference values were obtained with air as the drift gas.
b The peak is might be due to the dimer ion formation.
009) 1632–1639 1635

arious classes of compounds obtained in the optimized conditions
re shown in Figs. 2 and 4.

Viidanoja et al. [30] suggested that tetraalkylammonium halides
re ideal as mobility standards for ESI-IMS because these com-
ounds generate only a single ion mobility peak in addition to
heir low tendency for clustering. In this work, tetrabutylammo-
ium bromide was used as an external standard for the instrument.
he absolute reduced mobility of this compound was calculated
o be 1.26 cm2 V−1 s−1, which is close to 1.33 cm2 V−1 s−1, reported
y Viidanoja et al. [30]. The K0 value of this compound has not
een reported using 63Ni-IMS, presumably due to dissociation in
he IMS cell. The reduced mobility values of all the compounds with
nknown mobility were determined relative to this value according
o Eq. (1).

K0(unknown)
K0(standard)

= td(standard)
td(unknown)

(1)

In this equation, td is the drift time of the produced ion. The
educed mobility values of the produced ions for all the compounds
tudied in this work are listed in Table 2. In addition, the reduced
obility values of the compounds that are reported in the litera-

ures using 63Ni and electroapray are also tabulated in Table 2.
The reduced mobility values of some of these compounds such

s furfural, methylfurfural, methadone and primidone are reported
or the first time. As shown in Table 2, most K0 values compared
ell with those obtained by ESI-IMS reports as well as with those

btained using 63Ni-IMS. The exceptions were those of low molec-
lar weight (ammonia and methylamine), which appeared in the
egion of the background solvent peaks. These compounds produce

maller ions than those of others under electrospray process. Based
n the previous study conducted by Kebarle and Tang [31], solvation
nergy will increase when the size of the sprayed ion decreases.
s a result, the desolvation process of the smaller ions produced
y ammonia and methylamine can be more difficult than that of

this study.

.04 Ko (cm2 V−1 s−1) Lit. Ko (cm2 V−1 s−1)

(ESI) (63Ni)a

2.74 2.25 [28] 3.02 [24]
2.59 2.21 [28] 2.65 [24]
1.92 1.84 [28] 1.95 [24]
1.41 1.35 [28] 1.38 [24]
0.92
1.26 1.33 [30]
1.77
1.67
1.09 1.06 [28] 1.20 [37]

1.17 1.11 [28] 1.30 [37]
0.77 0.76 [28]

1.23 1.15 [28] 1.37 [38]
0.82 0.77 [28]

1.15 1.08 [28]
0.80 0.76 [28]

1.16
1.11

1.45
1.37

1.25 1.19 [28] 1.26 [33]
1.20 1.15 [28] 1.22 [33]

1.21 1.14 [28] 1.21 [33]
1.17 1.10 [28] 1.18 [33]
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Table 3
Comparison of resolving power obtained in this work with that of the previous
instrument [28].

Compound Resolving power, RP

Proposed design Previous instrument

Ethion 52.6 ± 0.4 41.0
Malathion 51.3 ± 0.8 40.7
Metalaxyl 68.4 ± 0.8 59.7
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ig. 3. The drift time of the peak of three compounds (triethyamine, tributylamine,
nd trioctylamine) was plotted versus flow rate of the sample solutions. The drift
ime values were constant at flow rates lower than 20, 22, and 30 �L min−1 for
riethyamine, tributylamine, and trioctylamine, respectively.

arger ions. On the other hand, Hill et al. [24] have reported that
he reduced mobility values for ammonia and methylamine deter-

ined by ESI-IMS are lower than those obtained by 63Ni-IMS, and
uggested that this is the consequence of inadequate desolvation of
he analyte ions. Therefore, greater K0 values obtained for ammo-
ia and methylamine in this work with respect to those obtained
hrough the previous instrument [28] might be due to more effi-
ient desolvation of the compounds used in this work. Decreasing
he volume of the desolvation chamber of the instrument to about
alf of the previous one increased the velocity of the drift gas exit-

ng the drift chamber. This enhances the solvent evaporation of
he electrosprayed droplets in the desolvation chamber. Although
his geometry has been well known for the reaction region of the
3Ni-IMS cell, it was investigated in ESI-IMS for the first time. In
ddition, in our old instrument, the desolvation gas was introduced
o the cell in middle of the desolvation chamber, whereas in the new
esign, the gas enters the cell at the end of the desolvation region
near the shutter grid). This modification allows more effective sol-
ent evaporation of the sprayed droplets by the desolvation gas. As
able 2 shows, the reduced mobility values reported in this study
re much closer to those obtained by 63Ni-IMS and therefore, it can
e assumed that complete desolvation occurred by using proposed
esign for ESI-IMS.

To further survey the desolvation efficiency of the instrument,
he individual IMS spectra of three amine compounds including
riethyamine (TEA), tributylamine (TBA), and trioctylamine (TOA)
t different flow rates were compared. The drift time of the peak
f these compounds were plotted versus flow rate of the solution
Fig. 3). As this figure shows, the td values were constant at flow
ates lower than 20, 22, and 30 �L min−1 for TEA, TBA, and TOA,

espectively. At higher flow rates, the ion clusters possess more
olvent molecules and the resulting large species are more difficult
o desolvate, leading to slower mobility. Therefore, the ion cluster
eaks shifted to a lower mobility and their drift time increased.
bservation of different flow rates (20, 22, and 30 �L min−1) might

p
a

o
n

ributhylamine 45.2 ± 0.5 34.5
riethylamine 62.3 ± 0.6
urfural 70.4 ± 0.7
ethy-furfural 61.8 ± 0.6

e due to different sizes of the sample molecules in the order of
EA < TBA < TOA. In summary, these results indicate that the com-
lete solvent evaporation could be occurred even at fairly high flow
ates, and consequently, would be helpful it to interface to HPLC
olumns.

.2. Resolving power and resolution

In order to have an elementary understanding of the separation
haracteristics of the instrument, resolving power values for dif-
erent compounds were measured and compared to the previously
eported ones. Resolving power in IMS is defined as the drift time,
d, of an ion divided by the peak width at half height, w1/2 [22].

p = td

w1/2
(2)

The measured resolving powers of the ion mobility spectrom-
ter for some of the test compounds are summarized in Table 3.
he resolving power for the studied compounds is quite striking
nd entirely typical of what was observed with this apparatus. As
een in Table 3, the resolving power values obtained in this work
re increased by about 15–30% compared to those obtained with
ur old instrument [28].

As described in the previous section, this new design speeds up
he solvent evaporation process in the desolvation region before
he ions are injected into the drift region. This enhances the evap-
ration of further solvent molecules from the clusters to produce
on clusters with the lower numbers of solvent molecules, produc-
ng a narrower peak and consequently a higher resolving power.
he resolving power values obtained in this work can be compared
ith the range of 65–95, reported by Collins and Lee [32], where

hey used a 27 cm drift tube length and a 200 �s pulse width.
In order to find out the effect of each modification (smaller diam-

ter of the desolvation region and positioning of the desolvation
as) on desolvation efficiency, it is required to do more experiments.
n this regard, the resolving power of the ethion and malathion were
e-calculated by instrument without the modification of desolva-
ion gas position. The resolving power of ethion and malathion were
btained 49.8 and 49.1, respectively. These data show about 21%
ncrease in resolving power values with respect to our old instru-

ent, and consequently, it seems that the factor of decreasing the
iameter of desolvation rings has more effect on improvement of
he resolving power of the instrument.

To further investigate the power of the instrument for practi-
al separation of the closely spaced peaks, ion mobility spectra of
orphine and codeine were obtained and compared with those

btained previously [28] (Fig. 4). According to Fig. 4, these drugs

roduce two adjacent ion peaks, M1 and M2 for morphine and C1
nd C2 for codeine.

According to Table 2, the ion clusters are comparable with those
btained by Lawrence [33]. This figure clearly indicates that, in the
ew instrument, the two peaks are completely baseline resolved for
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ig. 4. Comparison of the ion mobility spectra of morphine and codeine obtained
n this work (bottom) with those obtained by previous instrument [28] (top). It is
learly indicated that in the new instrument the two peaks are completely baseline
esolved for each drug compound.

ach drug compound, while this was not the case for the old appara-
us. The peak-to-peak resolution, Rpp, was calculated for morphine
nd codeine ion clusters, based on Eq. (3).

pp = 2�td

wb1 + wb2
(3)

here �td is the difference between drift times of the two adja-
ent peaks and the wb1 and wb2, are their corresponding peak
idths. The resolution values were 1.5 and 1.3 for morphine and

odeine compounds, respectively. However, the drift time of the M2
9.32 ms) and C1 (9.28 ms) are the same and therefore, each drug
nterferes with the other one in the analysis of real samples. Since

he analysis of these two compounds is very important in biological

atrices, full separation of their IMS signals was attempted in this
ork. Changing the drift gas can drastically improve the separabil-

ty in ion mobility spectrometry [15,34]. Therefore, the ion mobility
pectra of morphine and codeine using nitrogen or carbon dioxide

s
p
c

d

ig. 5. Overplot of ion mobility spectra of morphine and codeine with N2 and CO2

s drift gases. The spectra demonstrate that the use of CO2 can separate two peaks
f morphine from those of the codeine.

s the drift gas were obtained (Fig. 5). According to Fig. 5, M2 and
1 peaks were indistinguishable in nitrogen while they were easily
eparated in carbon dioxide. In this work, two adjusted ion peaks
f morphine (M1 and M2) were completely separated from those
f codeine (C1 and C2) for the first time. Consequently, it can be
ossible to determine these drugs in presence of each other.

.3. Electrospray ionization efficiency

As described in Section 3.1, complete desolvation can be
btained with present instrument at higher flow rates than that of
he previous instrument. It was expected that the intensity of the
MS signal would increase at higher flow rates. But different results
ere observed, especially at high analyte concentrations. In this

egard, we thoroughly investigated the variation of the peak inten-
−1
ity at a wide range of flow rate (from 1 to 40 �L min ). Fig. 6 shows

lots of peak intensities extracted from IMS spectra for different
oncentrations of tributylamine as a function of flow rate.

These plots show three regions including an uphill, plateau, and
ownhill for all concentrations. When the plots start to plateau, it
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Table 4
Analytical parameters for ethion, metalaxyl, and tributylamine using ESI–IMS.

Parameter Ethion Metalaxyl Tributylamine

Calibration curve formula Y = 0.01 + 5.63X Y = 0.09 + 2.98X Y = 0.04 + 9.02X
Linear Range (�g mL−1) 0.05–
Correlation Coefficient, R2 0.998
Detection Limit (�g L−1) 16
Relative Standard Deviation, RSD (%) for 0.4 �g mL−1 and n = 5 6.4
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of the sample flow rates. Additionally, the electrospray ionization
occurred outside the cell oven, enabling us to use the instrument
ig. 6. Plots of IMS response versus flow rate for tributylamine at different concen-
rations of 0.1 ( ), 0.5 ( ), and 1.0 �g mL−1 ( ) included three regions of uphill,
lateau, and downhill.

ndicates that the total number of ions detected at the Faraday plate
as reached maximum and when the plots start to decline, it is clear
hat total ions produced by electrospray process have decreased.
ig. 6 also shows that when the sample concentration increases,
he plateau and downhill regions are shifted to lower flow rates. To
nterpret these results, we considered the number of ions detected
y the Faraday plate (n), as derived by Hill and co-workers [35]:

= n′DE% = cftgNavgDE% (4)

where n′ is the total number of analyte molecules introduced to
lectrospray region and DE% is the detection efficiency percentage.
is dependent on the concentration of analyte (c, in molar), flow

ate (f, in L s−1), and shutter grid pulse (tg, in second). Navg is the Avo-
adro’s number. On the other hand, according to Hill’s report [35],
he detection efficiency (DE%) is dependent on ionization efficiency
IE%) and ion transmission (TE%) as:

E% = IE% × TE% (5)

The ion transmission (TE%) can be assumed 100% in ESI-IMS due
o the large entrance so that it is possible to receive total ion plume
roduced by the electrospray. In addition, it is clear that in the elec-
rospray process, the ionization efficiency (IE%) increased when the
ow rate decreased [35]. Increasing the flow rate at low region,

ncreases the number of ions detected (n), resulting in enhanced
′
eak intensity. In this case n is a dominant term in Eq. (4) and

he plots in Fig. 6 are in uphill region. At the plateau region, when
he flow rate further increases, n also increases while the ioniza-
ion efficiency further decreases, and therefore, the peak intensity
emains approximately constant. If the flow rate further increases

w
c
c
w
o

2.20 0.10–1.80 0.02–1.20
6 0.9968 0.9970

38 6
8.1 7.3

fter plateau region, ionization efficiency becomes the dominating
actor and ion response will eventually decrease.

.4. Analytical parameters

In this work, a series of standards in the range 0.01–20 �g mL−1

f ethion, metalaxyl, and tributylamine were prepared in methanol
nd used to determine the analytical parameters of the instru-
ent. When a stable electrospray was achieved, the area of

he ion peak produced from IMS system was calculated and
onsidered as the response of ESI-IMS for each concentration
f the individual compounds. Ten ion mobility spectra were
cquired to obtain the averaged data points. The areas under ion
eak(s) were plotted against concentration of these compounds
nd calibration curve equations were developed by least-squares
ethod. The analytical parameters of the proposed ESI-IMS method

or the determination of these compounds are summarized in
able 4.

As this table shows, the linearity range for ethion, metalaxyl,
nd tributylamine is 0.05–2.20, 0.10–1.80, and 0.02–1.20 �g mL−1,
espectively. The data show the linear dynamic range of about

orders of magnitude, which is typical for ESI sources and for
ost IMS systems [36]. Using the standard definition of S/N = 3,

he detection limits of 16, 38, and 6 �g L−1 were determined for
thion, metalaxyl, and tributylamine, respectively. The detection
imits obtained in this work are in the range 10–1340 �g L−1, as
eported by Asbury et al. for various compounds [36]. The corre-
ation coefficients were greater than 0.99 for all the compounds.
hese results compare favorably to the other techniques such as
3Ni-IMS [37,38]. The quantitative results obtained in this work are
romising for further development of this method as an analytical
ool for the detection of various compounds in liquid samples.

. Conclusions

An improved design for ESI-IMS cell was introduced and its
erformance was investigated. In this design, the diameter of des-
lvation region was decreased and the desolvation gas entered the
ell at the end of this region. The consequence of these changes
as to increase the desolvation efficiency at higher flow rates and

herefore, the resolving power or resolution of the apparatus was
nhanced. A resolving power of about 70 could be achieved by only
1 cm drift tube length and 300 �s pulse width. It was shown that
he baseline separation of two adjacent ion peaks of morphine and
odeine could be achieved with resolutions of 1.5 and 1.3, respec-
ively. In this work, thorough investigation of the drift time as
ell as the IMS signal for ion clusters was studied at a wide range
ithout needle clogging and disturbance of the electrospray pro-
ess even at a temperature as high as 200 ◦C. Finally, the calibration
urves for determination of ethion, metalaxyl, and tributylamine
ere obtained, and the analytical parameters revealed capability

f the instrument for quantitative analysis.
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a b s t r a c t

One of the most suitable analytical techniques used for edible oil quality control is Fourier transform mid
infrared spectroscopy (FT-MIR). FT-MIR spectroscopy was used to continuously characterize the aging of
various edible oils thanks to a specific aging cell. There were differences in the spectra of fresh and aged
oils from different vegetable sources, which provide the basis of a method to classify them according to
the oxidative spectroscopic index value. The use of chemometric treatment such as multivariate curve
resolution-alternative least square (MCR-ALS) made it possible to extract the spectra of main formed and
eywords:
nfrared spectroscopy
dible oils
ging
xidation
pectroscopic index

degraded species. The concentration profiles gave interesting information about the ability of the various
oils to support the oxidative treatment and showed that all oils present the same aging process. Both
methods led to concordant results in terms of induction times determined by the oxidative spectroscopic
index and the appearance of oxidation products revealed by MCR-ALS.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Edible oils are mainly constituted by triacylglycerols which are
lycerol molecules with three long chain fatty acids attached at the
ydroxy groups via ester linkages. Oxidation of lipids as triacylglyc-
rols is an undesirable chemical change that may impact flavour,
roma, nutritional quality of oils with significant implication on
uman disease and product value. For example, the presence of sub-
tantial amount of isolated trans-fatty acids has become suspected
o arteriosclerosis and heart diseases [1]. Therefore, it is becoming
mperative to be able to check the evolution of oils quality which
an be altered by oxidation processes induced by oxygen presence
nd especially accelerated by heating for edible oils. The major com-
ounds produced during vegetable oil oxidation are hydroperoxy-
es, aldehydes, alcohols, acids. . . The oxidation processes are gen-
rally considered to occur in three phases: an initiation or induction

hase, a propagation phase, and a termination phase. The products
f each of these phases will increase and decrease over time mak-
ng it difficult to quantitatively measure lipid oxidation. A variety
f tests have been developed for oil oxidation study. These tests

∗ Corresponding author. Tel.: +33 4 91 28 27 62; fax: + 33 4 91 28 91 52.
E-mail addresses: yledreau@yahoo.com, yveline.le-dreau@univ-cezanne.fr
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easure some products of oxidation. Peroxides and hydroperoxides
re determinated by iodometric titration [2]. Gas chromatography
nd gas chromatography–mass spectrometry are commonly used
o quantify saturated and unsaturated aldehydes or volatile com-
ounds [3]. Non-volatile compounds formed during the oxidation
f vegetable oils can be analyzed by liquid chromatography [4].
epletion of oxygen [5] or substrates has also been determined [6].
hese tests give detailed information on oxidation process but are
ot useful by themselves for predicting oil stability and are very
ime-consuming by opposition with FT-MIR spectroscopy known
s very helpful way to study lipid degradation under oxidative con-
itions [7–14]. The determination of trans-fatty acids [15–17], the
tudy of free fatty acids [18,19] as well as the quality control [20–25]
y FT-MIR have been also widely reported. For most of these works,
geing monitoring have been realised in discontinuous way.

In this paper, the development, by FT-MIR, of simple, continu-
us and rapid method for monitoring oxidation of various edible
ils (i.e. to develop a tool to determine their oxidative stability and
o compare them) is exposed. It is based on the used of a specific
ging cell allowing the characterization oils proceed from various

egetable origins under thermal oxidation stress. In this work, FT-
IR spectra of seven edible oils during thermal oxidation have been

ollected. Two interpretation ways have been chosen to determine
hemical changes in oils during the degradation process and to
stimate oil stability.



anta 77 (2009) 1748–1756 1749

b
b
o

m
u
b
t
P
i
M
a
u
d
t
d
e
w
t
fi
i
t
R
m

2

2

a
o
d
l

2

i
m
h
K
w
m
a
c
D
t
t
2

T
F

O

W
R
S
G
V
S
P

S
u
f

2

t
w
t
w
s
s
c

2

o
[
s
b
o
r
fi
t
W
t
t
o
a
e
s
fi
(
fi

Y. Le Dréau et al. / Tal

The first one leads to define a new oxidative spectroscopic index
ased on a reduced spectral range where the modifications have
een noticed (from 3050 to 2750 cm−1). The graphic representation
f this index allows comparing the behavior of various edible oils.

The second way is based on the use of chemometric treat-
ents of the whole spectra (from 4000 to 400 cm−1) to extract

nderlying information. Principal component analysis (PCA) has
een used as a pre-processing method to obtain a global view of
he oil evolution after a thermal oxidation. The interpretation of
CA loadings has permitted to highlight the chemical functions
mplicated in the oxidative process. SIMPLe-to-use Interactive Self

odeling Analysis (SIMPLISMA) method associated with multivari-
te curve resolution-alternative least square (MCR-ALS) has been
sed to identify more precisely the chemical species produced or
egraded during the thermal treatment and to track their evolu-
ion. This mathematical method allowed to obtain pure spectra of
ifferent species present in oil without prior information of their
xistence. MCR method based on a number of algorithms [26,27] of
hich alternative least square (ALS) is actually the widely used for

he simultaneous elucidation of spectral and concentration pro-
les. The interest of this tool is to supply relative quantitative

nformation which traduce the temporal evolution of the rela-
ive abundance of the different products during the thermal aging.
esults obtained by these two ways have been compared to esti-
ate their concordance.

. Experimental

.1. Oil samples

Commercial refined oil samples (peanut oil, rapeseed oils (virgin
nd refined), walnut oil, grapeseed oil, soybean oil and sunflower
il) were obtained from the Direction Générale de la Concurrence,
e la Consommation et de la Répression des Fraudes (DGCCRF)

aboratory, Marseille, France.

.2. Fatty acid determination

Fatty acid compositions (Table 1) of each oil sample before age-
ng were determined by gas chromatography (GC) of their fatty acid

ethyl esters as the European standard reference [28]: Oil in n-
eptane (0.1 g/2 ml) was transmethylated with a cold solution of
OH (2 M) and analyses of obtained fatty acid methyl esters (FAME)
ere performed on a Perkin–Elmer Autosystem 9000 gas chro-
atograph (GC) equipped with a split/split-less injector (t = 250 ◦C)

nd flame ionisation detector (FID) (t = 250 ◦C). A silica capillary

olumn (60 m × 0.25 mm i.d., 0.25 �m film thickness) coated with
BWAX (polyethylene glycol, JW) was used. The inlet pressure of

he hydrogen as carrier gas was 154 kPa with a ratio: 70. The oven
emperature program was as follows: 13 min at 200 ◦C, from 200 to
30 ◦C at 6 ◦C min−1, 17 min at 230 ◦C.

able 1
atty acid compositions of oils.

ils SAFA% MUFA% DUFA% TUFA% PUFA%

alnut 9.5 18.6 57.9 14 71.9
efined rapeseed 5.7 69.7 15.8 8.8 24.6
unflower 11.3 25.3 63.3 0.1 63.4
rapeseed 10.5 15.4 73.6 0.5 74.1
irgin rapeseed 7.2 63.7 20.2 8.9 29.1
oybean 15.2 23.3 53.4 8.1 61.5
eanut 18.4 61.4 20.1 0.1 20.2

AFA, saturated fatty acid; MUFA, mono-unsaturated fatty acid; DUFA, di-
nsaturated fatty acid; TUFA, tri-unsaturated fatty acid; PUFA, poly-unsaturated

atty acid (= DUFA + TUFA).
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Fig. 1. Principle scheme of the aging cell.

.3. Infrared spectroscopy

FT-MIR spectra were performed on a Nicolet Protégé 460 spec-
rometer coupled with a Nicolet Nic-Plan infrared microscope
hich was fitted with a mercury cadmium tellurium (MCT) detec-

or cooled with liquid nitrogen. The standard analytical conditions
ere ×15 infrared objective, beam size of 100 �m × 100 �m. The

pectra were acquired using Omnic Nicolet software 5.2. 64 scans of
ymmetrical interferograms were averaged and the spectrum was
alculated from 4000 to 650 cm−1 at 8 cm−1 spectral resolution.

.4. Ageing test procedure

The ageing test was conduct thanks to an ageing cell devel-
ped in our laboratory to study oxidation of petroleum by products
29,30]. So, a continuous oxidation of edible oils (fluid material) was
tudied by FT-MIR spectroscopy with a vertical IR beam generated
y a coupled FT-MIR microscope. The aging cell (Fig. 1) consisted
f a metallic body heated by two heating cartridges connected to a
egulator (WATLOW 988), itself connected to a temperature probe
tted in the centre of the cell. A heated gas flow was flushed through
he cell. The gas heating block was connected to a second regulator

ATLOW 988. The system was equipped with a by-pass to select
he gas. Analyses could be performed either under oxidant gas (Syn-
hetic air (80% N2, 20% O2) Air liquide, 99% purity, 50 ml min−1)
r under neutral gas (argon, Air liquide, 99% purity, 50 ml min−1),
llowing the thermal effect to be distinguished from the oxidative
ffect during simulated ageing. A NaCl window (13 mm × 1 mm)
upporting the sample (deposited on one half of the window) is
tted at the bottom of the cell. A removable upper NaCl window
32 mm × 2 mm) is fixed by screws during analysis. The cell was
xed on a Teflon stand itself fitted in the motorized stage of the
icroscope, so that its movement is not affected.
0.5 mg of oil were placed on the NaCl window in the aging cell

that correspond to a 10 �m thickness film) and heated from 25 ◦C
p to 130 ◦C under argon at 11 ◦C min−1. Then the heating was main-
ained at 130 ◦C under oxidant gas (air) during all the experiment.
as fills the cell so it is in contact with the surface of the sam-
le. The flow of 50 mL min−1 of argon or air allows the evacuation
f volatile compounds produced by ageing. The flow of air allows
lso to renew the oxygen source. The temperature was chosen after
reliminary tests: it allows discriminating oils according to their
xidation resistance. Spectra were rationed to the background col-
ected on a clean area of the NaCl window in the same analytical
onditions. Spectra were collected every 15 min.

An oxidative spectroscopic index has been created for monitor-

ng the kinetics of oil aging:

C=C = [sp2/(sp2 + sp3)]Tt

[sp2/(sp2 + sp3)]T0
(1)
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tions are always positive values or zero.
- Non-negativity on the spectra: The application of this constraint

depends on what instrumental technique is used for detection. In
the case of FT-MIR spectra, the intensity of the radiation absorbed
or reflected by the sample never takes negative values.
750 Y. Le Dréau et al. / Tal

here sp2 is the area of the cis-CH stretching vibration band (HC C
and) centered at 3008 cm−1 and (sp2 + sp3) is the area from 3050
o 2750 cm−1 including the cis-CH band and the CH asymmetric
nd symmetric stretching bands from CH3 and CH2 aliphatic com-
ounds. Areas are measured at given time (Tt) and at the initial time
To).

This relative index is based on ratio between area values rather
han absolute absorbance values to eliminate all variations due to
he preparation and to the thickness of samples. For initial spectra,
he index was equal to 1. The experiment was stopped when the
and at 3008 cm−1 was not detectable any more, corresponding to
n index value equal to zero.

The graphic representation of this relative index versus thermal
xidation time made it possible to compare the evolution of various
ils on the basis of numerical value rather than to compare series of
pectra which are likely not to have the same intensity. To simplify
raphs, an average value of index was represented for each oxida-
ion time. It has been obtained after integration of specific areas
rom three spectra at the same time.

.5. Software

The chemometric applications are performed by UNSCRAM-
LER software version 9.2 from CAMO (Computer Aided Modelling,
rondheim, Norway). All the calculations relating to multivariate
esolution with alternative least squares (MCR-ALS) and SIM-
LISMA were performed with laboratory-written software under
atlab 6.5 computer environment. These software are available

rom the authors [31].

.6. Principal component analysis (PCA)

Principal component analysis (PCA) is a method used for
xtraction of the systematic variations in a data set [32]. PCA
s a tool for unsupervised learning, e.g. extracting information
irectly from the input data without referring to classes known in
dvance. This method can be used for classification as well as for
escription and interpretation. PCA is oriented towards modeling
ariance/covariance structure of the data matrix into a model which
epresents the significant variations and which considers the noise
s an error. The components are found during the calibration one by
ne and each principal component represents the main systematic
ariation in the data set, which can be modeled after the extraction
f the previous ones. The common characteristics of all the spectra
re modeled in one or several principal components for which the
cores are not significantly different according to the species. On
he contrary, the information which differentiate the species, con-
ribute to principal component whose scores are significant [33].
he classification may be done on the basis of the scores and the
haracteristics of each species are established by the interpretation
f these specific principal components.

.7. MCR-ALS

MCR-ALS (multivariate curve resolution-alternative least
quare) is an effective and efficient multivariate self modeling
urve resolution method developed by Tauler [34]. The quality
f the relative contributions given by MCR-ALS was evaluated in
rder to develop a rapid procedure that can be applied to model

he behavior of vegetable oils during oxidation.

For the analyzed samples, one matrix R (n, m) made up n row
nd m columns is obtained. Each row “n” is made up of a spectrum.
ach column “m” gives the intensity at a wavenumber. R is the data
atrix of n spectra sampled at p wavenumbers. The R matrix is
7 (2009) 1748–1756

athematically decomposed into the product of two-factor matrix.

= CST + E (2)

Matrix C (n, q) is the concentration matrix describing the evo-
ution of the q chemical components in the samples. Matrix ST(q,
) is the spectroscopic matrix describing the pure infrared spectra
f theses components. E (n, p) is the error matrix that provides the
ata variation not explained by the proposed p contributions. Eq.
1) assumes that data matrix R is bilinear, i.e. that the infrared sig-
al can be decomposed into the sum of individual contributions,
ach described by a concentration profile in the matrix C and by
pure matrix spectra in matrix ST. The number of components or

ontributions q, to be considered in the mathematical decomposi-
ion of Eq. (1), can be estimated by singular value decomposition
SVD) analysis [35].

Eq. (1) is solved iteratively using an alternating least square (ALS)
rocedure based on the two following matrix equations.

= R(ST)
+

(3)

nd

T = C+R (4)

here (ST)+ and C+ are the pseudo-inverse matrix of ST and C
36]. Initial estimate, which are needed to start the ALS procedure
escribed by these two equations, can be obtained by algorithms,
uch as SIMPLISMA (SIMPLe-to-use Interactive Self Modeling Anal-
sis), which is described elsewhere [37–40]. SIMPLISMA searches
or the pure variables where the selectivity of a given component
s maximized. In order to obtain proper resolution of the mixture
ata, user interaction is necessary. Once, the pure variables were
etermined, they were used to calculate the corresponding pure
pecies spectra because the intensity changes in the pure variables
re proportional to the concentration evolutions and, if they are
ligned in separated columns, they form the matrix C.

The resolution was improved by applying several constraints
uring optimization. Some of the possible constraints are:

Non-negativity on the concentration profiles: This is a general con-
straint used in curve resolution methods [41]. It is applied to the
concentration profiles, because the chemical species concentra-
Fig. 2. Spectra of different oils before aging.
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Table 2
Assignments of the infrared bands detected in oil spectra.

Wavenumbers
(cm−1)

Function Type of vibration Remark

3450 OH Stretching Intermolecular bonding
≈3008 CH Stretching –CH CH– (cis-olefin)

2953 CH Asymmetric stretching Aliphatic (–CH3)
2925 CH Asymmetric stretching Aliphatic (–CH2)
2854 CH Symmetric stretching Aliphatic (–CH2)
1746 C O Stretching �(C O) ester
1463 CH Scissoring Aliphatic (–CH2)
1376 CH Symmetric deformation Aliphatic (–CH3)
1238 CH Out of plane bending Aliphatic (–CH2)
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1164 C–O Stretching �(C–O) ester
1025 C–O–C Stretching �(C–O–C) ester
966 CH Out of plane bend trans (–CH CH–)
722 CH Rocking Aliphatic (–CH2)

The computed solutions of the algorithms will be presented in
erms of the lack-of-fit in percentage (lof (%)) plus the resolved
pectral and concentration profiles. The lack-of-fit relates to the
ifference between the squared sum of the input data and the
quared sum of the modeled variation with the resolved MCR-ALS
rofiles. For one sample it is computed according to the following
xpression:

of =

√√√√∑
i,j(rij − r̂ij)

2

∑
ijr

2
ij

× 100 (5)

here rij is the experimental absorbance at the jth wavenumber
n the ith spectrum and r̂ij is the corresponding value calculated by
LS. A low lack-of-fit percentage indicates that a model fits the data
ell [42,43]

. Results and discussion

.1. Infrared spectra

Spectra of different edible oils before oxidation are presented
n Fig. 2. Assignments of the infrared bands (Table 2) were made
y comparison with literature data [44]. These spectra seem very
imilar even if their chemical composition varied. Indeed, even if it
as not clearly observed in the resulting infrared spectra, the main

ifferentiation criterion of oils concerned the proportion of double
onds in the aliphatic chain of fatty acids. Table 1 gives these values
btained by GC. Each oil contains saturated (from 6 to 18%), mono-
nsaturated (from 15 to 70%), di-unsaturated (from 16 to 74%), and
ri-unsaturated (from 0.1 to 14%), fatty acids at different rates. It is

b
a
F
b
C

Fig. 3. Spectra of sunflower oil at different times of aging: from
7 (2009) 1748–1756 1751

ell-known that the higher the percentage of unsaturation is, the
ore sensitive to oxidation the oil is [45]. Walnut oil has the highest

ate of fatty acid tri-unsaturated, so it should be the most sensitive
o oxidation. On the contrary, the peanut oil which presents the
owest rate of unsaturated fatty acids should be the most resistant
o oxidation.

When oils were heated during 5 h under argon flow, no spectral
odifications were observed. Fig. 3 shows spectra of sunflower oil

t different times of aging at 130 ◦C under air flow (i.e. oxidant con-
ition). It presents lot of spectral modifications, so oxygen contents

n air was necessary to obtain rapid oxidation. During oxidation
and at 3008 cm−1 attributed to double bonds in the aliphatic chain
ecreases after an induction time as shown on Fig. 3a.

Moreover, spectral modifications in other zones occurred. The
and at 3473 cm−1 assigned to the overtone of the triacylglyc-
rol carbonyl absorption shifted and is overlapped by a more
ntense band at 3464 cm−1 (Fig. 3a). This band is attributed to
ydroperoxydes (primary oxidation products) generated in the oxi-
ation process [24]. After the induction time, another band appears

n highest wavenumber (3535 cm−1). This band, characteristic of
lcohols or secondary oxidation products [15,25,46], increases in
ntensity. This means that these compounds are produced gradually
n time after an induction period.

Therefore, nonoxidated oils show a weak band at 1654 cm−1

ttributed to the stretching vibration of the C=C of cis-olefins
Fig. 3b). It decreased and disappeared as the oxidation process
dvances and a band at 1627 cm−1, assigned to �, �-unsaturated
ldehydes and ketones [47] appears. The very weak absorbance
f the band at 966 cm−1, associated with bending vibration out of
lane of CH functional groups of isolated trans-olefins, is covered
p after the induction time by two low intensity bands. The first one
t 987 cm−1 is associated with the bending vibration of conjugated
–H trans,trans and/or cis,trans olefinic groups [47]. The second one
t 975 cm−1 is assigned to secondary oxidation products such as
ldehydes or ketones supporting isolated trans double bonds [48].
he band at 987 cm−1 rapidly disappears after the induction time
n behalf of increasing of band at 975 cm−1. Therefore, compounds
ith conjugated double bonds (accountable for the double band at

66 and 987 cm−1) are intermediate compounds in the oxidation
rocess. This fact has been also shown in the oxidation of different
dible oils [9,10].

From the outset of oxidation, at the same time that the cis-CH
and begin to decrease, the broadening of the band at 1746 cm−1,

ttributed to C O group carboxyl of triacylglycerol, is observed. By
ourier self deconvolution of this band (Fig. 4), in addition to the
and at 1746 cm−1, it appears bands at 1721 cm−1 attributed to the

O group of aliphatic aldehydes [22], at 1706 cm−1 attributed to

3000 to 4000 cm−1 (a) and from 750 to 1500 cm−1 (b).
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Fig. 4. Spectra and deconvoluted spectra by Fourier self deconvolution (FSD) of sun-
flower oil at T0 and T150 from 1650 to 1800 cm−1 (bandwidth: 22; enhancement
factor: 2.0).

Table 3
Characteristic times (min) obtained by the oxidative spectroscopic index for all the
oil samples.

Oils Induction time, Ti Half life time, T1/2 Final time, Tf

Walnut 29 44 63
Refined rapeseed 43 64 92
Sunflower 45 58 79
Grapeseed 57 66 76
V
S
P

f
t
t

w
r
c
o
l
f
c
r
t
p
a
1

F
o

F
o

(
v

Table 3. Walnut oil which shows the lowest values for all three
times is the most sensible to thermal oxidation and peanut oil
which shows the greatest values for the three times, is the most
resistant to thermal oxidation. Even if is it known that quantities of
irgin rapeseed 68 89 117
oybean 73 89 106
eanut 102 129 165

ree fatty acids [48] and at 1786 cm−1 which can be attributed to
he C O group of alcohol-acid such as hydroxyacetic acid [49] or to
he C O group of acetic acid [50].

To evaluate the importance of oxidation, oil oxidation kinetic
as followed by the calculation of the oxidative spectroscopic index

elated to the cis-CH stretching vibration band at 3008 cm−1. This
alculation was performed for all spectra recorded during the oil
xidation kinetics and has conducted to graphs showing the evo-
ution of this index over time (from the beginning of the eating)
or all samples (Fig. 5). All curves have a similar profile and can be
haracterized by two phases and three times. The induction phase
epresents the period of time from the beginning of experiment

o the oxidation beginning e.g. the induction time (Ti). During this
hase, the index value is stable. The oxidation phase represents fatty
cid degradation. During this phase, the index value decrease from
to 0. This phase is characterized by two times: the half life time

ig. 5. Evolution of the oxidative spectroscopic index in function of time for all the
ils.

F
o

ig. 6. Principal component analysis (PCA) performed on spectra of oxidized soya
il.

T1/2) that corresponds to the necessary time to obtain an index
alue of 0.5 and the final time (Tf) with a zero index value.

The characteristic times of each sample are summarized on
ig. 7. First (a) and second (b) principal components of the PCA performed on soya
il spectra.
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ig. 8. First extracted spectrum (a) and first associated concentration profile (b) and
y MCR-ALS performed on all the spectra of all the oxidized oils.

ntioxidants present in oil determine its sensitivity to oxidation
51], it seems that the rate of unsaturation influences also oxidation:
s a matter of fact, the walnut oil presents the highest concentration
f tri-unsaturated fatty acid (TUFA) (14%) and a high concentration
f polyunsaturated fatty acid (PUFA) (71.9%) (Table 1), so it must
e the most sensitive to oxidation. At the opposite, the peanut oil
resents the lowest rates of TUFA (0.1%) and PUFA (20.2%), so it must
e the less sensitive to oxidation. Other samples as sunflower oil or
rape-seed oil have a different profile: cis-CH band remains stable
or a longer time than walnut oil but when it starts to decrease,
his diminution carries out more abruptly. Table 3 shows a shorter
nduction time for refined rapeseed oil than for virgin rapeseed
il due to the lost of antioxidant compounds during the refining
rocess.

Although the oxidative spectroscopic index allows a fast com-
arison of oils and although the analysis of each spectrum (one
fter the other) makes it possible to show the chemical evolution
f oil during its oxidation, it seems interesting to try to take up this
volution thanks to a global study of the whole of spectra of kinetics.

.2. PCA analysis

When principal component analysis was performed on the spec-
ra recorded as time function at 130 ◦C, using all the spectral range,
imilar results were obtained. For each edible oil, spectra recorded

t T0 (25 ◦C) were different from others recorded at 130 ◦C because
nfrared signal is very sensitive to temperature. Therefore, in the
ntire PCA graph, their position was out of zone. For all the veg-
table oils, the two first principal components extracted represent
ore than 95% of the total variance. The other principal compo-

s
O
C
u
b

d extracted spectrum (c) and second associated concentration profile (d) obtained

ents contribute less than 5% of the residual variance, and model
he non-significant variations as noise. When spectra are projected
using their scores as coordinates) in the space of the first and sec-
nd principal components, they are distributed according to the
xposition time at 130 ◦C of the sample. Fig. 6 shows an exam-
le obtained with soybean oil. The spectra numbered T15 to T90
re aligned, with a decreasing of the scores on the first and sec-
nd principal components. A second straight line from T90 to T120
s obtained with an increasing of the scores on the first and sec-
nd principal components. The spectra numbered T120 to T150 are
athered and present high scores in the first principal component.
herefore, the discrimination between the two groups is done on
he first and second principal components (Fig. 7a and b). As the
pectra numbered T15 to T90 are negatively projected as a function
f the time exposition of the sample (130 ◦C and air), they are more
orrelated with the negative data in the first principal component.
he examination of the first principal component spectrum shows
igh negative contribution at 3008 cm−1 (Fig. 7a) attributed to the
is-CH stretching vibration band (cis-olefin). This spectral informa-
ion confirms the decrease of this band observed during the kinetics
f oxidation and consolidates the chose to use this band to charac-
erize the kinetics of oils and to create the oxidative spectroscopic
ndex. In the same time, a negative projection of the same spectra
n the space of the second principal component is observed. The
xamination of the second principal component spectrum (Fig. 7b)

hows high negative contributions at 3428 cm−1, attributed to the
–H of hydroperoxides, and at 1727 and 975 cm−1 attributed to the

O stretching vibration band and/or secondary oxidation prod-
cts such as aldehydes or ketones supporting isolated trans double
onds according to the interpretation of infrared data [44,46].
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ig. 9. Third extracted spectrum (a) and third associated concentration profile (b) a
y MCR-ALS performed on all the spectra of all the oxidized oils.

The spectra numbered T105 to T150 are positively projected as a
unction of their time exposition (Fig. 6). They are correlated with
he positive data of the first principal component shown on Fig. 7a.
he examination of this first principal component spectrum shows
igh positive contribution at 975, 1739 and 3529 cm−1. According
o the interpretation of infrared data, the band at 975 cm−1 can
e attributed to the appearance to HC C out of plane bending
ibration of aldehydes or ketones supporting isolated trans dou-
le bonds [46]. The C O absorption appears at 1739 cm−1; the shift
bserved (4 cm−1) between T0 spectra and the first principal com-
onent could be attributed to the transformation of the ester into
cid. The appearance of large contribution at 3529 cm−1 could be in

rst approximation attributed to OH absorption of acid. The spectra
umbered T105 to T150 are always negatively projected in the space
f the second principal component shown on Fig. 7b.

The previous results demonstrate that there were sufficient
nformation in the infrared spectra to establish a non-supervised

[
n

u
7

able 4
isappearance or emergence time (min) of compounds isolated by MCR-ALS for each oil s

ils Time of disappearance beginning (min)

Triacylglycerols of unsaturated
cis-acid

Triacylglycerols o
mono-unsaturate

alnut 30 45
efined rapeseed 45 60
unflower 60 60
rapeseed 45 0
irgin rapeseed 30 30
oybean 75 90
eanut 90 90
urth extracted spectra (c) and fourth associated concentration profile (d) obtained

lassification of some groups of samples in function of their aging
ime. This fact leads to improve the chemometric treatment and
o use a curve resolution method to identify the chemical species
hich contributed to this classification.

.3. MCR-ALS

Curve resolution approach was applied to all oil spectra. SIM-
LISMA was used to estimate the pure spectra and the MCR-ALS
ptimization program was applied with the following restriction:
on-negativity for the spectra and for the concentration. Mod-
ls with 4–6 components have been computed. The best result

lof = 4.7%] (Eq. (5)) has been obtained with five relevant compo-
ents according to the Figs. 8 and 9.

The first spectrum (Fig. 8a) was attributed to triacylglycerols of
nsaturated acid (3011, 2930, 2857, 1746, 1649, 1457, 1233, 1160 and
17 cm−1). The absorbance of the bands at 3011 and 1649 cm−1,

ample.

Time of emergence beginning (min)

f
d cis-acid

trans-hydro-peroxyde Secondary oxidation
products

30 30
45 45
45 45
60 45
60 135
75 90
90 No observed
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n comparison with the absorbance of the bands at 2930 and
857 cm−1, was higher than for the other spectra. So, the spec-
rum was attributed to the triacylglycerols of di or tri-unsaturated
is-acid. The associated concentration profile (Fig. 8b) decreases
fter an induction period in each kinetic. The relative concentra-
ion of this second extracted species was less important in spectra
f rapeseed and peanut oils that are poor in PUFA, as described in
able 1.

The second spectrum (Fig. 8c) has the same bands than the first
ne (3005, 2926, 2853, 1746, 1460, 1237, 1160 and 721 cm−1). The
ntensity of the 3005 cm−1 band was very weak compared to the
926 and 2853 cm−1 bands. So, the spectrum was attributed to the
riacylglycerols containing mono-unsaturated cis-acid. The associ-
ted concentration profile (Fig. 8d) decreases from the first to the
ast spectrum in each kinetic. The relative concentration of this third
pecies was more important for rapeseed and peanut oils that have
high concentration of MUFA (Table 1).

The third spectrum (Fig. 9a) was attributed to a trans
ydroperoxyde form of triacylglycerols (3455, 1742, 971 cm−1). The
ssociated concentration profile (Fig. 9b) increases up to a maxi-
um in each kinetic except for peanut oil. This oil has the lowest

UFA concentration and the highest SAFA (Table 1) and seems to be
otentially less sensitive to oxidation.

The fourth spectrum (Fig. 9c) presents a large band at 3524 cm−1

haracteristic to the OH stretching vibration of acid, a band at
738 cm−1 attributed to carboxylic acid function and a band at
75 cm−1 characteristic to an trans double bond on acid, that have
llowed to attribute the spectrum to secondary products of oxi-
ation. The associated concentration profile (Fig. 9d) presents a
eriod of poor variation and then increase up to the last spectrum

n each kinetic. The final concentration of these products seems
o be less important for rapeseed and peanut oils that have a low
oncentration of PUFA.

During the oxidation process, triacylglycerols decrease after
period of time. In the same way, hydroperoxides and sec-

ndary products of oxidation appeared at low concentration at
he beginning of the kinetic and their concentration increase after

period of time. Table 4 shows the time when the extracted
pecies appear or disappear. This time was not the same for all
he species mathematically extracted. Moreover, the succession
appearance/disappearance” of species is not either the same for all
ils. For example, hydroperoxides were not observed in peanut oil
nd was belatedly detected in virgin rapeseed oil. Triacylglycerols
f mono-unsaturated acids disappeared as early as the beginning
f the aging process for grapeseed oil while for the other oils, the
isappearance occurred after a period of time.

The comparison between Tables 3 and 4 shows that the
nduction times determined by the oxidative spectroscopic index
orrespond to the disappearance of triacylglycerols of poly-
nsaturated acids and to the appearance of the hydroperoxides
resented on Fig. 8a and 9a. The time of the appearance of sec-
ndary oxidation products correspond rather to the half life time
specially for the most resistant oils to oxidation.

. Conclusion

The present paper reports on the development by FT-MIR of tool
o determine oxidative stability of various edible oils and to com-
are them. Induction time, half life time and final time determined

y oxidative spectroscopic index allow to quickly characterize the
ensitivity of oil to a thermic oxidation and then to compare dif-
erent oils according to their stability. Even if this index does not
ring structural, it could be admitted as a simple and fast method
o obtain information about the oxidative stability of oils and could

[

[
[

[

7 (2009) 1748–1756 1755

e used as a quality control method. These results have been com-
ared with results obtained by chemometric treatments of the
pectra. The use of the MCR-ALS method led to the description
f four families of products (disappearance of triacylglycerols con-
aining mono-unsaturated cis-acids and triacylglycerols containing
oly-unsaturated cis-acids, appearance of hydroperoxides and sec-
ndary products of oxidation) implicated in the oxidation process,
n agreement with oxidative spectroscopic index. Thus, MCR-ALS
ould be used to determine the contribution of chemical com-
ounds in oxidation phenomena and to deepen the comparison of
ils according to their stability.
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a b s t r a c t

In this paper, deoxyribonucleic acid (DNA) was employed to construct a functional film on the PDMS
microfluidic channel surface and apply to perform electrophoresis coupled with electrochemical detec-
tion. The functional film was formed by sequentially immobilizing chitosan and DNA to the PDMS
microfluidic channel surface using the layer-by-layer assembly. The polysaccharide backbone of chitosan
can be strongly adsorbed onto the hydrophobic PDMS surface through electrostatic interaction in the
acidic media, meanwhile, chitosan contains one protonatable functional moiety resulting in a strong elec-
trostatic interactions between the surface amine group of chitosan and the charged phosphate backbone
of DNA at low pH, which generates a hydrophilic microchannel surface and reveals perfect resistance to
nonspecific adsorption of analytes. Aminophenol isomers (p-, o-, and m-aminophenol) served as a sepa-
ration model to evaluate the effect of the functional PDMS microfluidic chips. The results clearly showed
n-channel electrochemical detection that these analytes were efficiently separated within 60 s in a 3.7 cm long separation channel and suc-
cessfully detected on the modified microchip coupled with in-channel amperometric detection mode at
a single carbon fiber electrode. The theoretical plate numbers were 74,021, 92,658 and 60,552 N m−1 at
the separation voltage of 900 V with the detection limits of 1.6, 4.7 and 2.5 �M (S/N = 3) for p-, o-, and m-
aminophenol, respectively. In addition, this report offered an effective means for preparing hydrophilic
and biocompatible PDMS microchannel surface, which would facilitate the use of microfluidic devices for
more widespread applications.
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. Introduction

Miniaturization of chemical analysis systems using microchips
s an emerging new technology. Microfluidic devices have attracted
ncreasing attention and provided a powerful platform for chem-
cal and biological assays due to its high sample throughput,
ow consumption of sample and reagents, automatic control and
asy integration [1–3]. Polymer materials such as PDMS, poly-
arbonate, polystyrene and poly(methyl methacrylate) (PMMA)
re best candidates to construct low-cost, disposable and multi-
unctional microfluidic devices instead of glass and quartz [4–7].
f all the polymers used for making chips, PDMS has been the
ost popular due to its low cost, easy handling and sealing with
ther materials, non-toxicity and versatility [8–10]. In spite of the
any advantages of PDMS, its application in microfluidics has

ot been without problems. The surface modification of PDMS
s difficult because the material is inert. Furthermore, PDMS is

∗ Corresponding author. Tel.: +86 791 3969518.
E-mail address: jdqiu@ncu.edu.cn (J. Qiu).

f
t
(
t
a
p
p
a

039-9140/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2008.09.056
© 2008 Elsevier B.V. All rights reserved.

xtremely hydrophobic, which makes the microchannels difficult
o wet with aqueous solution. Due to its high hydrophobicity,
DMS absorbs some organic solvents and some hydrophobic ana-

ytes, causing fouling of the material [11–13]. These disadvantages
reatly limit the variety of analytes that can be separated on
DMS devices, and generally results in relatively lower separa-
ion efficiency. To control of the electroosmotic flow (EOF) and
eduction of analyte–wall interaction, the surface modification is of
reat importance for PDMS microfluidic devices in electrophoresis
pplications.

Microchannel coatings can be separated into two major cat-
gories: permanent coatings and dynamic coatings. Permanent
oatings are often regarded as the most effective way for sur-
ace modification in order to reduce analyte–wall interactions and
o modify the EOF. In permanent coatings chemical compounds
often polymers) are covalently bound to functional groups of

he surface or immobilized (e.g., via cross-linking of a polymer)
t the surface to become insoluble in the electrolyte. However,
ermanent coatings are often require organic solvents, high tem-
erature, and more laborsome in the production process and might
ccordingly be less attractive for disposable devices from mass
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roduction. Dynamic coating is the easiest way for surface mod-
fication. For this propose, dissolved surface-active compounds like
olymers or surfactants are utilized, which adsorb strongly at the
urface. This can be accomplished by rinsing with a solution of
he modifier prior to the analyses or by addition of the modifier
o the electrolyte. The successive multiple-ionic-layer approach
or dynamic coating was applied to PDMS microfluidic devices
y Liu et al. [14]. In this method, polyelectrolyte multilayers are
reated by exposing a surface to alternating solutions of posi-
ively and negatively charged polyelectrolytes. Liu et al. utilized
his approach to form polymeric bilayers at PDMS channels with
he cationic polymer polybrene followed by a layer of dextrane sul-
ate as an anionic polymer. Lately, using biomolecules as modifiers
ttracted increasing attention [15,16]. Thormann and coworkers
ave reported proteins immobilized on PDMS/AF45-glass channels
o reduce adsorption of non-polar molecules and immobilized bio-
robes on the surface and perform immunoassays [16]. Chen and
oworkers fabricated an albumin-coated PDMS microchip which
as used for the separation of dopamine and epinephrine [17].
ecently, the immobilization of DNA and its interaction with some
hemical materials had been used in electronic devices, electro-
hemical sensors and biosensors [18–20]. As is well known, DNA is
ot only an important biological material due to its genetic func-
ion and as a molecular scaffold or template for nanotechnology
21] and nanostructure [22,23], but also an interesting anionic poly-
lectrolyte consisting of three parts: a phosphate acid group, a basic
roup (adenine (A), guanine (G), cytosine (C), thymine (T)), and a
ugar unit. These units form a well-defined linear helix and repeti-
ive structure by hydrogen bonds between basic groups. This special
tructure enable DNA be used to make ultrathin films with cationic
aterials by layer-by-layer (LBL) assembly technique. Shim and

oworkers have employed cellulose and DNA to modify a screen-
rinted electrode for the analysis of neurotransmitters on a glass
icrochip [24]. However, there is no report on the modification of
NA on the microchannel. In this paper, a stable hydrophilic PDMS
icrochip is prepared by a simple method for coating microchip

apillary channels using the electrostatic LBL assembly technique.
his method utilizes a cationic polymer chitosan, coating, fol-
owed by a layer of anionic biopolymer DNA to generate and
ontrol EOF. Aminophenol isomers, as a group of separation model,

ere used to evaluate the effect of the functional PDMS microflu-

dic devices. The surface modification brought the advantages for
icrofluidic-based separations: generation of stable EOF, enhanced

urface hydrophilicity, long lifetime, and improved separation
fficiencies.

s
d
f
i
a

ig. 1. Schematic diagram of the PDMS microanalysis system. WE: working electrode (th
lectrode (AgCl/Ag); B: running buffer reservoir; S: sample reservoir; W: waste sample
lectrochemical workstation; X, Y and Z: adjusting screws in the three dimension adjusto
(2009) 1647–1653

. Experimental

.1. Reagents

Sylgard 184 (PDMS) and curing agent were from Dow Corning
Midland, MI, USA). Carbon fibre (d = 8 �m) was purchased from
oodfellow (Oxford, UK). Chitosan (molecular weight 200,000)
nd 2-morpholinoethanesulfonic acid (MES) were obtained from
igma–Aldrich (St. Louis, MO, USA). DNA (from calf thymus, 89,370)
as purchased from Fluka (Buchs, Switzerland) and used without

urther purification. Aminophenol isomers, acetic acid and sodium
cetate trihydrate were obtained from Shanghai Chemical Reagents
orporation (Shanghai, China). Acetate solution was used as the
GE for the separation of aminophenol isomers. Chitosan (0.05%,
v−1) was dissolved in a 0.4% acetic acid solution and then diluted
ith water. DNA (0.5 mg mL−1) was prepared by dissolving the calf

hymus DNA in 10 mM MES solution and stored at 4 ◦C. All solutions
ere prepared with doubly distilled water and passed through a
.22 �m cellulose acetate filter (Xinya Purification Factory, Shang-
ai, China). One millimolar stock solutions of aminophenol isomers
ere prepared with doubly distilled water before each experiment.
efore use, they were diluted with corresponding running buffer
o proper concentration. All other reagents were of analytical grade
nd were used without further purification.

.2. Fabrication of PDMS/PDMS microchips

The master with a positive relief structure of GaAs for the
hannels was made using microphotolithographic technique. A
ross-type channel of PDMS chip with a 4.0 cm long separation
hannel (effective separation length, 3.7 cm) and 1.0 cm long injec-
ion channel (shown in Fig. 1) and a flat substrate were fabricated
rom PDMS as the previously described procedure [25]. Briefly, a

ixture of elastomer precursor and its curing agent (ratio of 10:1)
sylgard 184) were degassed, poured over the GaAs master, and
hen cured for 2 h at 70 ◦C. After the replica was peeled from the

old, holes (3 mm diameter) were punched. A flat PDMS substrate
3 mm thick) was obtained via casting and curing the prepoly-

er mixture in a large flat glass box (5 cm × 4 cm). The PDMS with
icrochannels and the PDMS flat were ultrasonically cleaned, sub-
equently with water, methanol, and water for 10 min, and then
ried under an infrared lamp. Finally, they were sealed together to
orm a reversible PDMS/PDMS microchip. All channels had a max-
mum depth of 18 �m. The sampling channel was 30 �m in width
nd the separation channel was 50 �m in width.

e carbon fiber cylindrical electrode); CE: counter electrode (Pt wire); RE: reference
reservoir; GE: ground electrode; PC: personal computer; HV: high voltage; CHI:
r.
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.3. Modification procedure

PDMS channels were modified with chitosan and DNA accord-
ng to the conventional CE procedures developed by Katayama et
l. [26]. Briefly, the channels were rinsed with running buffer and
oubly distilled water, respectively, for 10 min each. Once precon-
itioned, the chitosan solution (pH 5.0, 0.05%, w v−1) was pumped
hrough the microchannels for 10 min by vacuum pump. Then,
he DNA (pH 5.0, 500 �g mL−1) solution was pumped through the

icrochannels and kept for 2 h at 4 ◦C. Finally, the microchip was
ushed with the buffer solution for 5 min. Prior to use, the modified
icrochip was filled with the buffer solution and stored at 4 ◦C.

.4. Characterization measurements of PDMS films

Fourier transformed infrared absorption by total attenuated
eflection (ATR-FT-IR) spectra of PDMS films on a wedged ZnSe crys-
al were recorded using the TENSOR27 spectrometer with a DTGS
etector (Bruker, Ettlingen, Germany). A freshly cleaned ZnSe crys-
al surface was recorded as a reference. All spectra were obtained
t 45◦ angle of incidence for 16 scans with a resolution of 4 cm−1 in
he range of 600–4000 cm−1.

.5. Micro-system arrangement and electrochemical detection

.5.1. Preparation of single carbon fiber cylindrical electrode
Firstly, a glass capillary with an inner diameter of 0.5 mm was

ulled under an alcohol blowtorch to form a fine tip. Then a single
arbon fiber with a diameter of 8 �m was carefully inserted into
he tip and fixed with epoxy. A copper wire was connected with the
arbon fiber through carbon powder at the other end of capillary
nd then fastened with epoxy. Prior to use, the tip of the carbon
ber was cut with a clean scalpel to form a 2 mm long cylindrical
lectrode under the microscope (XTS-20, Beijing Tech Instrument
orporation, Beijing, China).

.5.2. Micro-system arrangement and in-channel electrochemical
etection

The microanalysis system is shown in Fig. 1. A PDMS microchip
as fixed on a plexiglass holder with a precise three-dimensional

ystem (Shanghai Lianyi Instrument Factory of Optical Fiber and
aser, Shanghai, China) with the precision of ±1 �m in each direc-
ion. A working electrode was inserted into the electrode hole on
he platform. Here a small amount of silicon grease was used to pre-
ent leaking of the detection cell. The buffer was introduced into the
eservoirs and flushed through the channels via vacuum. Detection
as performed with a carbon fiber cylindrical electrode, which was

ctivated at constant applied potentials of 1.5 and −1.0 V for 200 s,
espectively. Then the end of the carbon fiber was placed in the
nd of separation channel with a distance of ca. 40 �m from the
ip of working electrode to the channel exit under a microscope. An
g/AgCl reference electrode, a Pt auxiliary and a Pt ground electrode
ere each placed in the detection cell filled with running buffer.

lectrochemical detection was performed using “amperometric i–t
urve” mode with a CHI 660B electrochemical workstation (CHI,
hanghai, China), which was used to provide a constant potential
o the detection electrode and to measure the output current. All
xperiments were performed at room temperature.
.6. Electrophoresis procedures

A high-voltage power supply, which has an adjustable voltage
ange of 0–5000 V (Nanjing University, Nanjing, China), was used
or supplying high voltage. Parameters such as sampling voltage,

c
f
f

(2009) 1647–1653 1649

ampling time, separation voltage, and separation time can be set-
p and automatically switched via the RS232 communication port
f a personnel computer through the program. Before separation
xperiments the running buffer was introduced directly into the
eservoirs and then flushed through the channels under vacuum for
everal minutes until no bubbles remained in the microchannels.
otentials were then applied to the separation and injection chan-
els for several minutes until the separation and injection currents

eveled off. The buffer in sample reservoir was then exchanged with
ample solution. Injection of sample into the separation channel
as achieved by use of a cross injector. The first injection time must
e long enough for the sample to fill the whole injection channel.
ata from the first experiment would therefore be ignored because
f the long injection time and serious dispersion of the sample into
he separation channel. Injection was then performed by applying
igh voltage of 800 V to the sample reservoir for 4 s through Pt elec-
rodes connected to a high voltage power supply, with the sample
aste reservoir grounded, and the other reservoirs floating. When

he injection was completed, separation voltage was applied to the
uffer reservoir with the detection reservoir grounded, and the
ther reservoirs floating. The separation current can be monitored
n real time.

.7. Contact angle measurements

A static contact angle measurement was performed on the plate
sing a JC2000A contact angle analyzer (Shanghai Zhongchen Dig-

tal Technic Apparatus Co. Ltd., Shanghai, China) at 25 ◦C and 60%
elative humidity. 3 �L of water droplet was placed on the material
ith pipette and allowed to rest on the surface for 10 s, and then

n image was taken. For each angle reported, at least five sample
eadings from different surface locations were averaged. The angles
eported were reliable to ±2◦.

.8. Measurement of EOF

The EOF measurements were performed using the current mon-
toring method as the previous literature [27]. Experiments were
erformed by measuring the current changes. Briefly, the sepa-
ation channel and detection cell were firstly filled with running
uffer. Then the separation and injection sample channels were
ach rinsed with running buffer for 10 min in sequence. Finally, a
iluted buffer (buffer:water = 9:1) was placed in the sample reser-
oir. Injection was then performed by applying high voltage (800 V)
or 4 s. Once the injection was completed, separation voltage of
000 V was applied and electroosmosis took place, then the lower
oncentration electrolyte solution migrated from the crossing to
he end of the separation channel. The signal of the diluted buffer
as monitored at 0 V with a single carbon fiber cylindrical elec-

rode, which was placed in the end of the separation channel. The
iluted buffer would lead to an increase in peak current. Migration
ime of EOF was rapidly obtained. The EOF, was calculated accord-
ng to the equation of �eof = (L/t)E−1, where L is the effective length
f the microchannel, t the migration time of the diluted buffer in
he separation channel, and E is the electric field strength.

. Results and discussion

.1. Characterizations of modified PDMS surface
PDMS can adsorb non-polar hydrophobic analytes due to its
ross-linked hydrophobic chain, and this is complicated by the
act that PDMS strongly adsorbs biomolecules. A lot of works
ocused on the resistance to adsorption of biomolecules. On the
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ig. 2. ATR-FT-IR analysis of the PDMS surface. (A) The native PDMS surface; (B) the
hitosan-coated PDMS surface; (C) the chitosan–DNA-coated PDMS surface.

ontrary, we just took advantage of this property to produce func-
ional PDMS surface through LBL assembly technique, which is

rich, versatile, and significantly inexpensive approach to the
ormation of thin films via alternating adsorption of positively
nd negatively charged species from aqueous solutions, and this
ethod has been applied in many fields such as functional materi-

ls and surface modification. In the experiment, DNA was used to
odify PDMS microchannels after pre-coating with a layer of chi-

osan. Biopolymer chitosan (pKa = 6.3) with a lot of primary amino
roups is a polysaccharide derived from deacetylation of chitin.
ue to the excellent film-forming ability, biocompatibility, non-

oxicity, high mechanical strength, cheapness, and susceptibility
o chemical modifications, it has been extensively applied for the
mmobilization of enzymes and the construction of biosensors. The
olysaccharide backbone of chitosan was also strongly adsorbed
nto the hydrophobic PDMS surface through electrostatic interac-
ion and hydrogen bonding in the acidic media [28]. DNA, as an
nionic polymer, has a strong electrostatic interaction with chi-
osan at low pH (pH < 7.0) [29–31]. Therefore, the functional films of
hitosan and DNA on the PDMS microfluidic channel surface were
onstructed using the LBL technique.

Chitosan was positively charged in pH 5.0 acetate buffer, while
NA was negatively charged. Thus, when chitosan was coated
n PDMS channel surface, EOF changed its direction from initial
athodic to anodic. Passing DNA solution through the chitosan-
oated chip, the EOF reverses its direction again toward the cathode.
he changes of EOF suggested that the PDMS surface had been
overed by chitosan and DNA. To further demonstrate chitosan
nd DNA that had been coated on the PDMS surface, ATR-FT-
R experiment was conducted. Fig. 2 shows ATR-FT-IR spectra of
he native PDMS, chitosan-coated PDMS and chitosan–DNA-coated
DMS. Compared with native PDMS (curve A), curve B clearly
hows that the PDMS surface was coated with chitosan. For the
hitosan–DNA-coated PDMS surface, the peak at 1219 cm−1 refers
o the CH2 O P O phosphate group. The chitosan–DNA complex
esults in the intensity increase or the appearance of H-bonded

H stretching vibration as well as an asymmetrical PO2
− vibra-

ion at 1182 cm−1, which indicated that DNA had been successfully
ssembled on the chitosan-coated PDMS surface.
.2. Hydrophilicity of modified PDMS chip

One of the primary goals of this preparation is to gener-
te hydrophilic channel wall surfaces. The hydrophilicity of the

[
t
E
c
h

ig. 3. The contact angle on the (a) native PDMS plate surface; (b) chitosan–DNA
odified PDMS plate surface; (c) glass plate.

alls was assessed using water contact angle measurements on
he chitosan–DNA modified PDMS plate. Fig. 3 shows the results
f contact angle measurements. The initial water contact angles
easured on the native PDMS and glass were 115◦ and 44.5◦,

espectively. The value for the modified PDMS was 55.5◦. The dif-
erence of 59.5◦ between native PDMS and modified PDMS chips
ndicated that the modified surface was more hydrophilic than
ative PDMS and close to that of glass.

.3. EOF of modified PDMS chip

EOF is a useful parameter to investigate the surface modifica-
ion. Adsorbed molecules directly affect the surface charge density
nd consequently change the zeta potential, which is necessary
or the generation of EOF. The chitosan–DNA-coated PDMS sur-
ace resulted in an increase in surface charges and EOF. Fig. 4
hows the relationship of EOF with the buffer pH on the native
nd coated microchips in 20 mM acetate (pH ranged from 3.5
o 6.5), respectively. The EOF increased sharply from pH 3.5 to
.5 in the modified chip, and then leveled off in the pH range
f 4.5–6.5. Under the same ionic strength, the EOF of the mod-
fied microchip was higher than that of the native one, which
eflected more surface charges after DNA coating than that of
he native one. At pH 5.0 (20 mM acetate), EOF increased from
1.28 ± 0.14) × 10−4 cm2 V−1 s−1 (n = 5, 95% confidence limit) in the
ative channel to (4.02 ± 0.05) × 10−4 cm2 V−1 s−1 (n = 5, 95% con-
dence limit) in the modified channel. Since EOF of native PDMS is
reatly dependent on the ionic strength and pH of running buffer

32–34], it is unstable and difficult to be controlled. After modifica-
ion with chitosan–DNA film, EOF became more stable. The RSD of
OF for native PDMS microchip was 4.3% (n = 5). On chitosan–DNA-
oated chips, RSD of EOF was only 0.4% (n = 5). The reason for
igher reproducibility can be contributed to that hydrophilic char-
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ig. 4. Effect of pH on EOFs in 20 mM acetate buffer on the native and modified PDMS
icrochips. (a) Native PDMS microchip; (b) chitosan–DNA-coated PDMS microchip.

cter of chitosan and DNA reduced the proclivity for hydrophobic
nteraction, leading to significantly lower nonspecific adsorption of
nalytes.

.4. Electrophoresis separation of aminophenol isomers

Fig. 5 shows the electropherograms of the separation of
minophenol isomers on native and modified PDMS microchips,
espectively. As shown in Fig. 5A, the adsorption of the aminophe-
ol isomers results in lower peak currents and obvious peak
road in the native PDMS microchip. It was observed that migra-
ion times gradually increased accompanied with the decrease of
eak currents when run numbers increased. These phenomena
ould be ascribed to the hydrophobic interaction between PDMS
nd hydrophobic groups of analytes. While PDMS microchannel
as modified with chitosan–DNA, the adsorption of analytes was

reatly decreased, the separation efficiency and reproducibility

ere remarkably improved, and the peak shapes of aminophenol

somers became sharper and more symmetric. Furthermore, the
eparation time dramatically decreased from 140 s on the native
hip to 60 s on the coated chip. The theoretical plate numbers of p-,

ig. 5. Electrophoregrams showing the separations of 200 �M p-aminophenol (a),
00 �M o-aminophenol (b), and 200 �M m-aminophenol (c). (A) Native PDMS
icrochip; (B) chitosan–DNA-coated PDMS microchip. Conditions: Acetate buffer

20 mM, pH 5.0) as an electrophoresis buffer; sample injection at +800 V for 4 s;
eparation voltage, +900 V; detection at +1.0 V.
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ig. 6. Hydrodynamic voltammograms for aminophenol isomers on chitosan–DNA-
oated PDMS microchip. (a) 200 �M p-aminophenol; (b) 200 �M o-aminophenol;
c) 200 �M m-aminophenol. Other conditions were as in Fig. 5.

-, and m-aminophenol were calculated to be 74,021, 92,658 and
0,552 N m−1 for the modified PDMS microchip, which was cho-
en as an example, and 2714, 3102 and 3292 N m−1 for the native
DMS microchip. The peak heights of o-, and m-aminophenol in
he chitosan–DNA modified PDMS microchip were 5.8 and 8 times
hat of the native ones, respectively. Therefore, not only was the
eparation time greatly reduced but also high sensitivity and sep-
ration efficiency were obtained in the chitosan–DNA modified
DMS microchips.

.5. Optimization of the electrophoresis conditions

.5.1. Electrochemical detection
Electrochemical detection would be a good candidate cou-

led with micro total analysis systems (�-TAS) for its inherent
iniaturization and high sensitivity. Here we use an in-channel

mperometric detection mode for microchip with a single carbon
bre cylindrical electrode directly mounted in the end of separation
hannel. To obtain the optimum detection potential, the hydrody-
amic voltammograms were investigated by setting the detection
otential from 0 to 1.2 V (Fig. 6). As can be seen in Fig. 6, the
hree compounds displayed similar curves. The peak current of p-
minophenol increased rapidly with the increase in the detection
otential until +1.0 V. From +0.2 to +1.0 V the peak current of o-
minophenol increased, and the same trend was observed with
-aminophenol from +0.6 to +1.0 V. When the applied potential
as over +1.0 V (vs Ag/AgCl), the baseline current greatly increased,

ccompanied with the decrease in the peak currents. Therefore,
1.0 V (vs Ag/AgCl) was selected as the detection potential in this
ase, where the background current was relatively lower and the
/N ratio was the highest.

.5.2. Effect of buffer concentration
Based on the previous reports [35,36], acetate (pH 5.0) was cho-

en as the running buffer. It was found that DNA would not be
enatured and desorbed at this pH value. The effect of buffer con-
entration on the separation efficiency of aminophenol isomers
as examined by varying the concentration from 10 to 30 mM,

t a fixed pH of 5.0. As shown in Fig. 7, with the increase of

he buffer concentration, the corresponding resolutions of the
hree aminophenol isomers increased, coupled with the increase
f migration times. Resolutions were 3.02 for p-aminophenol and
-aminophenol and 0.87 for o-aminophenol and m-aminophenol in
0 mM acetate on chitosan–DNA-coated PDMS microchips. When
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Fig. 8. Electropherograms of aminophenol isomers at different separation voltages:
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ig. 7. Electropherograms of 200 �M p-aminophenol, o-aminophenol and m-
minophenol using the different concentration of acetate buffer on the coated PDMS
icrochip. (a) 10 mM; (b) 20 mM; (c) 30 mM. Other conditions were as in Fig. 5.

oncentration increased to 20 mM, the three aminophenol iso-
ers realized baseline separation, and resolutions increased to

.15 and 1.58, respectively. While the concentration became over
0 mM, resolutions slightly increased, but the peak currents greatly
ecreased with the increase of baseline noise. This is because higher
oncentration of the running buffer usually leads to a slower EOF
nd an increased Joule heat, and accordingly induces a lower effi-
iency, sensitivity and stability. Thus, in the experiment, 20 mM
cetate was chosen.

.5.3. Effects of injection time and injection voltage
A sample was injected into the separation channel using a simple

rossing mode. The length of the sample plug which greatly influ-
nces the separation efficiency can be controlled by injection time
nd injection voltage. Generally, a high injection voltage results in
he desired rectangular shape of the sample plug at the intersection
f the cross-channel, and therefore a high separation efficiency will
e obtained [37]. However, too high injection voltage will result in
igher Joule heat and bubbles in the channel, which will interrupt

njection. Here, 800 V was chosen as the optimum injection voltage.
he influence of injection time on the responses of aminophenol
somers was also investigated. It is obviously that the peak cur-
ents of aminophenol isomers increased greatly with the increase
f injection time in the range from 1 to 4 s. However, when injec-
ion time was over 4 s, the peak currents increased slowly and the
alf-peak widths increased quickly. Considering the sensitivity and
fficiency, an injection time of 4 s was chosen.

.5.4. Effect of separation voltage
Since the electrochemical detection principle is based on the

oupling of separation electric field on the electrochemical detec-
or, the influence of separation voltage on detection is a major
actor in improving detection sensitivity. The influence of sep-
ration voltage on the amperometric responses and separation
fficiency is shown in Fig. 8. As expected, increasing the separa-
ion voltage from 700 to 1200 V (a–f) dramatically decreased the

igration time for all three compounds, from 45.4 to 24.6 s (p-
minophenol), from 54.5 to 30.6 s (o-aminophenol) and from 61.2
o 33.3 s (m-aminophenol). In the experiment, the peak currents

ncreased gradually with the voltage between 700 and 900 V and
ecreased rapidly at higher voltage. The resolution between the
- and m-aminophenol decreased from 1.65 to 0.78 upon raising
he separation voltage between 700 and 1200 V. Also shown (as
nset) is the effect of separation voltage upon separation efficiency,

d
t
w
w

a) 700 V, (b) 800 V, (c) 900 V, (d) 1000 V, (e) 1100 V and (f) 1200 V. p-aminophenol:
00 �M; o-aminophenol: 200 �M; m-aminophenol: 200 �M. Also shown (as inset)
re the resulting plots of plate numbers for (a) p-aminophenol; (b) o-aminophenol;
c) m-aminophenol. Other conditions were as in Fig. 5.

.e., on theoretical plate number (the number of plates per meter,
m−1). For p-, o-, and m-aminophenol, the theoretical plate num-

ers increased upon the increase in the separation voltage from 700
o 900 V on chitosan–DNA-coated microchip, and then decreased
apidly. The theoretical plate numbers reached maximum values
f 74,021 N m−1 for p-aminophenol at the separation voltage of
00 V, 92,658 N m−1 for o-aminophenol, and 60,552 N m−1 for m-
minophenol at 900 V, respectively. In addition, higher separation
oltage had a great effect on the background current. Flat baselines
ere observed using relatively lower separation voltages. Taking

nto account the amperometric responses, separation efficiency,
esolution and separation time, 900 V was chosen in this experi-
ent.

.6. Reproducibility and stability

It is important to study reproducibility and stability of the
odification. Under the optimal condition, the reproducibility on

he modified microchips can be investigated according to RSD of
OF, migration time and peak current [38]. RSDs of EOF were
.4% for run-to-run, 0.9% for day-to-day and 1.5% for chip-to-chip
n = 5), respectively. Table 1 shows RSDs of migration time and
eak current of aminophenol isomers on the coated microchips.
he results demonstrate that good reproducibility was achieved
n the chitosan–DNA-coated microchips. In addition, more than
0 runs with good resolution were performed continuously. Fur-
hermore, the coated channels also displayed long-term stability.
enerally, the native PDMS microchips need to be split into two
ats and cleaned with ethanol and water everyday, since the sta-
ility become poor due to the adsorption of analytes. While the
hitosan–DNA modified chips can be used for more than two weeks,
iven that they were filled with the running buffer and stored at 4 ◦C
hen not in use.

.7. Linear range and detection limit
The chitosan–DNA modified PDMS microchip displayed well-
efined concentration dependence. Under the optimized condi-
ions, the linear range for p-aminophenol was from 10 to 600 �M
ith the correlation coefficients (r) of 0.9956. The linear ranges
ere both 25–600 �M for o-aminophenol and m-aminophenol,



R. Liang et al. / Talanta 77 (2009) 1647–1653 1653

Table 1
The reproducibility of migration time and peak current on the modified microchips (n = 5).

RSD (%) of migration time RSD (%) of peak current

Run-to-run Day-to-day Chip-to-chip Run-to-run Day-to-day Chip-to-chip

p-aminophenol 0.4 0.8 2.4 1.5 2.3 2.1
o-aminophenol 0.5 1.0 3.2 2.1 2.7 2.9
m-aminophenol 0.7 1.1 2.8 2.9 3.4 3.7

Table 2
Determination of aminophenol isomers in hair dye (n = 3).

Analyte MCE HPLC

Sample (�g/g) Added (�g/g) Measured (�g/g) Recovered (%) Sample (�g/g)
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-aminophenol 47.0 ± 4.3 200
-aminophenol 1400 ± 2.6 200

oupled with the correlation coefficients of 0.9994 and 0.9975,
espectively. The detection limits for p-, o-, and m-aminophenol
ere 1.6, 4.7 and 2.5 �M (S/N = 3) on the coated microchips, respec-

ively.

.8. Application

The established method of microchip capillary electrophoresis
MCE) was applied to analyze for commercial permanent hair dye
y standard addition analysis. Commercial permanent hair dye was
ollected from retail stores locally. A precisely weighed quantity
0.2 g) of hair dye product was dissolved in 10 ml of methanol and
onicated for 1 min. This solution was diluted with running buffer
nd filtered through a 0.22 �m membrane filter. The quantitative
nalytical results are summarized in Table 2. The hair dye sample
as also studied by HPLC (Agilent1200, Santa Clara, CA, USA), which
as carried out on an Eclipse C18 column (5 �m, 250 mm × 4.6 mm

.d.). The mobile phase was methanol (10 vol%)–0.1 M acetate buffer
H 4.5 (90 vol%) and was delivered at a flow rate of 0.8 mL min−1.
ignal was monitored by UV absorbance at a wavelength of 280 nm.
he results from HPLC are listed in Table 2 too. The results from
PLC and MCE showed no significant difference, which showed

hat the results obtained by the present method are in agree-
ent with those obtained by HPLC. Furthermore, this microsystem

nly requires 1 min of analysis time, while HPLC needs 15 min to
etermine aminophenol isomers. Therefore, this cheap and rapid
icrosystem could be used for the quantitative detection of trace

minophenol isomers in real samples.

. Conclusions

A simple and efficient protocol for improving EOF and enhanc-
ng the separation efficiency based on PDMS surface modification

ith chitosan and DNA using the LBL assembly technique has
een established. With the strategy, aminophenol isomers were
uccessfully separated within 1 min on the chitosan–DNA-coated
DMS microchips, and the application in testing hair dye sam-
les was demonstrated. This surface modification method offers
n effective means for preparing biocompatible and hydrophilic
DMS microfluidic chip, and shows an excellent potential for using
icrofluidic devices in more widespread applications.
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a b s t r a c t

A new method for the determination of palladium was developed by dispersive liquid–liquid microextrac-
tion preconcentration and graphite furnace atomic absorption spectrometry detection. In the proposed
approach, diethyldithiocarbamate (DDTC) was used as a chelating agent, and carbon tetrachloride and
ethanol were selected as extraction and dispersive solvent. Some factors influencing the extraction effi-
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eywords:
ispersive liquid–liquid microextraction
alladium
raphite furnace atomic absorption
pectrometry

ciency of palladium and its subsequent determination, including extraction and dispersive solvent type
and volume, pH of sample solution, concentration of the chelating agent and extraction time, were stud-
ied and optimized. Under the optimum conditions, the enrichment factor of this method for palladium
reached at 156. The detection limit for palladium was 2.4 ng L−1 (3�), and the relative standard deviation
(R.S.D.) was 4.3% (n = 7, c = 1.0 ng mL−1). The method was successfully applied to the determination of trace
amount of palladium in water samples.
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. Introduction

The importance of the palladium (Pd) metal has grown many
olds in recent years due to the increasing applications for the pro-
uction of dental and medicinal devices, jewellery, automobile and
atalytic converters [1]. Although the benefits of car catalysts are
ndisputable, the emission of Pd into the environment is largely
ssociated with the production and recycling of catalytic convert-
rs in the metal finishing industry as well as the operation of vehicle
atalysts. Some of Pd compounds have been reported as potential
ealth risks to humans, causing asthma, allergy, rhino conjunctivi-
is and other serious health problems [2,3]. The development of
nalytical methods for the determination of Pd is important for
he effective monitoring of pollution levels of this metal in the
nvironment.

Although the concentration of Pd in different compartments
f environment continuously increases, it is still at the level of
g g−1 (or ng mL−1). Numerous interactions between the ana-
yte and the matrix constituents can significantly influence both
he limit of detection and the accuracy of the analytical method.
he direct determination of Pd in environmental samples by
tomic spectrometric techniques, e.g. graphite furnace atomic

∗ Corresponding author. Fax: +86 27 67867961.
E-mail address: liangpei@mail.ccnu.edu.cn (P. Liang).
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bsorption spectrometry (GFAAS) or inductively coupled plasma
ass spectrometry (ICP-MS), is usually difficult, and an initial

ample pretreatment, such as preconcentration of the analyte
nd matrix separation, is often necessary [4]. Several methods
ave been reported for the separation and preconcentration of
etal ions, such as coprecipitation [5,6], liquid–liquid extrac-

ion (LLE) [7,8], solid-phase extraction (SPE) [9–14] and cloud
oint extraction (CPE) [15,16], but the disadvantages such as
ime-consuming, unsatisfactory enrichment factors, large organic
olvents and secondary wastes, limit their applications. In recent
ears, liquid-phase microextraction (LPME) has been developed as a
olvent-minimized sample pretreatment procedure since it is inex-
ensive and minimal exposure to toxic organic solvents [17]. The
ombination of LPME with electrothermal vaporization inductively
oupled plasma atomic emission spectrometry/mass spectrometry
ETV-ICP-AES/MS) or GFAAS has been established as an effective

ethod for the determination of trace elements [18–21]. However,
PME method suffers from some disadvantages such as the fast
tirring would tend to format air bubble [22], time-consuming and
quilibrium could not be attained after a long time in most cases
23].
In order to overcome the problems, a novel modality of LPME
ermed as dispersive liquid–liquid microextraction (DLLME), which
s based on a ternary component solvent system like homogeneous
iquid–liquid extraction and cloud point extraction, was proposed
ecently [24]. In this method, the appropriate mixture of extraction



ta 77

s
r
t
A
a
b
t
h
c
s

d
d
f
t
w
D
s
a

2

2

P
t
a
a
c
2
g
t
y
t
4
v
t
c
C

2

t
d
s
i
C
o
g
v
2
w

2

0
s
p
s
1
c

w
r
t
a
i
s

t
p
a
t
e

2

(
a
i
a
c
o
5
o
a
t
a

P
(
o
s
l

3

3

c
t
a
(
s
t
5
t
e
a
C
o
w

d
e
v
f
f
i

P. Liang et al. / Talan

olvent and dispersive solvent is injected into an aqueous sample
apidly by syringe, and a cloudy solution is formed. The analyte in
he sample is extracted into the fine droplets of extraction solvent.
fter extraction, phase separation is performed by centrifugation,
nd the enriched analyte in the sediment phase is determined
y chromatography or spectrometry methods. The advantages of
he DLLME method are simplicity of operation, rapidity, low cost,
igh recovery and enrichment factors. This method has been suc-
essfully applied for the preconcentration of organic and inorganic
pecies in environmental samples [25–31].

The aim of this work is to combine DLLME with GFAAS and
evelop a new method for the determination of Pd. In this method,
iethyldithiocarbamate (DDTC), which reacts with metallic ions
orming a very stable complex and has found numerous applica-
ions in trace element separation and preconcentration [32–34],
as selected as the chelating reagent. The factors influencing
LLME extraction and GFAAS determination were systematically

tudied. The method was successfully applied to determine of trace
mount of Pd in water samples.

. Experimental

.1. Apparatus

A TBS-990 atomic absorption spectrophotometer (Beijing
urkinge General Instrument Co. Ltd, Beijing, China) with a deu-
erium background correction and a GF990 graphite furnace
tomizer system was used. A palladium hollow-cathode lamp oper-
ted at 2.0 mA was used as radiation source. Measurements were
arried out in the integrated absorbance (peak area) mode at
47.6 nm, using a spectral bandwidth of 0.4 nm. The heating pro-
ram employed for palladium determination was given as follows:
he drying temperature was 120 ◦C, ramp 15 s, hold 10 s; the pyrol-
sis temperature was 700 ◦C, ramp 10 s, hold 10 s; the atomization
emperature was 1800 ◦C, 3 s; the clean temperature was 2100 ◦C,
s. Purge gas flow-rate inside the tube was 200 mL min−1. The pH
alues were measured with a Mettler Toledo 320-S pH meter (Met-
ler Toledo Instruments CO. LTD, Shanghai, China). A Model 0412-1
entrifuge (Shanghai Surgical Instrument Factory, Shanghai, P.R.
hina) was used to accelerate the phase separation.

.2. Standard solution and reagents

Stock standard solution (100 �g mL−1) of Pd was obtained from
he National Institute of Standards (Beijing, China). Working stan-
ard solutions were obtained by appropriate dilution of the stock
tandard solution. The solution of DDTC was prepared by dissolv-
ng appropriate amount of DDTC (AR, Shanghai Chemistry Reagent
ompany, Shanghai, China) in ethanol. All other reagents used were
f the highest available purity and of at least analytical reagent
rade. Doubly distilled water was used throughout. Pipettes and
essels in the experiments were kept in 10% nitric acid for at least
4 h and subsequently washed four times with double distilled
ater.

.3. Dispersive liquid–liquid microextraction procedure

Aliquots of 5.0 mL sample solution containing Pd and
.10 mg mL−1 DDTC was adjusted to pH 1.0 and placed in a 10 mL

crew cap glass test tube with conic bottom. 0.5 mL of ethanol (dis-
erser solvent) containing 40 �L of carbon tetrachloride (extraction
olvent) was injected rapidly into the sample solution by using
.00 mL syringe. A cloudy solution (water, ethanol and carbon tetra-
hloride) was formed in the test tube. In this step, the complex of Pd

3

w
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ith DDTC was extracted into the fine droplets of carbon tetrachlo-
ide. Then, the solution was centrifuged at 3000 rpm for 5 min, and
he dispersed fine droplets of carbon tetrachloride were deposited
t the bottom of conical test tube (about 25 �L). 20 �L of the sed-
ment phase was removed using a 50-�L microsyringe (minimum
cale of 1 �L) and injected into the GFAAS for analysis.

Calibration was performed against aqueous standards submit-
ed to the same DLLME procedure. A blank submitted to the same
rocedure described above was measured parallel to the sample
nd calibration solutions. The enrichment factor was calculated as
he ratio of the analytical signal of Pd obtained after and before
xtraction.

.4. Sample preparation

Portions (10.0 g) of geological standard reference materials
GBW07291 peridotite, provided by the institute of Geophysical
nd Geochemical Prospecting, Langfang, P.R. China) were roasted
n a temperature of 600 ◦C for 1 h. Then the sample was placed in
PTFE vessel, treated with 20 mL of concentrated HCl and 10 mL of
oncentrated HNO3, and digested under pressure at a temperature
f 150 ◦C for 3 h. The sample was evaporated with two portions of
mL concentrated hydrofluoric acid to remove silica. Finally, 5 mL
f concentrated HCl were added and the solution was evaporated
lmost to dryness. The residue was dissolved in 0.1 mol L−1 HCl, and
he solution was made up to 100 mL with distilled water after the
djustment of pH to 1.0.

River water sample was collected from Yangtze River (Wuhan,
.R. China). Lake water sample was collected from East Lake
Wuhan, P.R. China). Tap water sample was freshly collected from
ur laboratory, after allowing the water to flow for 5 min. All water
amples were filtered through a 0.45-�m membrane filter and ana-
yzed as soon as possible after sampling.

. Results and discussion

.1. Effect of extraction solvent and its volume

The type of extraction solvent used in DLLME is an essential
onsideration for efficient extraction. It should be higher density
han water, high extraction capability of the interested compounds
nd low solubility in water. Chloroform (CHCl3), carbon disulfide
CS2) and carbon tetrachloride (CCl4) were studied as extraction
olvent using 0.5 mL of ethanol as the dispersive solvent. Because
he solubility of the extraction solvents in water was different, 65,
5 and 40 �L of CHCl3, CS2 and CCl4 were used to obtain 25 �L of
he sediment phase at the bottom of the test tube. The obtained
nrichment factors were found to be 82, 118 and 156 for CHCl3, CS2
nd CCl4 as extraction solvents, respectively. On the other hand,
HCl3 formed an unstable cloudy solution, and the sediment phase
f CS2 was difficult to be removed by microsyringe. Therefore, CCl4
as chosen as the extraction solvent in the experiment.

In order to examine the effect of the extraction solvent volume,
ifferent volume of CCl4 (40, 50, 60, 70 and 80 �L) were used as
xtraction solvent to the same DLLME procedure. By increasing the
olume of CCl4 from 40 to 80 �L, the enrichment factor decreased
rom 156 to 68, because the volume of the sediment phase increased
rom 25 to 65 �L. Thereby, 40 �L CCl4 was used as extraction solvent
n the subsequent experiments.
.2. Effect of type and volume of the disperser solvent

For DLLME method, the dispersive solvent should be miscible
ith both water and the extraction solvent. Therefore, acetonitrile,
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cetone, ethanol and methanol were tested as the dispersive sol-
ent. The effect of these solvents on the extraction efficiency of
LLME was investigated using 0.5 mL of each solvent containing
0 �L of CCl4 as the extraction solvent. The enrichment factors
ere 148, 152, 156 and 155 for acetonitrile, acetone, ethanol and
ethanol, respectively. The results indicate there was no significant

tatistical difference (t-test) between different dispersive solvents.
thanol was selected for the following experiments due to its less
oxicity.

The effect of the volume of ethanol on the extraction efficiency
as also examined. To obtain the optimized volume of ethanol,

arious experiments were performed using different volumes of
thanol (0.40, 0.50, 0.60, 0.70 and 0.80 mL) containing 35, 40, 43,
5 and 48 �L CCl4, respectively. It was necessary to change the
olume of CCl4 by changing the volume of ethanol to obtain the
onstant volume of the sediment phase (25 �L). The result showed
hat the enrichment factor increased with the increase of the vol-
me of ethanol to 0.50 mL. Reduction in the enrichment factor was
bserved after the volume of ethanol exceeded 0.50 mL. At low vol-
me, ethanol could not disperse CCl4 properly and cloudy solution
as not formed completely. Reversely, at high volume, the solu-
ility of complex in water increased by the increase of the volume
f ethanol. Finally, 0.50 mL ethanol was chosen as the optimum
olume.

.3. Effect of pH

The pH of the sample solution is one of the important factors
ffecting the formation of complexes and the subsequent extrac-
ion. The effect of pH on the DLLME extraction of Pd was studied
n the pH range of 0–6. As can be seen in Fig. 1, the highest sig-
al intensity of Pd was obtained at pH 1.0. Therefore, pH 1.0 was
elected for the further study.

.4. Effect of the DDTC concentration

The influence of the DDTC concentration on the DLLME
xtraction of Pd was evaluated in the concentration range of
.02–0.2 mg mL−1. The results showed that the signal of Pd

as increased with the increase of DDTC concentration up to
.05 mg mL−1, and then remained constant. In this study, a DDTC
oncentration of 0.1 mg mL−1 was chosen to account for other
xtractable species that potentially interference with the assaying
f Pd.

ig. 1. Effect of pH of the sample solution on the DLLME extraction of Pd. DLLME
onditions: Pd, 1.0 ng mL−1; sample volume, 5.0 mL; dispersive solvent (ethanol)
olume, 0.5 mL; extraction solvent (CCl4) volume, 40 �L; DDTC concentration,
.1 mg mL−1.
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ig. 2. Pyrolysis curve (a) and atomization curve (b) for Pd. DLLME conditions: Pd,
.0 ng mL−1; sample volume, 5.0 mL; pH of sample solution, 1.0; dispersive solvent
ethanol) volume, 0.5 mL; extraction solvent (CCl4) volume, 40 �L; DDTC concentra-
ion, 0.1 mg mL−1.

.5. Effect of extraction time

In DLLME, extraction time is defined as interval time between
he injection of the mixture of disperser solvent (ethanol) and
xtraction solvent (CCl4) and the starting of centrifuge. The effect
f extraction time was examined in the range of 5 s to 30 min with
he constant experimental conditions. The obtained results showed
hat the extraction time was no significant influence on the signal of
d. Because of the infinitely large surface area between extraction
olvent and aqueous phase after the formation of cloudy solution,
he complex of Pd with DDTC diffuses into the extraction sol-
ent quickly. Therefore, the DLLME method was time-independent,
hich was the most important advantage of this technique. In this
ethod, the most time-consuming step was the centrifuging of

ample solution in the extraction procedure. The process took about
min.

.6. Pyrolysis and atomization curves

The purpose of the pyrolysis step prior to the atomization is
o remove the matrix as much as possible to reduce the mag-
itude of the background signal. In order to avoid Pd losing
uring the pyrolysis step, the optimal pyrolysis temperature should
e selected. Pyrolysis and atomization curves were established
sing 1.0 ng mL−1 Pd solution submitted to the DLLME procedure.
igure 2 shows the pyrolysis and atomization curves for Pd. From
he curves, the optimal pyrolysis and atomization temperatures
re 700 ◦C and 1800 ◦C for Pd. No modifier was used because
onsiderable analyte stabilization was provided by the medium
tself.

.7. Interferences

The potential interference in the present method was investi-
ated. The interference was due to the competition of other metal
ons for the chelating agent and their subsequent co-extraction with
d. In these experiments, solutions containing 1.0 ng mL−1 of Pd and
he interfering ions were treated according to the recommended
rocedure. The tolerance limits of the coexisting ions, defined as

he largest amount making the recovery of Pd less than 90%. The
esults showed that at least 5000 �g mL−1 of Na+, K+, SO4

2−, NO3
−

nd Cl−, 2000 �g mL−1 of Ca2+ and Mg2+ and 100 �g mL−1 of Al3+,
iO4

2− and PO4
3− had no remarkable interferences with the deter-

ination of Pd. Cu2+, Co2+, Zn2+, Cd2+, Ni2+, Mn2+ and Pb2+ could be
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Table 1
Comparison of the published preconcentration methods for Pd with the proposed method.

Preconcentration method Detection method Enrichment factor Detection limit (�g L−1) Reference

Coprecipitation FAAS 25 1.5 [6]
LLE Spectrophotometry – 7 [7]
SPE ICP-AES 20 0.45 [9]
SPE FAAS 60 1.5 [11]
SPE ICP-AES 100 0.2 [12]
SPE GFAAS 8.7
CPE Spectrophotometry 50
CPE ICP-AES 20
DLLME GFAAS 156

Table 2
Determination of Pd (ng mL−1) in water samples.

Samples Added Founda Recovery (%)

River water 0 3.5 ± 0.5 –
5 8.6 ± 0.8 102

10 13.4 ± 1.1 99

Lake water 0 2.3 ± 0.4 –
5 7.1 ± 0.6 96

10 12.1 ± 1.0 98

Tap water 0 0.9 ± 0.2
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5 5.8 ± 0.5 98
10 10.9 ± 0.8 100

a Mean ± S.D., n = 5.

olerated up to 5 �g mL−1 and Cr3+ and Fe3+ could be tolerated up
o 1.0 �g mL−1.

.8. Evaluation of method performance

For the purpose of quantitative analysis, a calibration curve for
d with concentrations ranging over four orders was obtained by
piking the standards directly into distilling water and extracted
nder the optimal conditions. Linearity was observed over the
ange of 0.1–5 ng mL−1 with a correlation coefficient (R2) of 0.9992.
he limit of detection (LOD), based on a signal-to-noise ratio (S/N)
f 3, was 2.4 ng L−1. The precision of this method was determined
y analyzing standard solution at 1.0 ng mL−1 of Pd for seven times
n continuous, and the relative standard deviation (R.S.D.) was 4.3%.
he enrichment factor was 156 for 5.0 mL sample solution.

Table 1 compares the characteristic data of the proposed method
ith other preconcentration methods for Pd reported in literatures.
s can be seen, the proposed method possesses lower limit of detec-

ion and higher enrichment factor than the reported methods with
nly 5.0 mL sample solution, and is suitable for the determination
f trace amount of Pd in various real samples.

.9. Analysis of real samples

In order to establish the validity of the proposed procedure, the
ethod has been applied to the determination of Pd in geological

tandard reference materials (GBW07291 peridotite). The deter-

ined value (57 ± 6 ng g−1, n = 5) is in good agreement with the

ertified value (60 ± 9 ng g−1).
The proposed method was applied to determine of Pd in river

ater, lake water and tap water samples. In addition, the recovery
xperiments of different amounts of Pd were carried out, and the

[
[
[
[
[

2.0 [14]
0.47 [15]
0.3 [16]
2.4 ng L−1 This work

esults are shown in Table 2. The results indicate that the recoveries
n the range of 96–102% are reasonable well for trace analysis.

. Conclusion

A new method of DLLME combined with GFAAS has been pro-
osed for the determination of Pd in water samples. The advantage
f method is simple, rapid and the minimization of waste gen-
ration. The proposed method possesses lower limit of detection
nd higher enrichment factor than other reported preconcentra-
ion methods for Pd, which makes it suitable for the determination
f trace amount of Pd in various real samples.
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a b s t r a c t

In this report, trypsin was immobilized on silica-coated fiberglass core in microchip to form a core-
changeable bioreactor for highly efficient proteolysis. To prepare the fiber core, a layer of organic–inorganic
hybrid silica coating was prepared on the surface of a piece of glass fiber by a sol–gel method with
tetraethoxysilane (TEOS) and 3-aminopropyltriethoxysilane (APTES) as precursors. Subsequently, trypsin
was immobilized on the coating with the aid of glutaraldehyde. Prior to use, the enzyme-immobilized fiber
was inserted into the channel of a microchip to form an in-channel fiber bioreactor. The novel bioreactor
can be regenerated by changing its fiber core. The scanning electron microscopy images of the cross-
lass fiber
icrochip
iniaturization

ioreactor
roteolysis

section of a trypsin-immobilized fiber indicated that a layer of ∼1 �m thick film formed on the glass
substrate. The feasibility and performance of the unique bioreactor were demonstrated by the tryptic
digestion of bovine serum albumin (BSA) and cytochrome c (Cyt-c) and the digestion time was signifi-
cantly reduced to less than 10 s. The digests were identified by MALDI-TOF MS with sequence coverages of
45% (BSA) and 77% (Cyt-c) that were comparable to those obtained by 12-h conventional in-solution tryp-
tic digestion. The fiber-based microchip bioreactor provides a promising platform for the high-throughput

c
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protein identification.

. Introduction

Since the pioneering work of Manz and Harrison, microfluidic
hips are of considerable recent interest owing to their high degree
f integration, portability, minimal sample/reagent consumption,
igh performance and speed [1,2]. These microchip analysis sys-
ems hold considerable promise for biomedical and pharmaceutical
nalysis, clinical diagnostics, forensic investigations, and environ-
ental monitoring [3–5]. They can dramatically change the scale

nd speed at which chemical analysis is performed. It is particu-
arly suitable for the low volume samples in the field of biomedical
nalysis where the available volumes are usually small. Microfluidic
evices are powerful platforms for handling small-volume samples
nL to �L) in microchannels to perform enzymatic reactions [6],
mmunoassay [7], etc.

One of the important applications of microchip bioreactors is

he protein digestion in the field of proteomics. Proteolysis is the
ey process for protein sequencing in proteome research. It is of
igh importance to develop efficient ways to achieve a high-quality
roteolytic digestion for the MS peptide mapping because the

∗ Corresponding author. Tel.: +86 21 5423 7313; fax: +86 21 6418 7117.
E-mail address: gangchen@fudan.edu.cn (G. Chen).
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039-9140/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2008.10.009
© 2008 Elsevier B.V. All rights reserved.

onventional in-solution digestion of proteins is time consuming
8].

Recent efforts have been made to fabricate microfluidic enzy-
atic reactors by immobilizing proteases on the channel walls

f microchips. The bioreactors were further coupled with mass
pectrometry (MS) to perform the efficient digestion of low-level
roteins and peptide mapping [9–14]. In comparison to the free
nzymes in solution, the enzymes immobilized in microchan-
els were reported to be much more stable and highly resistant
o environmental changes, and provide molecular-level interac-
ions between the immobilized enzymes and the flowing protein
ubstrates. The proteolytic enzyme, usually trypsin, has been
mmobilized on the channel walls in microchips by sol–gel
ncapsulation [9,10], covalent linking [11,12], and multiplayer
ssembly [13,14] approaches to fabricate bioreactors for proteolysis.
mong these immobilization approaches, the sol–gel encapsu-

ation method has attracted much more attention. Because the
rypsin-containing layers were permanently modified on the chan-
el wall, the microchip could not be used when the enzyme activity

ecreased to some extent.

Fibers made from various substances are versatile materials
nd have found wide analytical applications such as solid-phase
icroextraction [15], optic sensors [16], electrochemical sensors

17], capillary electrochromatography [18], liquid chromatogra-
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hy [19], gas chromatography [20], etc. It is a challenging task to
ntegrate fibers on microchips to construct novel platforms for pro-
ein digestion.

In this work, a piece of trypsin-immobilized glass fiber was
nserted into the channel of a microchip to fabricate a core-
hangeable microfluidic bioreactor that could be regenerated by
hanging the core that consisted of a piece of glass fiber and

layer of trypsin-immobilized organic–inorganic hybrid silica
oating. The silica coating was prepared on a piece of glass
ber by a sol–gel method with tetraethoxysilane (TEOS) and
-aminopropyltriethoxysilane (APTES) as precursors, offering a
orous surface to accommodate trypsin. Trypsin was immobi-

ized on the primary amino group-containing coating with the
id of glutaraldehyde. The in-channel fiber bioreactor has been
oupled with matrix-assisted laser desorption/ionization time-of-
ight mass spectrometry (MALDI-TOF MS) for the digestion and
eptide mapping of bovine serum albumin (BSA) and cytochrome
(Cyt-c). The fabrication details, characterization, feasibility, and
erformance of the core-changeable microchip bioreactors are
eported in the following sections.

. Experimental

.1. Reagents

TEOS, APTES, acetonitrile (ACN), ammonium bicarbon-
te (NH4HCO3), methyl methacrylate (MMA), benzoin
thyl ether, 2-2′-azo-bis-isobutyronitrile, absolute ethanol,
ris(hydroxymethyl)aminomethane (Tris), and sodium hydroxide
ere all purchased from Shanghai Chemical Reagent Company

SinoPharm, Shanghai, China). BSA, Cyt-c from horse heart, trypsin
rom bovine pancreas, benzamidine hydrochloride, trifluoroacetic
cid (TFA), sodium azide (NaN3), and �-cyano-4-hydroxycinnamic
cid (CHCA) were supplied by Sigma (St. Louis, MO, USA). Normal
uman serum was kindly donated by the Clinical Laboratory of
hongshan Hospital (Shanghai, China).
.2. Fabrication of poly(methyl methacrylate) microchip

The poly(methyl methacrylate) (PMMA) microchip
15 mm × 75 mm × 3 mm) used in this work had a simple cross
ayout. The original waste reservoir was cut off to leave the channel

o
fi
m

i

Fig. 1. Schematic diagram showing (a) the formation of the organic–
2009) 1767–1773

utlet for inserting fiber core. The chips consisted of a 58-mm
ong main channel (between the injection cross and the channel
utlet) and a 5-mm long injection channel. The channels had a
rapezoidal cross-section with a top width of ∼280 �m, a bottom
idth of ∼100 �m, and a depth of ∼110 �m. The channel plates

f the PMMA microchips were fabricated by the in situ surface
olymerization of MMA prepolymer molding solution between a
ilicon template and a commercially available PMMA plate. The
abrication details of the PMMA microchips have been described
reviously [21]. The silicon template was fabricated by standard
hotolithography and wet chemical etching [22].

.3. Preparation of core-changeable microchip bioreactor

Fig. 1 illustrates the procedure of the immobilization of trypsin
n the surface of glass fiber. Prior to modification, a piece of 12 cm
ong glass fiber (∼90 �m diameter) was rinsed with doubly dis-
illed water and ethanol and dried at room temperature. It was
hen dipped in 1 M NaOH aqueous solution for 15 min at room
emperature and thoroughly rinsed with doubly distilled water. To
repare organic–inorganic hybrid sol, a mixture solution containing
1.2 mL of TEOS, 11.8 mL of APTES, and 21.5 mL of absolute ethanol
as mixed with 3.2 mL of 1 M ammonium hydroxide aqueous solu-

ion. The mixture was vortexed at room temperature for 1 h. After
he glass fiber was immersed in the coating solution for 5 min, it
as taken out and was allowed to air dry for 2 h. And then, it was

uccessively dipped in 2.5% (w/v) glutaraldehyde in 50 mM phos-
hate buffer (pH 8.0) at room temperature and 5 mg/mL trypsin

n 50 mM phosphate buffer (pH 8.0) containing 50 mM benzami-
ine (a protease inhibitor) and 5 mg/mL sodium cyanoborohydride
NaBH3CN) at 4 ◦C for 3 and 12 h, respectively. After the non-
pecifically adsorbed trypsin was removed by rinsing with 50 mM
hosphate buffer (pH 8.0), the trypsin-immobilized fiber core was

mmersed in 1 M Tris–HCl (pH 8.0) for 2 h to deplete the residual
ldehyde groups. The fiber core could be stored in 50 mM Tris–HCl
uffer (pH 7.5) containing 10 mM CaCl2 and 0.02% NaN3 at 4 ◦C
hen it was not in use. Scanning electron microscopy (SEM) images
f the surface and cross-section of the trypsin-immobilized glass
ber were obtained by using a PHILIPS XL 30 scanning electron
icroscope (Netherlands) and were illustrated in Figs. 2 and 3.
Prior to use, the modified part of the glass fiber was inserted

nto the main channel of a PMMA microchip under a magnifier to

inorganic hybrid silica coating and (b) trypsin immobilization.
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Fig. 2. SEM images of (Panel a) the cross-section of a trypsin-immobilized glass
fiber and (Panel b) the edge part of the cross-section. Conditions: accelerating
voltage, 20 kV; magnification, (Panel a) 650× and (Panel b) 5000×. (a) Glass sub-
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could react with the primary amino groups of trypsin and the coat-
ing to form Schiff bases to immobilize trypsin. Because this reaction
was reversible, the C N bonds in Schiff bases were further reduced
to C–N bonds with reducing agent (NaBH3CN) to enhance the sta-
bility of the immobilized trypsin.
trate, (b) trypsin-immobilized organic–inorganic hybrid silica coating, (c) the
oundary between (a) and (b). (Panel c) Typical microscopic photograph of a trypsin-

mmobilized fiber core (d) in the microchannel (e) of a PMMA microchip.

orm an in-channel fiber bioreactor. The length of the fiber core
n the needle was 5.8 cm while the length of the fiber protruded
utside the channel outlet was approximately 3 mm, facilitating its
emoval. The trypsin-immobilized fiber core in the present needle
ioreactor could be easily changed by hands. Fig. 2c illustrates the
ypical microscopic photograph of a trypsin-immobilized fiber core
n the microchannel of a PMMA microchip.

.4. On-chip protein digestion and identification

As shown in Fig. 4a, the on-chip protein digestion system con-
ists of a syringe pump and a core-changeable microchip bioreactor.
t 37 ◦C, protein solutions in 10 mM NH4HCO3 buffer solution (pH
.1) were driven through the in-channel bioreactor (Fig. 4b) by the
yringe pump at a flow rate of 2 �L/min via one hole on the chip,

hile the other two holes were sealed with small plastic stoppers.

ffluents accumulated on the channel outlet were collected by a
ipette and then identified by MALDI-TOF MS. All MS experiments
ere performed on a 4700 Proteomics Analyzer (Applied Biosys-

F
o
a

2009) 1767–1773 1769

ems, Framingham, MA, USA). Prior to MALDI-TOF MS analysis, a
olume of 0.5 �L of each digest was spotted on a MALDI plate. After
he solvent evaporated, 0.5 �L of matrix solution (4 mg/mL CHCA
issolved in 50% aqueous ACN containing 0.1% TFA) was dropped
n the dried samples. The MS instrument was operated at an accel-
rating voltage of 20 kV. A 200-Hz pulsed Nd:YAG laser at 355 nm
as used. Prior to use, the MS instrument was calibrated with the

ryptic digest of myoglobin in an internal calibration mode. GPS
xplorer software from Applied Biosystems with Mascot as a search
ngine and SwissProt as a database were used to identify proteins.
he missed cleavages of peptides were allowed up to 1. For com-
arison, BSA and Cyt-c were also digested by using conventional

n-solution proteolysis in 10 mM NH4HCO3 buffer (pH 8.1) for 12 h
t 37 ◦C (trypsin/substrate ratio, 1:40, w/w).

. Results and discussion

As illustrated in Fig. 1, trypsin was immobilized on the surface of
rganic–inorganic hybrid silica coating that was modified on glass
ber via a sol–gel approach. TEOS and APTES hydrolyzed in aque-
us ethanol at a molar ratio of 1:1 to form sol. After the sol was
oated on a piece of glass fiber, it would further condense to form a
ayer of organic–inorganic hybrid silica coating which contained a
reat deal of primary amino groups. In this work, glutaraldehyde, a
ommonly used cross-linking agent, was employed to immobilize
rypsin on the coating. Benzamidine was added in the immobiliza-
ion solution to minimize the autolysis of trypsin. Glutaraldehyde
ig. 3. SEM images of the surfaces of (a) glass fiber and (b) trypsin-immobilized
rganic–inorganic hybrid silica coating on glass fiber. Conditions: accelerating volt-
ge, 20 kV; magnification, 20,000×.
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Fig. 4. Schematic diagrams showing (a) the processes of protein digestion and

The present core-changeable microchip bioreactor takes the
dvantages of both the changeable enzyme-immobilized fiber and
icrofluidic chips, offering a fast, flexible, and reliable enzymatic
ethodology for highly efficient proteolysis and other biological

pplications with enzymes involved. The most promising advan-
age of the unique microchip bioreactor is that it can be regenerated
y simply changing the enzyme-immobilized fiber core. Fig. 4

llustrates the processes of protein digestion and MALDI-TOF MS
eptide mapping and the amplified in-channel fiber bioreactor. As
hown in Fig. 4b, the micron-scale openings between the enzyme-
mmobilized fiber core and the microchannel offer the possibility
o perform microfluidic protein digestion. After carefully exam-

w
c
F
i
c

ig. 5. MALDI-TOF mass spectra of the digests of (a) BSA and (b) Cyt-c obtained by using a
10 s; all peptides matched were marked with “*”). The concentrations of proteins were 2
I-TOF MS peptide mapping and (b) the amplified in-channel fiber bioreactor.

ning the final microchip bioreactor by an optical microscope, it
as observed that the body of the enzyme-immobilized fiber core

n the microchannel was complete and intact (Fig. 2c). The fiber
ore was well accommodated in the middle of the microchan-
el.

The trypsin-immobilized fiber core is the crucial part of the
resent core-changeable microfluidic bioreactor. In this work, it

as made of a piece of glass fiber because it was rigid and

ould be easily inserted into or removed from the microchannel.
ig. 2a shows the SEM images of the cross-section of a trypsin-
mmobilized glass fiber. It can be seen clearly that a layer of
oating has formed on the surface of the glass fiber. The thick-

core-changeable microchip bioreactor at a flow rate of 2.0 �L/min (digestion time,
00 ng/�L in 10 mmol/L NH4HCO3 aqueous solution (pH 8.1).
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Table 2
Identified peptides of Cyt-c obtained by using a core-changeable microchip biore-
actor and 12-h conventional in-solution digestion coupled with MALDI-TOF MS.

Position Peptide sequence Microreactor In-solution

8–13 KIFVQK •a

9–22 IFVQKCAQCHTVEK • •
26–38 HKTGPNLHGLFGR •
28–38 TGPNLHGLFGR • •
28–39 TGPNLHGLFGRK • •
39–53 KTGQAPGFTYTDANK •
40–53 TGQAPGFTYTDANK •
40–55 TGQAPGFTYTDANKNK • •
56–72 GITWKEETLMEYLENPK • •
80–86 MIFAGIK •
8
8

2
v
A
i
a
a
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ess of the modification layer was estimated to be in the range of
.8–1.0 �m (Fig. 2b). Fig. 3 illustrates the SEM images of the surfaces
f pristine glass fiber and trypsin-immobilized organic–inorganic
ybrid silica coating on glass fiber. Fig. 3b indicates that a

ayer of rough sol–gel coating has formed and continuously dis-
ributed on the surface glass fiber. The porous trypsin-immobilized
ol–gel coating offered an interface with high specific sur-
ace area for the interaction between immobilized trypsin and
roteins.

The feasibility and performance of the unique core-changeable
icrofluidic bioreactor were demonstrated by the tryptic diges-

ion of BSA and Cyt-c in connection with MALDI-TOF MS peptide
apping. At a flow rate of 2.0 �L/min, the time of the interac-

ion between the protein samples and the immobilized trypsin
n the fiber core was estimated to be less than 10 s. Fig. 5 dis-
lays the peptide mass fingerprinting (PMF) spectra of the tryptic
igests of 200 ng/�L BSA and 200 ng/�L Cyt-c obtained by using the

n-channel fiber bioreactor. Both samples were well digested and
ositively identified. The identified peptide residues obtained by
sing the microchip bioreactor were presented in Tables 1 and 2. It
as found that 31 and 12 tryptic peptides from BSA and Cyt-c were

dentified with the corresponding amino acid sequence coverage
f 45% and 77% for BSA and Cyt-c, respectively. The results indicate
hat 277 out of the 607 possible amino acids of BSA and 81 out of

he 104 possible amino acids of Cyt-c have been identified (Table 3).
s illustrated in Fig. 5, the intensities of peptides 4, 18, 19, 21, 22,
nd 24 in the digest of BSA and peptides 4, 5, 7, and 10 in the digest
f Cyt-c were much stronger.

able 1
dentified peptides of BSA obtained by using a core-changeable microchip bioreactor
nd 12-h conventional in-solution digestion coupled with MALDI-TOF MS.

osition Peptide sequence Microreactor In-solution

5–34 DTHKSEIAHR •a •
9–34 SEIAHR •
5–44 FKDLGEEQFK •
5–65 GLVLIAFSQYLQQCPFDEHVK •
6–75 LVNELTEFAK • •
6–88 TCVADESHAGCEK • •
23–130 NECFLSHK • •
61–167 YLYEIAR • •
61–168 YLYEIARR •
68–183 RHPYFYAPELLYYANK • •
69–183 HPYFYAPELLYYANK •
98–204 GACLLPK •
21–228 LRCASIQK • •
64–280 VHKECCHGDLLECADDR • •
67–280 ECCHGDLLECADDR •
86–297 YICDNQDTISSK • •
98–309 LKECCDKPLLEK •
10–318 SHCIAEVEK •
47–359 DAFLGSFLYEYSR • •
60–371 RHPEYAVSVLLR • •
61–371 HPEYAVSVLLR • •
00–412 LKHLVDEPQNLIK •
02–412 HLVDEPQNLIK • •
13–420 QNCDQFEK •
13–433 QNCDQFEKLGEYGFQNALIVR •
21–433 LGEYGFQNALIVR • •
37–451 KVPQVSTPTLVEVSR • •
38–451 VPQVSTPTLVEVSR •
69–482 MPCTEDYLSLILNR • •
69–489 MPCTEDYLSLILNRLCVLHEK • •
83–489 LCVLHEK •
08–523 RPCFSALTPDETYVPK •
24–544 AFDEKLFTFHADICTLPDTEK •
69–580 TVMENFVAFVDK •
81–597 CCAADDKEACFAVEGPK •
88–597 EACFAVEGPK •
a The matched peptides are labeled with “•”.
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0–87 MIFAGIKK • •
9–99 TEREDLIAYLK • •
a The matched peptides are labeled with “•”.

For comparison, the MALDI-TOF mass spectra of the digests of
00 ng/�L BSA and 200 ng/�L Cyt-c obtained by using 12-h con-
entional in-solution digestion were also measured (not shown).
ll matched peptides were presented in Tables 1 and 2. The results

ndicated that 22 and 7 peptides were found matched with the
mino acid sequence coverages of 37% (identified amino acids, 230)
nd 75% (identified amino acids, 78) for BSA and Cyt-c, respec-
ively. Table 3 summarizes the MALDI-TOF MS results of the digests
btained by using different digestion approaches. The identification
esults obtained by the core-changeable microchip bioreactor were
omparable to those based on conventional in-solution digestion.
ore importantly, the digestion time was significantly reduced

rom 12 h for in-solution digestion to less than 10 s for the present
n-chip digestion. The significantly enhanced digestion efficiency
f the in-channel fiber bioreactor could be attributed to the high
oncentration of trypsin immobilized in the organic–inorganic
ybrid silica coating on glass fiber and the higher surface area of
he fiber bioreactor in the channel, which increased the frequency
f the interaction between trypsin and proteins [10].

The operational stability and reproducibility of the fiber-packed
hannel bioreactor is of crucial importance for its application in
he high-throughput protein analysis. A solution of 200 ng/�L Cyt-
was digested to test the stability of the microfuidic bioreactor.
he microchip was used at ∼37 ◦C for 2 h consecutively, and the
ryptic digests were analyzed with MALDI-TOF MS every 15 min.
he sequence coverages of the eight consecutive runs were 77, 77,
5, 72, 70, 70, 65, and 57, indicating that the stability and opera-
ional bioactivity of the immobilized trypsin were satisfactory. For
he first six runs, the sequence coverages were around 74% with
he relative standard deviation (R.S.D.) of 4.4%. In the case of the
eventh run, the sequence coverage decreased to 65%, which indi-
ated the beginning of the significant loss of the enzyme activity.
he enhanced stability of trypsin can be attributed to the minimiza-
ion of autolysis in the organic–inorganic hybrid silica network on
he surface of glass fiber, offering a promising platform for highly
fficient proteolysis. In comparison, trypsin dissolved in 50 mM
ris–HCl (pH 8.0) almost lost its activity completely within 1 day
t 25 ◦C [23].

The suitability of the core-changeable microchip bioreactor to
omplex proteins was demonstrated by digesting human serum.
ormal human serum contains 60–75 g/L of proteins. The weight
ercentages of human serum albumin (HSA), �-1-globulin, �-2-
lobulin, �-globulin, and �-globulin in the total serum protein

re in the ranges of 53.3–70.5%, 4.4–9.3%, 6.4–10.3%, 6.7–10.6%,
1–16.8%, respectively [24]. In this work, a sample of normal human
erum was diluted in 10 mM NH4HCO3 solution (pH 8.1) contain-
ng 5 ng/�L trypsin at a ratio of 1:500 after it was denatured in a
5 ◦C water bath for 15 min. Subsequently, 100 �L of the mixture
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Table 3
Summary of MALDI-TOF MS results of the digests of BSA and Cyt-c obtained by using a core-changeable microchip bioreactor and conventional in-solution digestion coupled
with MALDI-TOF MS.

Digestion methods Protein Accession no.a Digestion time Sequence coverage (%) Peptides matched Amino acids identified

Microreactor BSA P02769 10 s 45 31 277
In-solution BSA P02769 12 h 37 22 230
M 77 12 81
I 75 7 78

vine and cytochrome c horse, respectively.
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Table 4
Identified peptides of HAS in human serum obtained by using a core-changeable
microchip bioreactor coupled with MALDI-TOF MS.

Position Peptide sequence

8–17 FKDLGEENFK
39–48 LVNEVTEFAK
134–141 KYLYEIAR
135–141 YLYEIAR
135–142 YLYEIARR
143–157 HPYFYAPELLFFAKR
179–187 LDELRDEGK
197–206 CASLQKFGER
207–215 AFKAWAVAR
216–222 LSQRFPK
315–333 NYAEAKDVFLGMFLYEYAR
321–333 DVFLGMFLYEYAR
321–334 DVFLGMFLYEYARR
334–345 RHPDYSVVLLLR
335–345 HPDYSVVLLLR
370–386 VFDEFKPLVEEPQNLIK
387–399 QNCELFEQLGEYK
400–407 FQNALLVR
411–425 KVPQVSTPTLVEVSR
412–425 VPQVSTPTLVEVSR
470–481 VTKCCTESLVNR

F
b

icroreactor Cyt-c P00004 10 s
n-solution Cyt-c P00004 12 h

a P02769 and P00004 are the accession numbers of serum albumin precursor bo

as allowed to flow through the channel containing a trypsin-
mmobilized fiber core at a flow rate of 2.0 �L/min at ∼37 ◦C. The

ALDI-TOF mass spectrum of the digest was shown in Fig. 6. The
esults indicated that 26 peptides were found to match to HAS
Table 4).

Since the present microreactor was prepared by simply insert-
ng a piece of trypsin-immobilized glass fiber in the microchannel,
he major advantage of the core-changeable microfluidic bioreactor
ver the conventional enzymatic microreactors with the enzyme
ermanently immobilized on the channel walls was that the enzy-
atic activity could be easily regenerated by changing the fiber

ore. According to the stability test conducted above, the prepared
icroreactor should be regenerated after six times of usage for the

igestion of proteins. The regeneration process was quite simple.
fter the old fiber core was removed, the empty channel was then
ushed with 0.1 M HCl aqueous solution and doubly distilled water

or 5 min each. Subsequently, a piece of new trypsin-immobilized
ber core was inserted into the channel. In order to investigate the
core-to-core” reproducibility, seven pieces of trypsin-immobilized
bers have been evaluated based on the digestion of 200 ng/�L Cyt-
in the same microchip. The digested products were then analyzed
ith MALDI-TOF MS. The obtained seven PMF spectra (not shown)
ere identical with the same sequence coverage of 77% except that

he peak heights changed to some extent, indicating the satisfactory
eproducibility of the present IR-assisted proteolysis approach.

Besides the high digestion efficiency, an additional advantage

f the present approach is its simplicity, which is promising for
he automated high-throughput protein analysis using a microchip
latform containing multiple parallel in-channel fiber bioreactors.
lthough only trypsin microreactor has been demonstrated in this
ork, the unique fiber-based microchip will find more applica-

482–497 RPCFSALEVDETYVPK
498–518 EFNAETFTFHADICTLSEKER
522–531 KQTALVELVK
539–554 EQLKAVMDDFAAFVEK
543–557 AVMDDFAAFVEKCCK

ig. 6. MALDI-TOF mass spectrum of the tryptic digest of 1:500 diluted human serum in 10 mM NH4HCO3 solution (pH 8.1) obtained by using a core-changeable microchip
ioreactor at a flow rate of 2.0 �L/min (digestion time, <10 s; all peptides matched were marked with “*”).
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ion in the fabrication of other bioanalytical microdevices. Recently,
novel immobilized trypsin reactor based on organic–inorganic

ybrid silica monoliths has been developed by Zhang’s group [25].
n the presence of cetyltrimethyl ammonium bromide (CTAB),
ybrid silica monolithic support was prepared in a piece of fused
ilica capillary by sol–gel approach with TEOS and APTES as precur-
ors. Because trypsin was covalently immobilized in the monolith
y using glutaraldehyde, the amount of immobilized trypsin was
igher than that on the surface of fiber core in the present core-
hangeable microreactor. The monolithic biorector could not be
sed when the enzyme activity decreased to some extent. How-
ver, our fiber-based microchip bioreactor has no such limitation
ecause it can be regenerated by changing its trypsin-immobilized
ber core.

. Conclusions

It can be concluded that the core-changeable microchip biore-
ctor coupled with MALDI-TOF MS is a promising strategy for
he efficient protein digestion and peptide mapping. Porous
rganic–inorganic hydride silica was coated on the surface of glass
ber for immobilizing trypsin to fabricate the fiber core of a
icrochip bioreactor. The main advantage of the in-channel fiber

ioreactor was that it could be regenerated by changing the fiber
ore because trypsin was immobilized on the changeable fiber
ather than permanently on the channel wall. SEM and microscopic
mages showed that the quality of the present microchip bioreac-
or was satisfactory. The unique features of this approach are the
ery short digestion time (<10 s) and its minimal sample/reagent
onsumption. The higher sequence coverage and numbers of the
atched peptides indicate the excellent performance of the novel

nzymatic microreactor. The present in-channel fiber can also be

mployed as supports for various functional materials such as sta-
ionary phases, extraction materials, and other enzymes and will
nd more applications in microchip capillary electrochromatogra-
hy, microextraction on chip, microchip capillary electrophoresis,
icrofluidic enzymatic reactors for other purposes, etc.
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a b s t r a c t

Three fluoroquinolone antibiotics (ciprofloxacin, norfloxacin and danofloxacin) have been determined in
human serum in the presence of the potential interferent salicylate, by processing lanthanide-sensitized
excitation-time decay matrix data for their terbium (III) complexes. The algorithm employed, multivariate
curve resolution-alternating least-squares, is one of the few methodologies which permit the achievement
of the second-order advantage in the presence of a high degree of overlapping between the time decay
profiles for the analyte and the interferent complexes. Furthermore, the presence of analyte–background
eywords:
anthanide-sensitized luminescence
xcitation-time decay data
ultivariate curve resolution

tandard addition
luoroquinolone analysis

interactions makes it necessary to employ the standard addition method for successful quantitation.
Both simulations and experiments showed that the modified standard addition method was suitable for
this purpose, in which the test data matrix was subtracted from the standard addition matrices, and
quantitation proceeded using classical external calibration procedure. The analyte concentration ranges
were all within the therapeutic range, i.e., 0–6 mg L−1 in serum, with final concentrations in the measuring

L−1.
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cell in the order of 0.2 mg

. Introduction

Fluoroquinolone antibacterial agents are among the most
mportant class of synthetic antibiotics in human and veterinary

edicine, because of their broad activity spectrum and good oral
bsorption [1]. Several methods have been reported for the quan-
itative determination of fluoroquinolone antibiotics in human
erum: high-performance liquid [2–12] and thin-layer [13] chro-
atographies, capillary electrophoresis [14,15], rotating electrode

mperometry [16], spectrophotometry [17,18], and flow-injection
nalysis with chemiluminescence detection [19].

Quinolones often exhibit native fluorescence, which can be
pplied to their determination. The fluorescence signal can be
nhanced in the solid phase [20], and also in micellar media,

mproving the sensitivity and detection limit [21], and allow-
ng the simultaneous determination of several quinolones by
hemometrics-improved spectrofluorimetry [22,23]. Quinolones
ontaining �-carbonyl carboxylic acid groups form stable com-
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lexes with terbium ions. The ligand-lanthanide complexes absorb
nergy at a wavelength which depends on the organic ligand, and
mit radiation at the characteristic wavelength of terbium (III)
546 nm) [21,24,25]. The luminescence of these systems arises from
n intramolecular energy transfer process from the excited triplet
tate of the analyte to the emitting level of the lanthanide ion,
ith the intensity depending on the substituent attached to the
itrogen atom of the pyridone ring [21,26]. Moreover, the lumi-
escence signal may be increased using a micellar medium and/or
second ligand leading to the formation of ternary complexes.

his synergist ligand removes water molecules from the coordi-
ation sphere of the lanthanide ion, and the micellar environment
rotects the analyte–lanthanide chelate against non-radiative pro-
esses [25]. Furthermore, the use of a deoxygenating agent such as
odium sulphite avoids the non-radiative deactivation of the triplet
tate caused by dissolved oxygen [21]. Lanthanide-sensitized lumi-
escence in the univariate calibration mode [1,21,24-31] has been
pplied to the determination of a number of fluoroquinolones in

erum.

In several methods described to quantify fluoroquinolones sal-
cylic acid has been found to be a serious interferent [25,26,28].
alicylic acid forms luminescent terbium chelates in the presence
f EDTA [32,33], providing the basis for the interferent effect of this
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rug. If a test sample contains salicylic acid, or other potentially
nterfering constituents, univariate calibration cannot be applied,
ut multivariate data (particularly second-order data) can be useful

n this regard.
It is known that analyte quantitation in the presence of

esponsive potential interferents can be performed by measur-
ng second-order signals and processing them with appropriate
econd-order multivariate algorithms, achieving the second-order
dvantage [34–37]. Recently, lanthanide-sensitized excitation-time
ecay (LSETD) luminescence matrix data have been shown to be
seful in obtaining the second-order advantage, allowing the deter-
ination of benzoate in beverages in the presence of the interferent

accharin [38].
In the present report, we discuss the analysis of three fluoro-

uinolones (ciprofloxacin, norfloxacin and danofloxacin) in human
erum samples, in the presence of salicylate as a potential interfer-
nt, by measuring and processing LSETD matrix data. The system
nder investigation presents several analytical challenges: (1) the
ackground serum significantly modifies the signal intensity aris-

ng from the analyte–lanthanide complex in comparison with
hat recorded in aqueous solutions, and (2) the second-order
ignals from the analyte–lanthanide and interferent–lanthanide
omplexes display very similar luminescence time decay profiles.

The effect of a background on the analyte response leading to
change in the slope of the univariate signal–concentration rela-

ionship can be corrected by standard addition calibration [39].
owever, responsive non-analytes in a test sample constitute an

nterference in univariate analysis, requiring the achievement of the
econd-order advantage for successful quantitation. In the presence
f both responsive interferents and background-driven changes on
he analyte intensity, second-order calibration using the standard
ddition mode is needed for analyte quantitation [40–43]. This is
he reason why LSETD matrix data have been employed for the
resent study.

On the other hand, if analyte and interferent profiles are highly
verlapped in one of the data dimensions, only few algorithmic
pproaches are able to decompose the overall signal into con-
ributions from the analyte and the remaining constituents [44].

ultivariate curve resolution-alternating least-squares (MCR-ALS)
45] has been recently shown to be able to accomplish this task,
t least when external calibration is applied [44]. In this report,
e show that standard addition coupled to MCR-ALS is useful to
etermine fluoroquinolones in human serum in the presence of
alicylate as interferent, by processing second-order LSETD data for
heir terbium (III) complexes. However, rather than implementing
he classical mode of standard addition, we found that better results
re obtained with a modified approach, in which matrix data from
he test sample are subtracted from the standard addition matrices,
nd quantitation is subsequently done using the external calibra-
ion methodology. Simulations show that this modified mode is

ore reliable, because it leads to a lower degree of overlapping in
he time decay dimension. Although MCR-ALS has been previously
mplemented using standard addition [46], to the best of our knowl-
dge, this is the first time that standard addition second-order data
re analyzed in the presently described manner.

. Experimental

.1. Equipment
An SLM Aminco Bowman Series 2 luminescence spectrometer
as used, equipped with a 7 W Xenon pulsed lamp, and con-
ected to a PC microcomputer with the AB2 software which runs
nder OS2. Instrumental parameters were: slit widths, 8 nm (exci-

t
n
p
m
t
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ation) and 16 nm (emission), delay, 225 �s; gate, 800 �s; minimum
ash period, 5 ms; photomultiplier tube (PMT) sensitivity, 550 mV;
asked detector. The temperature of the cell compartment was

ept constant at 25 ◦C by circulating distilled water from a ther-
ostated tank (Cole-Parmer).
Individual excitation spectra were recorded at the emission

avelength of 545 nm. For the time decay measurements, excita-
ion and emission wavelengths were 271 and 545 nm, respectively,
hile the time gate varied from 225 to 800 �s in periods of 25 �s.

he LSETD data matrices were collected with the emission wave-
ength fixed at 545 nm, using excitation wavelengths from 240 to
50 nm each 5 nm (23 data points), and decay times from 225 to
00 �s each 25 �s (24 data points). In this way, the excitation-
ime matrices were of size 23 × 24. These LSETD matrices were
hen saved in ASCII format, and transferred to a PC Sempron AMD

icrocomputer for subsequent manipulation by the second-order
ultivariate curve resolution program MCR-ALS.

.2. Reagents

All reagents were of analytical grade. The following solu-
ions were prepared: (1) stock solutions of ciprofloxacin
100.0 mg L−1, Fluka, Sigma–Aldrich, Steinheim, Germany), nor-
oxacin (50.0 mg L−1, Sigma–Aldrich, Steinheim, Germany) and
anofloxacin (50.0 mg L−1, Riedel-de Haën, Sigma–Aldrich, Stein-
eim, Germany) in acetic acid 50 mmol L−1 (Merck, Buenos Aires,
rgentina), (2) sodium salicylate (1000 mg L−1, Merck, Darmstadt,
ermany) in distilled water, (3) terbium (III) (2.00 × 10−2 mol L−1)

rom terbium chloride hexahydrate (Fluka, Buchs, Switzer-
and) in distilled water, (4) sodium dodecyl sulphate (SDS,
.20 × 10−1 mol L−1, Merck, Darmstadt, Germany) in distilled water,
5) sodium sulphite (7.50 × 10−2 mol L−1, Merck, Darmstadt, Ger-

any) in distilled water, and (6) a sodium acetate/acetic acid buffer
1.00 mol L−1, pH 6.50) in distilled water. Eight different serum sam-
les were taken from healthy volunteers.

.3. Procedure

For the determination of each fluoroquinolone in serum in the
resence of salicylate, appropriate aliquots of the corresponding
tock solutions were added to different sera, with the analyte and
nterferent concentrations randomly selected from the therapeutic
anges. They were deproteinized (1:2 acetonitrile), and the super-
atant (0.24 mL for ciprofloxacin and 0.20 mL for the remaining two
nalytes) was placed in a 2.00 mL volumetric flask. The required
mounts of the stock solutions of terbium (III), SDS, sodium sul-
hite and acetic/acetate buffer were then added to this flask,
nd completion to the mark was achieved with distilled water.
he final concentrations of terbium (III), SDS, sulphite and buffer
ere 1.00 × 10−3 mol L−1, 4.80 × 10−3 mol L−1, 7.50 × 10−3 mol L−1

nd 0.10 mol L−1, respectively. The solution was placed in the
uvette and LSETD matrix was measured. Three successive addi-
ions of analyte stock solution (2.0 �L for ciprofloxacin and 2.8 �L
or the other two analytes) were then carried out, in such a
ay that the analyte concentrations were respectively increased

y (1) 0.10, 0.20 and 0.30 mg L−1 for ciprofloxacin, and (2) 0.07,
.14 and 0.21 mg L−1 for norfloxacin and danofloxacin (concentra-
ion changes by dilution were considered negligible). After each
ddition, the samples were homogeneized. The final concentra-
ion ranges for the analyzed drugs were as follows (values refer

o the measuring cell): ciprofloxacin, from 0.00 to 0.24 mg L−1,
orfloxacin and danofloxacin, from 0.00 to 0.20 mg L−1, and the
otential interferent salicylate, from 4.00 to 12.00 mg L−1. We esti-
ate the uncertainties in all these analyte concentrations to be of

he order of ±0.01 mg L−1. The degree of serum dilution (1:25) was
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Fig. 1. Schematic illustration of the MCR-ALS decomposition of the augmented
matrix D [see Eq. (1)]. The gray rectangles placed on top of each other represent
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he data matrices for each experimental sample contained in D. Matrix G is shown
s comprising the time decay profiles for two sample components, while matrix S
ontains two rows, each describing the excitation spectrum of the sample compo-
ents.

uch that the maximum serum concentrations of the studied drugs
ere 6 mg L−1 for the three fluoroquinolones, and ca. 300 mg L−1 for

alicylate. All these concentration ranges are within the therapeutic
alues of the studied drugs in human serum [47].

. Theory

.1. MCR-ALS

In this second-order multivariate method, an augmented data
atrix is created from the test data matrices and (1) calibration data
atrices in the external calibration mode, or (2) standard addition
atrices in the standard addition mode. If the matrices are of size

× K, where J is the number of time decay points and K the num-
er of wavelengths, the rows represent the spectral mode and the
olumns the temporal mode. Augmentation can be performed in
he column direction or in the row direction, depending on the type
f experiment being analyzed and also on the presence of severe
verlapping in one of the data modes [44,45]. In the presently stud-
ed case, the luminescence half-lives for the terbium (III) complexes
f the analyte and the potential interference are very similar, and
ence it is useful to implement the temporal- (i.e., column-) aug-
entation mode, where the matrices are placed on top of each other

Fig. 1). The bilinear decomposition of the augmented matrix is then
erformed according to the expression:

= G ST + E (1)

here the rows of D contain the excitation spectra measured for
ifferent samples at several decay times, the columns of G contain
he time decay profiles of the intervening species, the columns of S
heir related spectra, and E is a matrix of residuals not fitted by the

odel. Fig. 1 shows the decomposition of matrix D in an illustrative
cheme. Appropriate dimensions of D, G, S and E are (IJ) × K, (IJ) × N,
× N and (IJ) × K, respectively (I is the total number of samples in
atrix D, and N the number of responsive components). Decom-

osition of D is achieved by iterative least-squares minimization of
he Frobenius norm of E. The minimization is started by supplying

stimated spectra for the various components, which are employed
o estimate Ĝ (with the ‘hat’ implying an estimated matrix) from
q. (1):

ˆ = D (ST )
+

(2)

y

w
s
m
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here the superscript ‘+’ indicates the generalized inverse. With
atrix Ĝ from Eq. (2) and the original data matrix D, the spectral
atrix S is re-estimated by least-squares:

ˆ = DT (Ĝ
+

)
T

(3)

nd finally E is calculated from Eq. (1) using D and the estimated
ˆ and Ŝ matrices. These steps are repeated until convergence,
nder suitable constraining conditions during the ALS process, for
xample, non-negativity in spectral and time profiles. It is impor-
ant to point out that MCR-ALS requires initialization with system
arameters as close as possible to the final results. One may sup-
ly, for example, the species spectra, as obtained from either pure
nalyte standards or from the analysis of the so-called ‘purest’ spec-
ra, based on the SIMPLISMA (simple interactive self-modelling

ixture analysis) methodology, a multivariate curve resolution
lgorithm which extracts pure component spectra from a series
f spectra of mixtures of varying composition [48]. In the present
ork we have employed the latter alternative in all cases.

After MCR-ALS decomposition of D, concentration information
ontained in G can be used for quantitative predictions, by first
efining the analyte concentration score as the area under the pro-
le for the ith sample:

(i, n) =
iJ∑

j=1+(i−1)J

G(j, n) (4)

here a(i,n) is the score for the component n in the sample i. In
he regular standard addition mode (herein named mode 1), the
cores are employed to build a pseudo-univariate standard addition
alibration graph against the added analyte concentrations, pre-
icting the concentration in the test samples in the usual univariate
anner [49]:

a(1, n)|a(2, n)| . . . |a(I, n)] = m1[0|yT ] + n1 (5)

u = n1

m1
(6)

here n indicates the analyte, yu is the predicted concentration,
nd y the vector [size (I − 1) × 1] of nominal concentrations added
o the sample.

In the modified standard addition mode 2, the test data matrix
s digitally subtracted from each of the standard addition matrices,
reating a new data set comprised of the unknown matrix and data
atrices representing the contribution of the pure analyte, embed-

ed in the background of the test sample. A new augmented data
atrix is created with these matrices, and subjected to MCR-ALS

ecomposition. It should be noted that in this alternative calibra-
ion mode, an additional restriction can be imposed during the ALS

inimization, namely the so-called correspondence among com-
onents and samples, which involves information as to whether
given component is present or absent in certain samples. In this

ase, the interferent is only present in the test sample, and this infor-
ation is valuable during the decomposition of the augmented data
atrix.
After decomposition, the analyte scores are defined as in Eq. (4)

bove, as the corresponding areas under the profile for each sample.
uantitation is then possible using the standard calibration mode,

.e.:

a(2, n)|a(3, n)| . . . |a(I, n)] = m2 yT + n2 (7)

a(1, n) − n

u =

m2
(8)

here it is assumed that sample No. 1 is the test sample and
amples 2, . . ., I are the standard additions. The reasons for imple-
enting this modified standard addition mode will be clear below.
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Table 1
Cross-validation PCA analysis of a typical simulated test sample data matrix and of
the augmented matrices in both standard addition modes.

na RSSEb PRESSc PRESS(n)/RSSE(n − 1)

Test data matrix
1 2.40 × 10−5 2.92 × 10−5 –
2 2.21 × 10−5 3.14 × 10−5 1.05
3 1.94 × 10−5 3.36 × 10−5 1.18
4 1.76 × 10−5 3.36 × 10−5 1.33

Augmented data matrix: mode 1
1 2.56 × 10−4 3.61 × 10−4 –
2 2.50 × 10−5 3.36 × 10−5 0.11
3 2.30 × 10−5 3.72 × 10−5 1.20
4 2.21 × 10−5 3.97 × 10−5 1.34

Augmented data matrix: mode 2
1 5.76 × 10−4 7.29 × 10−4 –
2 2.50 × 10−5 3.48 × 10−5 0.05
3 2.30 × 10−5 3.72 × 10−5 1.20
4 2.21 × 10−5 4.10 × 10−5 1.37

a n = number of PCs. The number of significant PCs is given in bold.
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ig. 2. (A) Excitation spectra for both components of the simulated system. (B) The
orresponding time-decay profiles (solid line, analyte, dashed line, interferent). In
ll cases, the intensities have been normalized to unit length.

.2. Simulations

In order to illustrate the behavior of MCR-ALS in both calibra-
ion modes discussed in the previous section, simulations were
arried out for a model system. A single calibrated analyte and a
ingle interferent were included in all test samples. Thus, proper
esolution of this system requires adherence to the second-order
dvantage. For each test sample, three additional ones were cre-
ted by simulating the addition of the analyte. The excitation-time
ecay matrix data were generated starting from noiseless spectral
nd time profiles which are shown in Fig. 2A and B, respectively.
s can be seen, both components have identical time decay pro-
les, but differ in their excitation spectra. From the profiles shown

n Fig. 2, a set of second-order signals was built for 100 test sam-
les, with the analyte and the interferent both at concentrations
hosen at random from the range 0–1 (in arbitrary units). For
ach of these matrices, three standard additions were simulated,
dding the analyte in concentrations which were 0.5, 1 and 1.5
nits in excess with respect to the original concentration. Finally,
oise was added to all matrices, taken from a gaussian distribu-
ion having a standard deviation equal to 5% of the maximum
ignal.
The second-order data for each of the 100 test samples were then
oined to those for the standard additions, and each four-sample
ata set was submitted to second-order calibration with MCR-ALS

n both standard addition modes described below.

t
f
m

RSSE = residual sum of squared errors after matrix reconstruction with the indi-
ated number of PCs.

c PRESS = predicted error sum of squares corresponding to leave-one-out cross-
alidation with the indicated number of PCs.

.3. Software

Simulations were carried out using in-house MATLAB 7.0 rou-
ines [50]. The codes available on the internet for MCR-ALS [51,52]
nd PARAFAC [53] were employed for multivariate analysis. The lat-
er method was applied through a MATLAB graphical user interface
hich is also available on the Web [54].

. Results and discussion

.1. Simulated data

.1.1. Rank analysis
Before proceeding with the discussion of the MCR-ALS results

or the simulated system, it is interesting to note that the perfor-
ance of the resolution strongly depends on the knowledge of the

lobal and local properties of the data set, particularly on those
elated to the mathematical and chemical rank [55,56]. The math-
matical rank can be defined as the number of significant principal
omponents (PCs) as obtained from principal component analy-
is (PCA), whereas the chemical rank is the known number of
esponsive chemical species [55,56]. A data matrix is considered
ull rank if the mathematical and chemical ranks coincide [55,56].
sually, the number of PCs which explains the spectral variance in
matrix is assessed by comparing the residual sum of square errors

RSSE) of the matrix reconstruction with increasing number of PCs,
ith the predicted error sum of squares (PRESS) of leave-one-out

ross-validation, as described, for example, in Ref. [57]. The correct
umber of PCs is the one leading to a ratio PRESS(n)/RSSE(n − 1)
hich is not larger than 1, where n is a given number of PCs. Table 1

hows the results obtained for a single simulated test data matrix.
s can be seen, the test data matrix is classified as rank-deficient,
ecause the number of significant PCs is one, whereas the number
f known contributing species is two. Although some selectivity
xists in the spectral domain, the identical time profiles lead to
he existence of a single significant principal component for this
To overcome the rank deficiency problem, matrix augmenta-
ion can be applied, which breaks the rank-deficiency and thus
acilitates resolution [55,56]. Application of SVD to the augmented

atrices obtained in both standard addition modes correctly esti-
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Fig. 3. Profiles retrieved by MCR-ALS when processing a typical test sample of the
simulated system, together with the standard addition matrices. (A) Spectral pro-
files, common to all samples in the regular standard addition mode 1 (those for the
modified standard addition mode 2 are identical). (B) Time-decay profiles for suc-
cessive matrix samples in the regular standard addition mode 1. The dotted lines
separate the different samples: from left to right, test sample and the three stan-
dard additions. (C) Time-decay profiles for successive matrix samples in the modified
standard addition mode 2. The dotted lines separate the different samples: from left
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ates the rank, i.e., two (Table 1). Thus the augmented data
atrices are full rank, because the number of significant PCs and

he number of chemical species coincide.
In a recent paper, it has been shown that an excellent alternative

or the analysis of the present problem is the MCR-ALS algorithm
44]. The latter one is able to break the collinearity in one of the data
imensions by resorting to matrix augmentation, making possible
he quantitation of a given analyte in the presence of interferents
ith profiles which strongly overlap those for the analyte. Although

he former results have been obtained for kinetic systems, they can
e easily adapted to the present case, where the time dimension is
eplaced by the time decay of the lanthanide-sensitized lumines-
ence signal.

.1.2. Prediction results
Analysis of the simulated test samples was first performed

sing the classical standard addition mode 1. Each test data matrix
as augmented in the manner described above, and the aug-
ented matrix was subjected to MCR-ALS analysis, imposing the

estrictions of non-negativity in all profiles, and initializing the
east-squares fit with the spectral profiles for both sample compo-
ents as provided by the SIMPLISMA methodology. After the fitting
as converged, MCR-ALS retrieved satisfactory spectral profiles, as
an be observed in Fig. 3A, which shows the fitted spectra for both
ample components, which can be compared to those in Fig. 2A. The
etrieved time profiles for the successive data matrices are shown in
ig. 3B, illustrating how the analyte concentrations (solid line) grow
n going from the test sample (the left sub-matrix) to the standard
dditions (the three adjacent sub-matrices), whereas the interfer-
nt (dashed line) remains almost constant, as expected. This figure
llustrates the remarkable success of MCR-ALS in decomposing a
ata set where two components have identical profiles in the time
imension.

After decomposition of the augmented matrix in this first stan-
ard addition mode, the obtained scores for the test samples were
onverted to analyte concentration by means of the well-known
tandard addition Eqs. (5) and (6). The prediction results showed
hat the root mean square error (RMSE) was 0.017 units, corre-
ponding to a relative error of prediction (REP) of 3.4% with respect
o the mean test concentration (0.5 units). Although these figures of

erit appear to be satisfactory, implementation of the alternative
tandard addition mode rendered even better prediction results, as
xplained below.

In the alternative mode of standard addition described above
mode 2), MCR-ALS analysis resorted to similar initialization con-
itions and restrictions during the least-squares fit, with the
dditional information provided by the correspondence among
pecies and samples. The spectral profiles recovered by the algo-
ithm (not shown) were again very similar to those shown in
ig. 2A, while those corresponding to the time dimension, pre-
ented in Fig. 3C, are interpreted as involving an interferent
rofile which does only contribute to the test sample, and ana-

yte profiles in the three right sub-matrices which allow to
alibrate a pseudo-univariate model [Eq. (7)], where the left sub-
atrix score is then interpolated [Eq. (8)]. This implies that

uantitation can be done using the classical standard calibration
quations.

The analyte prediction results in this second mode were consid-
rably better than for the first mode of analysis: the RMSE decreased
o 0.007 concentration units, corresponding to a REP of only 1.4%.
e ascribe this improved analytical performance to a lower degree
f overlap in the augmented time direction when the alternative
ode 2 of standard addition is applied. In order to quantitate the

egree of overlap (S12) in the time decay profiles between compo-
ents 1 and 2, an analogous expression to the squared correlation

e
r
m
T
m

o right, test sample and the results of subtracting the test sample data from the
hree standard additions. In all cases, the solid line indicates the analyte and the
ashed line the interferent.

oefficient can be employed:

12 = ||tT
1t2||

||t1|| ||t2|| (9)

here t1 and t2 are the time profiles for components 1 and 2,
espectively along the augmented time dimension, i.e., each of
hese profiles has (IK) elements (see Fig. 3B and C). In general,
he value of S12 ranges from zero to one, corresponding to the
xtreme situations of no overlapping and complete overlapping,

espectively. Using Eq. (9), the overlap for the regular mode 1 and
odified standard addition mode 2 are 0.90 and 0.26, respectively.

his result justifies the better predictive ability of the modified
ode 2.



1 anta 77 (2009) 1715–1723

4

4

n
t
a
a
o
w
w
t
v
p
1
o
4
o
a

4

p
s
r
a
o
t
c
w
r
c
i
i
s
s
t
e
c
t
p
a
s
a
i
w
r
t

l
d
o
a
t
n
t
i

4

s
t
o
t
b

F
w
a

sion line for the terbium (III) with maximum intensity. Since the
emission always proceeds from an excited state of the lanthanide
ion, this dimension does not provide selectivity to the analysis,
and this is the reason why it is kept constant. One important
720 V.A. Lozano et al. / Tal

.2. Experimental data

.2.1. Optimization of the luminescence signal
General conditions for generating lanthanide-sensitized lumi-

escence from their fluoroquinolone complexes were taken from
he literature [21,30]. For each of the chemical variables which
re likely to have an effect on the intensity of the LSETD signal
rising from the ciprofloxacin terbium (III) complex, univariate
ptimizations were carried out. The concentration of terbium (III)
as varied (6 points) between 2.0 × 10−4 and 4 × 10−3 mol L−1,
ith an optimum at 1.0 × 10−3 mol L−1. The SDS concentra-

ion ranged from 6.0 × 10−4 to 1.8 × 10−2 mol L−1 (six different
alues), with an optimum at 4.8 × 10−3 mol L−1. For the sul-
hite concentration, five concentrations between 4.5 × 10−3 and
.5 × 10−2 mol L−1 were checked, and the optimum results were
btained at 7.5 × 10−3 mol L−1. Finally, four pH values were tried:
.0, 5.5, 6.5 and 7.0, with the best results obtained at pH 6.5. The
ptimum conditions were then set for all subsequent experiments
nd for all three analytes.

.2.2. The need of standard addition
The first issue to be assessed was whether the analysis of the

resently studied fluoroquinolones in serum requires the use of
tandard addition. We found that the latter technique was indeed
equired, because of a significant change in the slope of the univari-
te regression of lanthanide-sensitized luminescence intensities
f the terbium (III) complexes with respect to analyte concentra-
ions. In order to verify this assertion, several univariate calibration
urves were built for each analyte in the presence of serum,
hich were compared to that obtained in water solution. The

esults for ciprofloxacin in water, for example, with six different
oncentrations in the range 0.0–0.50 mg L−1 were slope = 185(2),
ntercept = 2.2(5), r2 = 0.9985 (standard deviation in the last signif-
cant figures in parenthesis), while in a typical serum background,
lope = 142(3), intercept = 10(1) r2 = 0.9999. The results suggest a
ignificant change in slope (a decrease of 43 units in slope, ca. 17
imes larger than the average standard deviation). Moreover, the
lliptical joint confidence regions for each pair of slope and inter-
ept do (drawn at 95% confidence level) do not overlap, confirming
he differential behaviour of the analyte signal in the absence and
resence of serum. These results can be attributed, in principle, to
nalyte–background interactions, requiring standard addition for
uccessful analyte quantitation. Recently, it has been suggested that
n alternative to standard addition is to employ external calibration
n the presence of background [58]. However, in the present case it
as found that each serum produces a specific change in analyte

esponse which significantly varies from serum to serum, making
his latter alternative unfeasible.

In the presence of unexpected sample components producing
uminescent terbium (III) complexes, such as salicylate, stan-
ard addition should be complemented with the measurement
f second-order excitation-time decay data, in order to be able to
chieve the second-order advantage [40–43]. It should be noticed
hat blank serum samples did not produce any significant lumi-
escence signal under the present working conditions, confirming
hat the only effect of the background serum was a change in the
ntensity of the analyte–terbium complex.

.2.3. Spectral and time decay profiles
Fig. 4 shows a typical landscape of LSETD data for a serum
ample spiked with both ciprofloxacin and salicylate. This is the
ype of signals which can in principle provide the required second-
rder advantage, as recently described [38]. It should be noticed
hat all LSETD matrices for the present study have been obtained
y keeping the emission wavelength fixed at 545 nm, the emis-
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(

ig. 4. Three-dimensional LSETD matrix as a function of time decay and excitation
avelength, corresponding to a serum sample spiked with ciprofloxacin 0.14 mg L−1

nd salicylate 11.8 mg L−1.
ig. 5. (A) Thick lines: excitation lanthanide-sensitized luminescence spectra for
he terbium (III) complexes of the studied analytes in serum, all at concentra-
ions 0.1 mg L−1: ciprofloxacin, solid line, norfloxacin, dashed line, danofloxacin,
ashed-dotted line. Thin line: the corresponding excitation spectrum for salicylate
8.0 mg L−1 in serum). (B) Time decay curves for all the components shown in part
A), after normalization to unit length. Lines are denoted as in plot (A).
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Table 2
Cross-validation PCA analysis of a data matrix for a typical serum sample spiked
with both ciprofloxacin and salicylate, and of the corresponding standard addition
augmented matrix.

na RSSEb PRESSc PRESS(n)/RSSE(n − 1)

Test data matrix
1 1.01 1.12 –
2 0.96 1.15 1.06
3 0.91 1.16 1.20
4 0.86 1.19 1.39

Augmented data matrix: mode 2
1 1.67 1.71 –
2 1.39 1.44 0.68
3 1.32 1.40 1.00
4 1.28 1.39 1.01
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n = number of PCs. The number of significant PCs is given in bold.
b RSSE = residual sum of squared errors after matrix reconstruction with the indi-

ated number of PCs.
c PRESS = predicted error sum of squares corresponding to leave-one-out cross-

alidation with the indicated number of PCs.
equirement for the application of most second-order multivari-
te calibration algorithms is that there is sufficient selectivity in
oth data modes between the calibrated analyte and the interfer-
nts. In the present case, the excitation mode shows good selectivity

t
s
s
c

able 3
rediction results for the test serum samples spiked with both ciprofloxacin and salicylat

ample Nominal analyte (mg L−1) Salicylate (mg L−1)

0.22 9.80
0.22 9.80
0.24 10.80
0.19 7.30
0.14 11.80
0.00 8.00
0.13 4.00
0.13 4.00
0.17 5.50

0 0.17 5.50
1 0.11 6.10
2 0.18 11.20
3 0.18 11.20
4 0.08 6.40
5 0.08 10.00
6 0.08 10.00

MSE
EP%

a The letter identifies the type of serum employed in sample preparation.
b Number of components employed in the MCR decomposition of the augmented matr

able 4
rediction results for the test serum samples spiked with both norfloxacin and salicylate.

ample Nominal analyte (mg L−1) Salicylate (mg L−1)

0.10 8.00
0.10 8.00
0.18 8.20
0.18 8.20
0.12 9.80
0.08 9.00
0.08 9.00
0.00 6.70
0.15 9.30

0 0.20 9.00
1 0.16 6.10
2 0.14 4.60
3 0.09 5.10

MSE
EP%

a The letter identifies the type of serum employed in sample preparation.
b Number of components employed in the MCR decomposition of the augmented matr
7 (2009) 1715–1723 1721

etween analyte and salicylate (Fig. 5A). However, in the time mode
he selectivity is rather poor, as shown in Fig. 5B. The life times
orresponding to the profiles shown in the latter figure, obtained
y non-linear least-squares regression to the exponential decay
xpression f(t) = exp(−t/�) are ciprofloxacin, 0.60(1), norfloxacin,
.62(1), danofloxacin, 0.57(1) and salicylate, 0.59(1) (values in ms,
ith the standard deviation in the last significant figure in paren-

hesis), confirming that they are all very similar. In fact, the degrees
f overlap between the time decay profiles for each of the lan-
hanide complexes of the fluoroquinolones and of the interferent
alicylate, quantified through Eq. (9) are 0.9991, 0.9998 and 0.9996
or ciprofloxacin, norfloxacin and danofloxacin, respectively.

.2.4. Second-order multivariate analysis
Preliminary results using second-order standard addition and

ata processing using parallel factor analysis [59] provided unsat-
sfactory results for all three analytes. We ascribe these poor results
o the high collinearity among the time decay profiles of Fig. 5B.
Because the selectivity in the time dimension is very poor,
he experimental fluoroquinolone–salicylate system resembles the
imulated data analyzed in Section 4.1.1. Therefore, MCR-ALS was
elected as the second-order multivariate calibration algorithm of
hoice. However, due to the significant change in the slope of the

e.

Serum typea Predicted analyte (mg L−1) MCR componentsb

A 0.24 1
D 0.19 1
A 0.23 1
A 0.19 1
B 0.16 2
B 0.02 2
B 0.12 1
D 0.15 1
C 0.17 2
D 0.20 2
C 0.14 2
C 0.15 1
D 0.19 2
E 0.08 1
E 0.10 1
F 0.10 2

0.02
8.3

ix, as determined by PCA (see text).

Serum typea Predicted analyte (mg L−1) MCR componentsb

A 0.09 1
B 0.12 2
C 0.14 2
D 0.25 2
C 0.12 1
E 0.09 1
F 0.09 1
F 0.02 2
G 0.20 2
G 0.25 2
H 0.10 1
H 0.12 1
H 0.09 1

0.03
15

ix, as determined by PCA (see text).
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Table 5
Prediction results for the test serum samples spiked with both danofloxacin and salicylate.

Sample Nominal analyte (mg L−1) Salicylate (mg L−1) Serum typea Predicted analyte (mg L−1) MCR componentsb

1 0.10 10.00 A 0.11 2
2 0.10 10.00 B 0.10 2
3 0.10 8.00 A 0.11 2
4 0.10 8.00 B 0.11 2
5 0.18 8.20 C 0.18 1
6 0.12 9.80 C 0.12 1
7 0.08 9.00 C 0.09 1
8 0.00 6.70 D 0.02 2
9 0.00 6.70 F −0.01 2
10 0.15 9.30 D 0.19 2
11 0.20 9.00 E 0.14 1
12 0.16 6.10 E 0.17 1
13 0.14 4.60 F 0.17 1
14 0.09 5.10 F 0.10 2

RMSE 0.02
R 10

matrix, as determined by PCA (see text).
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Fig. 6. MCR-ALS results for a typical serum sample, spiked with the analyte
ciprofloxacin (0.14 mg L−1) and salicylate (11.8 mg L−1). (A) Excitation lanthanide-
EP%

a The letter identifies the type of serum employed in sample preparation.
b Number of components employed in the MCR decomposition of the augmented

ignal–concentration relationship for the analytes in the presence
f the human serum background, MCR-ALS was implemented in
he standard addition mode. As discussed in connection with the
imulated data sets, the best alternative is to use the second mode
f standard addition, which was subsequently employed in all the
uoroquinolone analyses described below.

As explained in connection with the simulated data, rank anal-
sis was performed by PCA of the augmented matrices before
pplication of MCR-ALS decomposition. Table 2 shows results for
he PCA study of a typical spiked serum sample where the contri-
ution of salicylate is detectable. As can be appreciated, the test data
atrix is rank-deficient, because PCA can only detect a single sig-

ificant PC, whereas two significant PCs are required to explain the
pectral variability across the augmented data matrix. These two
omponents correspond to the responsive analyte and the potential
nterferent. This rank analysis was performed for all of the test sam-
les before application of MCR-ALS. In certain cases, although the
era were spiked with the analyte and also with the potential inter-
erent, the rank of the augmented matrices was found to be one. In
ll of these latter cases, the matrices were still full rank, because it
as verified that the signal arising from the terbium (III) complex of

alicylate was undistinguishable from the instrumental noise, and
CR-ALS provided a satisfactory fit by considering a single respon-

ive component whose spectral characteristics were those of the
omplexes of the analytes. It may be noticed that although sali-
ylate leads to an intense spectrum (Fig. 5A) when complexed to
erbium (III), when either of the analytes is present the intensity
rom the salicylate complex is smaller, probably as a consequence
f a competitive effect which favours complex formation with the
nalytes.

Fig. 6 shows the MCR-ALS decomposition results for a typical
piked serum sample containing ciprofloxacin and salicylate, and
equiring two responsive components for successful data process-
ng. Fig. 6A displays the retrieved spectral profiles, which are seen
o resemble those for the terbium complexes of the analyte and
he potential interferent (compare with Fig. 5A). Although the pro-
les of Fig. 6A are normalized to unit length, it is apparent that
he main spectral features of ciprofloxacin and salicylate (maxima
t around 275 and 300 nm, respectively) are well reproduced. On

he other hand, Fig. 6B shows the progression of time decay pro-
les in the standard addition study of a typical test sample. The

eft sub-plot corresponds to the test sample itself, while the three
emaining matrices are those obtained after subtracting the test
ample matrix from each of the standard addition matrices (in the

sensitized luminescence profiles for the terbium (III) complexes of both sample
components. (B) Time-decay profiles for successive matrix samples in the standard
addition mode 2. The dotted lines separate the different samples: from left to right,
test sample and the results of subtracting the test sample data from the three stan-
dard additions. In all cases, the solid line indicates the analyte and the dashed line
the interferent. The vertical scales are arbitrary.
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atter three sub-plots, therefore, the profile for the interferent is
bsent). Fig. 6A and B are illustrative of the success of MCR-ALS in
ecomposing the contributions from the analyte and from the inter-
erent, even when the time decay profile for the salicylate complex
s almost identical to that of the ciprofloxacin complex.

.2.5. Prediction results
Tables 3–5 collect the prediction results for all the spiked sam-

les analyzed using the above-discussed methodology. It could be
rgued that the samples having a single responsive component
ould also be analyzed using univariate standard addition, by pick-
ng the signal intensity at the analyte excitation and time maxima.
owever, we prefer to report the results provided by MCR-ALS anal-
sis, because: (1) it provides higher sensitivity and (2) all results are
ompared on a common basis.

Overall, the results are encouraging: root mean square errors
RMSE), expressed in mg L−1, are 0.02, 0.03 and 0.02 for
iprofloxacin, norfloxacin and danofloxacin, respectively, i.e., in the
pb range. They correspond to REP% (relative errors of prediction)
f 8.3, 15 and 10%, respectively, all reasonable in view of the com-
lexity of the present analysis. Although it is difficult to assess the

imit of detection for standard addition using MCR-ALS, the results
uggest that this figure of merit is around 0.02 mg L−1 for all three
nalytes, based both on the values of the RMSEs and on the fact that
lank serum samples, only containing salicylate, are also predicted
o contain 0.01–0.02 mg L−1 (Tables 3–5).

It should be stressed that the above analysis cannot be per-
ormed by univariate calibration of luminescence signals, because
f the presence of potentially interfering compounds in a given
ample, such as salicylic acid. Only second-order data analysis
esorting to the second-order advantage can be employed for this
urpose. This strategy is able to model the presence of unexpected
ample components generating interference, allowing for accurate
nalyte quantitation in complex samples.

. Conclusions

Fluoroquinolones can be quantitated in human serum in the
resence of salicylate by suitable processing of second-order

anthanide-sensitized excitation-time decay luminescence data.
ecause of the presence of a responsive interferent whose instru-
ental signal overlaps with that from the analytes, successful

nalysis requires second-order data processing using multivariate
urve resolution, which is able to overcome the following chal-
enges: (1) presence of unknown constituents in a test sample, (2)
ackground matrix effects leading to changes in the analyte sig-
al, and (3) very similar time decay profiles for the analyte and the

nterferent.
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a b s t r a c t

A method was developed for the determination of �9-Tetrahydrocannabinol (THC) in saliva by poly-
mer monolith microextraction (PMME) combined with gas chromatography–mass spectrometry. The
poly(methacrylic acid-co-ethylene glycol dimethacrylate) (p(MAA-co-EGDMA)) monolithic capillary col-
umn was selected as the extraction medium of PMME, which showed high extraction capacity towards
THC in saliva. To reach optimum PMME extraction performance, several PMME parameters were inves-
eywords:
9-Tetrahydrocannabinol

aliva
olymer monolith microextraction (PMME)
as chromatography–mass spectrometry

tigated, including matrix pH, flow rate for extraction, sampling volume and elution solvent. Under the
optimal conditions, good extraction efficiency was obtained with no matrix interference in the process of
extraction and the subsequent GC–MS analysis. In the selected-ion monitoring (SIM) mode, the limit of
detection (LOD) for THC was 0.68 ng/mL. The linearity range of the method was 3–300 ng/mL. Excellent
reproducibility of the method was exhibited by intra- and inter-day precisions, yielding the relative stan-
dard deviations (R.S.D.s) less than 12%; recoveries higher than 89%. The proposed method was proved to
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be rapid, sensitive, and co

. Introduction

Cannabis is the most commonly used illicit drug throughout
he world, and �9-Tetrahydrocannabinol (THC) is the primary psy-
hoactive constituent; it predominantly acts on the central nervous
nd cardiovascular systems, and may produce behavioral effects,
ncluding feelings of euphoria and relaxation, lack of concentra-
ion, hallucinations, and mood changes such as panic reactions
nd paranoia at high doses [1–3]. Thus the illicit use of cannabis
as been an issue of concern in the law enforcement commu-
ity.

Qualitative and quantitative analyses of cannabinoids have been
erformed based on radioimmunoassay (RIA) [4,5], HPLC [6–8],
C [9,10], LC–MS [11–13] and GC–MS [14–16]. RIA techniques are
ighly sensitive for the cannabinoids; however, false positives may
ften occur because of cross-reactivities. In addition, HPLC methods
equire specific detectors (e.g. amperometric detector) to replace

he traditional ultraviolet detector because the latter is not suf-
ciently sensitive. Thus GC–MS was the most popular method
ecause of its high sensitivity and low false positive rate. However,
erivatization is essential for the detection of THC metabolites like

∗ Corresponding author. Tel.: +86 27 87867564; fax: +86 27 68754067.
E-mail address: yqfeng@whu.edu.cn (Y.-Q. Feng).
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ently applied to the determination of THC in saliva samples.
© 2008 Elsevier B.V. All rights reserved.

HC–COOH by GC–MS, which is laborious and time-consuming. If
he analyte of interest could be analyzed by GC–MS without deriva-
ization, thus the time of analysis will be greatly reduced.

In recent years, there is an increased interest in the use of
aliva as an alternative testing matrix to detect drug abuse. At
rst, THC is the target analyte in saliva samples and its metabo-

ites are generally accepted to be at extremely low levels; THC
ould be directly analyzed by GC–MS without derivatization. More-
ver, saliva is relatively free of interfering substances compared
o other physiological fluids like urine and plasma [17], and can
e easily collected under direct supervision in a noninvasive way
18,19], and furthermore, salivary drug concentrations have similar
ime profiles to plasma concentrations [20,21]. Therefore, measure-

ent of THC in saliva is reported to offer a more accurate value of
oncentration during cannabis intoxication [17]. Previous reports
ndicate that levels of cannabinoids in saliva range from 50 to
000 ng/mL shortly after cannabis exposure. After 3–4 h, levels fall
elow 50 ng/mL and remain detectable at a cutoff limit of 1 ng/mL
p to 10 h depending on the strength of the cannabis cigarette
moked [22]. However, saliva samples have two main limitations:
he specimen volume is often small and the analyte concentra-

ion is lower than that in urine [23]. As a result, saliva testing is a
reat challenge for us and sensitive pretreatment method is highly
emanded.

Solid-phase microextraction is widely used as a viable tool
or the analysis of drugs in biological fluids due to its simplicity,
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olvent-free characteristic and convenience of automation. Yon-
mine et al. [24] employed a 100 �m polydimethylsioxane (PDMS)
ber as an extraction medium; the limit of detection (LOD) of THC
as 5 ng/mL. Hall et al. [17] also chose PDMS to extract cannabi-
oids, but involved addition of glacial acetic acid before SPME, and
he results showed that the extraction efficiency was enhanced
ince acetic acid could remove resulting protein and cellular debris.
ecently, Guido [25] adopted the method of stir-bar sorptive extrac-
ion, the LOD of THC could be lower than 1 ng/mL, while the
retreatment time was as long as 90 min, unable to meet the needs
f rapid detection.

In our previous research, polymer monolith microextraction
PMME) based on the use of a capillary monolithic col-
mn of poly(methacrylic acid-co-ethylene glycol dimethacrylate)
p(MAA-co-EGDMA)) has been successfully coupled to capillary
lectrophoresis (CE) [26], HPLC [27,28] and HPLC–MS [29,30] for
he determination of basic drugs and angiotensin II receptor antag-
nists in biological matrices. Compared to the fiber coating SPME,
his monolithic structure has a larger surface area, which yields
higher extraction capacity. At the same time, polymer sorbent

ossesses hydrophilic carboxylic acid groups in the hydrophobic
one structure and has been demonstrated to be biocompatible

n dealing with complicated sample matrix [31–33]. Moreover,
he convective mass transfer procedure and low pressure-drop
ffered by the porous structure can facilitate the extraction process
31–33].

In this article, a PMME technique using a p(MAA-co-EGDMA)
onolithic capillary combined with GC–MS detection was devel-

ped for the determination of THC in saliva samples. After PMME,
he eluate could be directly injected into GC–MS system with-
ut derivatization, and less time consumption and lower detection
imit have been achieved compared to those previous methods
17,24,25].

. Experimental

.1. Reagents and materials

�9-Tetrahydrocannabinol standard solution (1.0 mg/mL in
ethanol, 0.3 mL) was purchased from The State Food and
rug Administration (Beijing, China). �9-Tetrahydrocannabinol-d3

THC-d3, 100 �g/mL in methanol, 1 mL) was supplied from Ceril-
iant Corporation (Texas, USA) and used as internal standard. THC
nd its isotopic internal standard (THC-d3) are easily oxidated espe-
ially when they get light, thus the stock solutions of THC and
HC-d3 were stored at 4 ◦C in darkness under nitrogen atmosphere.
he experiment results showed that the stock solutions were stable
or almost three months.

Methanol (HPLC-grade) was obtained from Fisher Company Inc.
Fairfield, OH, USA). Acetone (Analytical-grade) was manufactured
y the Shanghai Chemical Reagent Company (Shanghai, China).
urified water was obtained with a Milli-Q apparatus (Millipore,
edford, MA).

.2. Instrumentation

GC–MS analysis was performed using a Shimadzu GC–MS
P2010plus equipped with an AOC-20i+s autosampler (Kyoto,

apan); data acquisition and analysis were performed using soft-
are of GCMSsolution (Shimadzu, Kyoto, Japan).
The extraction device with a p(MAA-co-EGDMA) monolith in
used silica capillary (2 cm × 530 �m) for PMME was purchased
rom Micromole Separation Testing Technology (Beijing, China). It
s composed of an extraction pinhead and the syringe barrel, as
hown in Fig. 1 [26].

c
t
t
G
2

Fig. 1. Scheme of the PMME [26].

.3. Sample preparation

Saliva samples were collected from drug-free healthy volun-
eers. Each collection should be at least 2 h apart from eating
nd drinking. To obtain the saliva samples, each volunteer was
old not to swallow the saliva but to store it in their mouths.
fter 5 min, saliva was collected in Eppendorf tubes and stored
t −20 ◦C immediately. The saliva samples were centrifuged
or 5 min at 12,000 rpm (4 ◦C) when they were used. Two
undred microliters of drug-free saliva samples were selected,
nd 10 �L of IS working solution (0.4 �g/mL, methanol) was
hen added. After standing 30 min to intermix completely, the

ixture were diluted to 1 mL with phosphate buffer (20 mM,
H 7.0), and filtered with a 0.45 �m nylon membrane filter,
nd then sample solution could be directly taken for extrac-
ion.

.4. PMME procedure

As shown in Fig. 2 [26], the whole procedure included precon-
itioning, sorption, clean-up and desorption. A syringe infusion
ump (CP 3000, Silugao high-technology development, Beijing,
hina) was employed for the delivery of the sample. For pre-
reatment, 0.3 mL methanol in the syringe was ejected via the

onolithic capillary at 0.15 mL/min, and then 0.3 mL phosphate
uffer (20 mM, pH 7.0) was used to wash the monolithic capillary at
.15 mL/min. For the sorption, in a similar way, 1 mL sample solu-
ion was pumped through the capillary at 0.08 mL/min, and then
.2 mL phosphate buffer (20 mM, pH7.0) was driven through at the
ame velocity to get rid of the residual matrix in order to avoid
he interference for separation. And then, the residual phosphate
uffer solution was expelled from the pinhead and monolithic

apillary by air via a clean syringe. For the desorption, 0.05 mL ace-
one was ejected via the monolithic capillary at 0.04 mL/min and
he eluate was collected in a vial for the subsequent analysis by
C–MS, the whole extraction procedure could be finished less than
0 min.
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pH 4 exhibited poor extraction efficiency for THC. Considering that
the impurities of saliva matrix may affect the extraction, we chose
saliva sample as matrix, and review the capacity of actual sample
analysis. The results exhibited that as the pH value is increased, the
Fig. 2. Scheme of

.5. GC–MS analysis

The separation was achieved on a fused silica capillary column
HP-5MS, 30 m × 0.25 mm i.d., film thickness 0.25 �m) (Agilent
echnologies, Palo Alto, CA, USA). The oven temperature was pro-
rammed at 120 ◦C for 2 min, increased to 175 ◦C at 20 ◦C/min and
eld for 2 min, and then increased to 295 ◦C at 15 ◦C/min, and held

or 10 min. Splitless injection mode was used, and the splitless time
as 1 min; helium (purity 99.999%) with a flow rate of 1.2 mL/min
as used as carrier gas. The injection port, ion source and interface

emperatures were 260, 200 and 280 ◦C, respectively. The electron-
mpact (EI) mass spectra of the analytes were recorded by SCAN

ode (scan range 50–450 m/z) to determine retention times and
haracteristic mass fragments. For quantitative analysis, the chosen
haracteristic mass fragments were monitored in the selected-ion
onitoring (SIM) mode: m/z 299, 314 and 231 for THC, m/z 302,

17 and 234 for THC-d3, while m/z 299 and 302 were selected for
uantification measurement of THC and THC-d3, respectively. Ion
atio acceptance criterion was a deviation ≤30% ion ratio from the
alibration sample.

. Results and discussion

.1. Optimization of conditions for PMME

To achieve the best extraction efficiency of the p(MAA-co-
GDMA) monolithic capillary towards THC, various conditions like
he extraction equilibrium profile, extraction flow rate and pH value
eed to be optimized.

Since polymer monolith might collapse under higher pressure
ondition (∼300 psi), saliva samples should be diluted with phos-
hate solution prior to extraction to reduce viscosity of sample
olution and keep the monolith working under lower pressure. The
HC standard and IS solution were added to 1.0 mL samples, and
hen the samples were diluted at ratios of 1:1, 1:3, 1:5, and 1:10
v/v). The experimental results indicated that the monolith worked
t pressure of ∼100 psi when the saliva sample was diluted at a ratio
f 1:5.

The extraction equilibrium profile was monitored by increasing
he volume of the extracted sample from 0.2 to 2 mL (corresponding

o 120–1200 ng of THC) at a constant flow rate. It can be seen from
ig. 3 that the amount of THC extracted increased with the increas-
ng volume of the extracted sample; the extraction equilibrium
as not reached after 2 mL of sample solution was supplied. The

harp slopes of the profile indicated that the monolithic capillary

F
t
w
d

ME process [26].

xhibited remarkable extraction capacity toward THC. To achieve
ufficient sensitivity within a short time, 1 mL sample was selected
or subsequent analysis.

p(MAA-co-EGDMA) monolithic contains many carboxyl groups
n its backbone, which can exhibited in aqueous solution as anionic
r intermediate form; this extraction is therefore pH-dependent.
he pH optimization was conducted in 20 mM phosphate matrix
olution over the pH range 3–9; the pH of the carrier solution
as changed simultaneously. As shown in Fig. 4, the extraction

fficiency was high and constant in the range of 3–6; while with
he higher pH more than 6, the extraction efficiency was dropped
ramatically. This can be explained by the fact that the interac-
ion between the analyte and the monolithic capillary was mainly
ased on the hydrophobic interaction. In the alkaline matrix, the
mount of the ionized carboxylic groups of the polymer extraction
hase increased, leading to the decrease in hydrophobic interac-
ion between THC and the extraction material. So the pH of sample

atrix would be adjusted to pH 4. However, the saliva sample at
ig. 3. The extracted sample equilibrium profile of �9-Tetrahydrocannabinol for
he PMME. The sample solution was 20 mM phosphate solution at pH 4.0 spiked
ith THC at 600 ng/mL. Operating conditions: extraction flow rate 0.08 mL/min,
esorption flow rate 0.04 mL/min.
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ig. 4. The effect of matrix pH on extraction efficiency (in phosphate buffered solu-
ion (PBS) and in saliva matrix).

xtraction efficiency increased firstly, and then decreased, with the
aximum value at pH 7.0. Moreover, even under the optimized con-

ition (pH 7.0), the extraction efficiency for THC in saliva matrix was
ound to be 40% of that in aqueous solution. This may be explained
y the fact that competitive adsorption occurred between the saliva
atrix and THC, and the coexistence such as protein and cell debris

n saliva samples might interact with THC. As a result, pH 7.0 was
hosen for the following extraction process.

The extraction flow rate of the sample solution was optimized
n the range of 0.03–0.10 mL/min. As shown in Fig. 5, the flow rate
ad no significant influence on the extraction efficiency. Therefore,
flow rate of 0.08 mL/min was selected due to the shorter extrac-

ion time and the acceptable pressure (∼100 psi) of the monolith
olumn.

Acetone was selected as the desorption solvent; the eluate can
o directly for GC–MS analysis. The desorption procedure was
ptimized to achieve accurate quantification of THC. After sample
xtraction, 0.05 mL acetone was used to elute the THC for three
imes, and then each 0.05 mL eluate was collected for detection.
t was found that the first 0.05 mL acetone could elute more than
0% extracted THC from the monolithic capillary. Furthermore, the

ow rate of the desorption solution was optimized in the range of
.03–0.07 mL/min as seen in Fig. 6, and the flow rate of 0.04 mL/min
as found to be suitable considering the extraction efficiency and

xtraction time.

ig. 5. Extraction flow rate profile of THC for PMME. The sample solution was 20 mM
hosphate solution at pH 4.0 spiked with THC at 600 ng/mL.

s
3
o
1
s
o

F
d

ig. 6. Desorption flow rate profile of THC for PMME. Sample solution spiked with
HC at 600 ng/mL.

.2. Selection of quantitative ions and qualitative ions

The application of the GC–MS method for the determination
f THC was verified using an internal standard for quantification.
t first, the analytical performance of the optimized GC–MS was
etermined by a standard solution of THC and THC-d3 in pure sol-
ents. SCAN mode was applied firstly to determine retention times
nd characteristic mass fragments, and then, the SIM mode was
mployed to achieve suitable sensitivity. Fig. 7 is the mass spectra
f THC (a) and THC-d3 (b), fragments of m/z 299 and 302, corre-
ponding to the characteristic fragment of these two compounds’
ose of –CH3, was selected as quantification ions of target and IS
ecause of their high sensitivities and the fact that there was no

nterference peak in these two channels at the retention time near
hose of THC and THC-d3. Reference ions m/z 214, 231 for THC and
/z 217, 234 for THC-d3 were also monitored. The ion ratios used

m/z 299/214/231 and m/z 302/217/234) for confirmatory purpose
as studied in all sample matrixes. Similarity index (SI) over three

piked concentration (3, 50, 300 ng/mL) levels were satisfied: 81 for
ng/mL; 87 for 50 ng/mL; 94 for 300 ng/mL. Mass chromatograms
f a blank saliva sample (a), as well as saliva sample spiked with
0 ng/mL THC (b) with IS at 20 ng/mL are shown in Fig. 8. It can be
een that no interfering peaks originating from saliva matrix were

bserved.

ig. 7. Mass spectra of �9-Tetrahydrocannabinol (a) and �9-Tetrahydrocannabinol-
3 (b).
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Table 2
Determination of �9-Tetrahydrocannabinol in saliva samples from six volunteers.
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ig. 8. Chromatograms of a blank saliva sample (a) and saliva sample spiked with
0 ng/mL THC (b) with IS at the concentration of 20 ng/mL. Retention time: THC,
4.21 min; IS, 14.19 min.

.3. Method validation

The monolithic capillary showed high stability since no signifi-
ant changes in the back-pressure and extraction efficiency of the
apillary column were found in the experiments.

The application of the PMME–GCMS method for the deter-
ination of THC was verified using an internal standard for

uantification. The internal calibration was performed by plotting
eak area ratios (THC/IS) versus concentration ratios of THC and
HC-d3. The sample solutions were spiked with stock solution to
et final concentrations of THC at 3, 10, 20, 50, 100, 300 ng/mL
nd THC-d3 at 20 ng/mL for calibration curves. The SIM mode was
mployed to achieve suitable sensitivity. The calibration curve was
= −0.05 + 0.02X with correlation coefficient of R > 0.999. Detection
nd quantification limits were calculated as the concentration cor-
esponding to a signal 3 and 10 times the standard deviation of the
aseline noise and the limit of detection and quantification of this
ethod were 0.68 and 2.26 ng/mL, respectively.
The extraction recoveries were determined by analysis of the

piked THC-free samples at different concentrations; the spiking
evels ranged from 3 to 300 ng/mL. The recoveries were calculated
y comparing the extracted amounts of THC from those of the
amples with the corresponding spiking amounts on calibration
urves. The recoveries and relative standard deviations (R.S.D.s)
re summarized in Table 1; mean recoveries were in the range of
9.8–96.5%.

The reproducibility of the developed method was determined
y the inter- and intra-day precision. The precision was acquired by
amples spiked at three levels of concentration (3, 50, 300 ng/mL).
ive extraction of sample solution over a day gave the intra-day
.S.D.s; while inter-day precisions data were obtained by analysis
f the samples extracted on five consecutive days. Excellent method
eproducibility was achieved. The intra-day precisions for 3, 50,

00 ng/mL were found to be 9.4, 7.1 and 3.1%, respectively; the

nter-day precisions for 3, 50, 300 ng/mL were 11.6, 8.7 and 8.1%,
espectively.

able 1
ecoveries (%) obtained for PMME of �9-Tetrahydrocannabinol in saliva samples.

ortified concentration (ng/mL) Recovery (%) R.S.D.s (%) (n = 3)

3 90.7 10.9
50 89.8 6.5
00 96.5 5.7

[

[

[
[
[

[

[
[
[
[

1 2 3 4 5 6

piked recovery (%) 86.3 92.5 93.6 84.8 90.1 82.4
.S.D.s (n = 3) 10.5 7.6 8.9 11.2 6.3 12.9

.4. Quantitative analysis of THC in human saliva

Based on the procedures described above, the PMME/GC–MS
echnique was applied for the analysis of THC in saliva samples.
aliva samples of six drug-free healthy volunteers (including a
moker) were spiked with 6 ng/mL THC, and all samples obtained
ere analyzed in three replicates. According to Table 2, R.S.D. were

ess than 12.9%, and no interfering peaks originating from saliva
atrix were observed.

. Conclusion

PMME using p(MAA-co-EGDMA) monolithic capillary combined
ith GC–MS provides a simple, fast, sensitive, and selective pro-

edure for the identification and determination of THC in saliva
amples. This monolithic capillary provides excellent extraction
apacity toward THC, and the good permeability ensures the quick
xtraction procedure, with the time consume less than 20 min.
oreover, a faster analysis can be obtained by fixing two or more

xtraction device on single syringe infusion pump. In conclusion,
his proposed PMME advocated an environmentally friendly and
apid sample pretreatment technique compared with other THC
retreatment methods reported previously, and has the potential
o be applied to the determination of other drug abuse.
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a b s t r a c t

The role and importance of antioxidants in different fields, ranging from physiology to food technol-
ogy, have become evident in the past years, requiring adequate analytical methodologies. Therefore, the
determination of antioxidant capacity as a routine or screening analysis fosters its automation. In this
context, several flow injection methods based on scavenging of 2,2′-azinobis-(3-ethylbenzothiazoline-
6-sulphonate) radical cation (ABTS•+) or 2,2-diphenyl-1-picrylhydrazyl radical (DDPH•) or based on the
eywords:
ntioxidant capacity
low injection analysis
utomatic methods
PPH
BTS

determination of total reducing capacity have been proposed. The objective of the present review is to
critically compare the different approaches, regarding their degree of automation, their performance vs.
the respective batch procedure and its applicability to real samples.

© 2008 Elsevier B.V. All rights reserved.
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Electrochemical methods
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1. Introduction

In the past years, the importance of antioxidants in the pro-
tection of organisms or tissues, or of nonliving systems against
oxidative stress has become evident. This statement is supported
by studies performed in a variety of areas, including physiology
[1,2], pharmacology [3,4], nutrition [5–7] and even food processing
[8,9]. In all these areas of research fast, reliable methods for antioxi-
dant assessment are needed [10,11]. Generally, the ideal method for
etermination of antioxidant properties should assess the effect of
compound/sample in reaction conditions that mimic those found
hen oxidative stress is induced in vivo by reactive nitrogen species

RNS) and reactive oxygen species (ROS). However, this kind of
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ssessment may be considered exaggerated for screening purposes,
onsidering the individual testing against numerous ROS/RNS (e.g.
2O2, O2

•–, HO•, HOCl, 1O2, NO•, and ONOO−) and the conditions
f assay in vivo (e.g. use of cultured cell lines or lab animals). In this
cenario, in vitro methods to determine “total antioxidant capacity”
re ideal as an exploratory screening step prior to characterization
r isolation of bioactive compounds [12].

Along the past two decades, several methods, including the
BTS•+ (2,2′-azinobis-(3-ethylbenzothiazoline-6-sulphonate) rad-

cal cation) assay [13,14], the DPPH• (2,2-diphenyl-1-picrylhydrazyl
adical) assay [15], the ferric reducing antioxidant power (FRAP)
ssay [16], and the electrochemical estimation of total reducing
apacity [17,18] have been proposed for assessment of antioxidant

apacity. Considering that these methods are routinely used for
creening purposes, their automation is relevant. In this respect,
utomation using flow injection based methods can offer several
dvantages, besides the enhancement of sample throughput, when
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Fig. 1. (a) Cumulative distribution of papers dealing with automatic flow based
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ution of the same papers regarding assay type. Papers from 2008 are not

ncluded.

ompared to conventional batch methods. For this particular appli-
ation, the features of flow injection analysis (FIA) [19] systems
rovide a strict control of reaction conditions in both space and
ime, which are essential for determination of species that are sen-
itive to environmental conditions (light, temperature, presence of
2, for instance). Furthermore, the evolution of FIA to sequential

njection analysis [20] (SIA), described as a mechanically simpler
lternative to FIA, and to other strategies based on the flow net-
ork concept [21] expanded the benefits of automation. This last

ype of flow systems includes multi-commutation [22,23], multi-
yringe flow injection analysis (MSFIA) [24,25] and multipumping
26], where the manifold channels are connected to computer-
ontrolled devices (solenoid valves or micro-pumps) that enable
he flexible access to reagent(s), sample and carrier in any software-
efined combination.

The aim of this review is to establish a critical comparison
etween the different automatic flow based systems developed
ntil the present moment for fast screening of antioxidant capac-

ty and to highlight the advantages of automatic methods toward
he corresponding batch procedure. As depicted in Fig. 1a, the
umber of publications devoted to this subject has grown signifi-
antly, especially in the past 3 years. Moreover, different assays have
een automated (Fig. 1b). In fact, more than half of the proposed
pplications are based on the utilization of colored, radical species
ABTS•+ or DPPH•) that mimic the ROS/RNS found in vivo. Other
ethods aimed the determination of “total reducing capacity”,
or which the amperometric determination of an “electrochemi-
al index” accounts for about 31% of the flow systems reported.
onsidering this division, an overview is presented in the next sec-
ions.

f
t
a
a
p

Fig. 2. ABTS•+ chemical structure.

. Flow methods based on scavenging of
,2′-azinobis-(3-ethylbenzothiazoline-6-sulphonate) radical
ation (ABTS•+)

One of the most common methods for assessing the antioxi-
ant capacity is the ABTS•+ or TEAC (trolox equivalent antioxidant
apacity) assay based on the scavenging of 2,2′-azinobis-(3-
thylbenzothiazoline-6-sulphonate) radical cation (Fig. 2) [13].
enerally, the sample to be tested is added to a solution containing
certain amount of ABTS•+. After a period of time that may vary
etween 1 and 30 min, the concentration of the remaining ABTS•+

s determined spectrophotometrically [14]. ABTS is commercially
vailable but the ABTS•+ radical cation must be formed prior to
etermination. Several strategies have been described for perform-

ng this step, based on (i) chemical reaction using manganese
ioxide [27], or 2,2′-azobis(2-amidinopropane) dihydrochloride
28], or potassium persulfate [14]; (ii) enzymatic reaction using

etmyoglobin [13] or horseradish peroxidase [29]; (iii) electro-
hemical generation [30].

The automation of ABTS•+ assay (Table 1) was first implemented
y Pellegrini et al. [31] using a single channel flow injection sys-
em similar to that presented in Fig. 3a. Therefore, after injecting

sample containing antioxidant compound(s), a negative peak
epresenting the decolorization of ABTS•+ was obtained (Fig. 4a),
hose area was proportional to the concentration of ABTS•+ that
as reduced. The TEAC value corresponds to the trolox concentra-

ion providing a discoloration of ABTS•+ equal to that caused by
he sample. The proposed flow injection system was applied for
he evaluation of antioxidant capacity of pure compounds (ascor-
ic acid, caffeic acid, ferulic acid, gallic acid, naringenin, quercetin,
-tocopherol, and vanillic acid) and results were compared to

he batch assay. In general, the two set of results were in good
greement, with exception of naringenin. The applicability of the
echnique was tested by measuring the antioxidant capacity of sev-
ral common beverages (beer, coffee, cola, fruit juices, and tea) and
esults were not statistically different from the batch assay, using
rolox as standard compound.

Bompadre et al. [32] reported that the previous FIA-ABTS•+ assay
artially failed when more complex biological samples, such as
lasma, were analyzed. Hence, they proposed minor changes (sam-
le volume, reaction coil configuration) in the flow manifold and
lso introduced temperature control. Therefore, the temperature
nd time/way of exposure of the active compounds present in the
amples with ABTS•+ were strictly controlled. Using these experi-
ental conditions, the authors showed that the temperature was a

ritical aspect in the measurement of plasma antioxidant capacity
hilst its influence was less important in the assay of non-complex

iological samples (mouthrinse, white wines). Hence, the temper-
ture of the reaction coil was fixed at 35 ◦C whilst the reaction time
as defined as 1.3 min. The improved FIA-ABTS•+ method was use-
ul to screen rapidly, without dilution, and with high repeatability
he antioxidant capacity of both non-complex biological mixtures
nd plasma samples. The same flow injection system was later
pplied to determine the antioxidant capacity of enriched tooth-
astes [33].
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Table 1
Flow-based methods for determination of scavenging capacity against ABTS•+.

Flow method Generation of reactive
species

pH value Detection system Quantification Type of sample Determination
rate (h−1)

RSD (%) Reference

FIA Chemical (K2S2O8) Unbuffered Vis (734 nm) Area of negative peak Beer, coffee, cola,
juices, tea

30 <1.7 [31]

FIA Chemical (K2S2O8) 7.4 Vis (n.g.) % of inhibition,
calculated from
maximum decrease of
absorbance

Mouthrinse, white
wine and plasma

∼22 <2.7 [32]

FIA Enzymatic
(H2O2 + HRP)

4.6 Vis (414 nm) Height of negative peak Honey and wine 120 <5 [34]

FIA Electrochemical
(in-line)

7.4 Vis (734 nm) Height of negative peak Coffee, red wine,
tea

32 <1.95 [42]

FIA Enzymatic (H2O2 + HRP,
in-line)

7.4 Biamperometry Peak height Juices, tea, wine 42 n.g. [43]

FIA Enzymatic (glu-
cose + GOD/H2O2 + HRP,
in-line)

7.4 Biamperometry Peak height Spirits and wine ∼37 n.g. [44]

SIA Chemical (K2S2O8) Unbuffered,
5.4 and 7.4

Vis (734 nm) % of decolourization,
calculated from
maximum decrease of
absorbance

Beer, juices, milk,
tea, yoghurt

9–20 n.g. [36]

SIA Chemical (K2S2O8) 7.5 Vis (734 nm) % of inhibition,
calculated from
maximum decrease of
absorbance

Wine 15 or 42 <2.4 [39]

MSFIA Enzymatic
(H O + HRP)

4.6 Vis (734 nm) Height of negative peak Beer, juices, tea,
wine

12 or 18 <3.1 [41]
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IA, flow injection analysis; SIA, sequential injection analysis; MSFIA, multisyringe flo
xidase; n.g., not given.

A double-line FIA system (Fig. 3b) was also proposed for the
BTS•+ assay [34]. Compared to the previous single channel sys-

ems, this novel manifold allowed the addition of reagent to the
hole sample, avoiding the possibility of its depletion in the central

one of the sample plug. Furthermore, a higher sample throughput
as attained (four times higher, Table 1) and the concentration gra-
ients formed along the injected sample bolus were also exploited
o obtain information on the reaction kinetics of ABTS•+ scavenging
hrough a single injection. As the flow injection signals are the out-
ut of two kinetic processes occurring simultaneously, i.e. physical
ispersion and chemical reaction, the authors observed that the
EAC values obtained for fast-reacting scavengers as ascorbic acid
nd caffeic acid were independent from the time of measurement.
hysical dispersion was the only process that influenced the ana-

ytical signal. On the opposite, the TEAC values of slow-reacting
cavengers, such as (+)-catechin, (−)-epicatechin, ferulic acid, and
allic acid increased using the peak tail readings because of their
onger reaction time. The same authors had previously developed
continuous, stopped flow method to study the effect of reaction

ime (10, 360, and 600 s) and pH (4.6, 5.4, and 7.4) on the ABTS•+

cavenging reaction [35]. They concluded that the TEAC values were
ependent on reaction time as well as on pH value for almost all
tudied antioxidant compounds, due to the differences in the rate
f reaction for antioxidants and for trolox (reference compound).
ue to the variation of TEAC with pH, it was suggested that it is
rucial to measure the ABTS•+ scavenging capacity at the pH of the
ystem to which the expected results are going to be applied.

This importance of reaction time and pH upon the results
btained in the ABTS•+ assay was also reported by Lima et al.
36] who proposed a SIA–ABTS•+ manifold to automate this assay
Table 1). A well-stirred mixing chamber, placed in a side port

f the selection valve, was incorporated to the system (Fig. 3c),
llowing a thorough mixing between the sample and ABTS•+ and
aking possible to use one single standard solution to perform

he calibration procedure (based on aspiration of variable volumes
f sample). By changing the carrier solution, different pH values

d
o
c
c

ection analysis; Vis, spectrophotometry; HRP, horseradish peroxidase; GOD, glucose

ere studied (non-buffered, 5.4 and 7.4). For almost all antioxi-
ants tested (trolox, ascorbic acid, caffeic acid, gallic acid, catechin,
-tocopherol), the authors verified that higher sensitivity values
ere obtained for the highest pH value, which is expected for reac-

ions based on an electron transfer mechanism, which are favored
nder alkaline conditions [37].

Considering that the complexity of samples requires the utiliza-
ion of more than one method for the evaluation of antioxidant
apacity [38] and taking advantage of the high versatility of
omputer-controlled automatic methods, the ABTS•+ assay was
erformed along with other methodologies using the same man-

fold without the need for system reconfiguration. Hence, a SIA
ystem was proposed to accommodate in the same manifold the
pectrophotometric ABTS•+ assay and the fluorimetric H2O2 scav-
nging capacity assay [39]. Initially, 300 �L of sample and 25 �L of
BTS•+ solution were sequentially aspirated. However, the interca-

ation of ABTS•+ plug between two equal sample segments of 150 �L
esulted in more efficient mixing, without needing a mixing cham-
er as reported before [36]. Using trolox as standard compound, the
pplicability of the proposed system was assessed by processing
everal pure compounds (ascorbic acid, caffeic acid, catechin, gal-
ic acid, and taxifolin) as well as Portuguese white and red wines.
egarding the application to wine samples, a higher dilution level
as necessary for the ABTS•+ assay. Thus, in order to introduce the

ame sample in the system and analyze it sequentially by the two
ethods, an additional dilution was carried out in-line through two

ilution coils incorporated in the side ports of the selection valve.
similar SIA system, comprising only the ABTS•+ assay, has also

een proposed for the quantification and simultaneous evaluation
f antioxidant activity of a non-steroidal anti-inflammatory drug
etodolac) [40].
Recently, an automatic flow procedure based on MSFIA was
eveloped for the sequential spectrophotometric determination
f ABTS•+ scavenging capacity and Folin-Ciocalteu (FC) reducing
apacity [41]. The manifold configuration included several reaction
oils for reaction development when the two methods were per-
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Fig. 3. Schematic representation of automatic flow based systems for determina-
tion of ABTS•+ scavenging capacity resorting to single (a) or double line (b) flow
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ormed in tandem (Fig. 3d). The proposed method was applied to
large number of beverages (n = 72) divided in six groups, namely

ed wines, white wines, juices, herbal infusions, tea infusions and
eers. Besides the application to routine analysis, this manifold

ig. 4. (a) Analytical signal (AS) obtained for determination of scavenging capacity
sing chromogenic radicals (ABTS•+ or DPPH• , for instance). (b) Calibration curve
pplied in TEAC assay, where M stands for the area or the peak height or the per-
entage of inhibition calculated from AS.
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as particularly useful for evaluation of the correlation between
hese two antioxidant assays, showing that this correlation may
ary according to the type of sample analyzed.

The automatic ABTS•+ assays described above relies on the rad-
cal cation preformed off-line by chemical or enzymatic oxidation
f ABTS (Table 1). As the kinetics of ABTS oxidation is slow, requir-
ng a few hours for reaction completeness (16 or 3 h for chemical or
nzymatic generation, respectively), the preparation of this solu-
ion is often performed on the day before its utilization. Therefore,
o avoid this time-consuming procedure and taking a step further
oward a fully automatic method, the in-line generation of ABTS•+

adical cation has been proposed, resorting to electrochemical oxi-
ation or to enzymatic reaction. In this context, Ivekovic et al. [42]
roposed a manifold for the spectrophotometric ABTS•+ assay, com-
rising a flow-through electrolysis cell, where the radical species
as generated in-line by electrochemical oxidation of ABTS. The

lectrolysis cell was operated under constant current conditions,
ith the working electrode potential fixed at 700 ± 5 mV, and the

mount of the ABTS•+ generated in-line was established by the flow
ate and the value of the current imposed on the cell. The appli-
ability of the method was demonstrated by analysis of nineteen
ompounds and several common beverages (coffee, red wine, and
eas).

Recently, in-line enzymatic generation of ABTS•+ radical with
lectrochemical determination of antioxidant capacity was imple-
ented by Milardovic et al. [43]. The FIA method developed is based

n the continuous flow of ABTS/H2O2 solution through a tubular
ow-through bioreactor containing immobilized horseradish per-
xidase, which catalyses the oxidation of ABTS. The ABTS•+ radical
enerated was further merged with antioxidant compound/sample
nd the residual reduced concentration of ABTS•+ was measured in
biamperometric detector containing an interdigitated electrode.
he current intensity obtained was proportional to the ABTS•+

cavenging capacity. To minimize the possible reaction between
nreacted H2O2 and antioxidant(s), the authors reduced the inlet
2O2 concentration from 120 �M (optimization studies) to 30 �M

application to food samples). The system was applied to water-
oluble pure compounds and to tea, juice and wine samples, with
good agreement with the spectrophotometric batch procedure.
evertheless, the authors verified that the ABTS/H2O2 solution
as unstable during a working day, and thus proposed a novel

IA system in which the ABTS•+ radical was bienzymatically pro-
uced from glucose oxidase and horseradish peroxidase enzymes,
eparately immobilized in tubular flow-through reactors [44]. In
his case, the H2O2 necessary for ABTS oxidation was continuously
ormed in-line through the oxidation of glucose. The manifold was
pplied to alcoholic beverages and TEAC values lower than those
rovided by the batch procedure were attained, probably due to
he shorter reaction time. However, it should be emphasized that
one of these strategies circumvent the possible interference of the
nreacted H2O2, which may be considerably increased with the
rogressive inactivation of the immobilized peroxidase.

. Flow methods based on scavenging of
,2-diphenyl-1-picrylhydrazyl radical (DDPH•)

Another common assay for the determination of antioxidant
apacity is the DPPH• (2,2-diphenyl-1-picrylhydrazyl radical) assay,
ased on the reduction by antioxidants of this purple chro-
ogen radical (Fig. 5) to the corresponding pale yellow hydrazine
45]. Compared to the ABTS•+ assay, some advantages may be
ighlighted, namely the stability and commercial availability of
PPH• radical. Generally, this assay is performed in organic or
rganic/aqueous media. In fact, Stasko et al. reported recently
hat DPPH• coagulates in water/ethanol solutions containing more
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Table 2
Flow-based methods for determination of scavenging capacity against DPPH• .

Flow method pH value Detection system Quantification Type of sample Determination
rate (h−1)

RSD (%) Reference

FIA Unbuffered ESR Height of negative peak Coffee, red wine, tea 13 <3.2 [50]
SIA Unbuffered and

4.8
Vis (525 nm) Percentage of inhibition,

calculated from height of
negative peak

Herbal and mushroom
extracts

45 <1.8 [53,56]

MSFIA Unbuffered Vis (517 nm) Absorbance decrease after
120 s

Beers, juices, tea, wines 13 <1.0 [57]

MSFIA Unbuffered, 4.1
and 7.6

Vis (517 nm) Absorbance decrease after
180 s

n.a. 14 n. g. [59]
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IA, flow injection analysis; SIA, sequential injection analysis; MSFIA, multisyringe flo
.a., not applicable; n.g., not given.

han 60% of water, which hinders its application to hydrophilic
ompounds [46]. The laboratory procedure is technically simple,
nvolving the determination of the remaining DPPH• using spec-
rophotometry [15], electron spin resonance (ESR) spectroscopy
47] or electrochemistry [48,49]. The assay time is longer than that
stablished for the ABTS•+ assay, varying between 20 min up to 6 h
15].

Initially, the DPPH• assay was automated using a FIA system
oupled to ESR spectrometry [50,51] (Table 2). In this method, the
PPH• solution was continuously fed into a flow-through flat cell,
roviding a constant ESR signal at a fixed magnetic field strength
335.3 mT). When the radical scavenger compound/sample solu-
ion was injected into the carrier stream, the signal was suppressed
nd a negative peak appeared whose height was proportional to
he concentration of the radical scavenger. The low determination
ate (13 h−1) was due to the low resistance to pressure of the flow
ell (flow rates higher than 0.32 mL min−1 were not applicable).
he results obtained for pure compounds (ascorbic acid, cysteine,
rolox) as well as for beverages were compared with a HPLC-DPPH•

ethod [52]. Lower values were found for some samples, which
ere explained by the difference in the reaction time applied in

he HPLC method (20 min) and in the FIA method (<2 min).
Later, a spectrophotometric SIA-DPPH• methodology for rapid

nd routine screening of pronounced antioxidant/radical scaveng-
ng capacity in natural samples was proposed [53]. As described
efore for the ABTS•+ assay [39], a sandwich strategy was imple-
ented to circumvent the mixing problems inherent to SIA [54,55].
ence, the DPPH• zone (20 �L) was intercalated between two zones

25 �L each) of the antioxidant test solution. The applicability of
his SIA system was demonstrated for pure compounds (ascorbic
cid, caffeic acid, catechin, epicatechin, and rutin) and for rou-
ine screening regarding the presence of antioxidant compounds

n a large series of lyophilized herbal and mushroom extracts. The
esults were compared to the batch procedure and, despite the
ower results attained for two samples the proposed method is
efinitely acceptable for screening purposes. In fact, it was recently
pplied for a screening study in 88 plant extracts from Central Euro-

Fig. 5. DPPH• chemical structure.
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ean taxons belonging to the families Asteraceae and Cichoriaceae
56].

Recently, an automatic DPPH• assay was developed using a
ow procedure based on multisyringe flow injection analysis and
pectrophotometric detection [57]. A stopped flow approach was
mplemented to monitor the absorbance decrease along time and to
valuate the reaction kinetics qualitatively upon the tested sample.
urthermore, after studying the influence of the initial DPPH• con-
entration on the calculated percentage of inhibition, the authors
uggested the expression of antioxidant capacity as the absorbance
ariation (or concentration of radical consumed) rather than the
ercentage of consumed DPPH•, as this last value is dependent
f the initial DPPH• concentration. The sample dilution factor was
lso assessed and it was verified that it did not influence the val-
es obtained for samples which were composed mainly by fast
cavengers, whilst for samples containing or originating slow react-
ng compounds, the dilution was a key aspect in achieving results
imilar to that obtained by the end-point time-consuming batch
ethod. For these samples (white and red wines) that did not

xhaust its scavenging capacity within the period of measurement
about 3 min), a mathematical model [58] was successfully applied
o estimate the total DPPH• consumed. Hence, the combination
f automation and mathematical treatment of results enabled a
ignificant reduction of analysis time (from 2 h to 3 min).

A similar MSFIA system was developed to evaluate the DPPH•

eaction conditions concerning pH and solvent [59]. Benefiting
rom the reduction of environmental contamination by manipu-
ation of organic solvents, such as methanol, in a contained media
flow conduits), the influence of pH (unbuffered, 4.1, and 7.6) and
olvent (methanol and ethanolic solution 50%, v/v) during the first
min of the DPPH• scavenging reaction was studied. Using the same
onfiguration, the reaction conditions were adjusted in-line and, for
hose situations in which a stable value of absorbance was attained
ithin the time period of absorbance monitoring, the number of
PPH• molecules reduced per molecule of antioxidant was calcu-

ated.

. Flow methods for determination of total reducing
apacity

The oxidation potential (reducing capacity) of specific com-
ound(s) or sample is conceptually related to their expected
ntioxidant capacity. Indeed, oxidation potential and antioxidant
apacity are inversely related, so that when the oxidation potential

f an analyte is low it means that this analyte would be oxidized
asily, corresponding to a high antioxidant capacity. Considering
his rationale, flow-based methods have been developed to improve
he measurement of overall reducing/antioxidant capacity of pure
ompounds and of a wide variety of food products (Table 3). This
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Table 3
Flow-based methods for determination of total reducing/antioxidant capacity.

Assay Flow method pH value Detection system Quantification Type of sample Determination
rate (h−1)

RSD (%) Reference

Total phenolics FIA 2.0 CL Peak height Wine 120 <0.8 [61]
CL-antioxidant capacity FIA 7.4 CL Height of

negative peak
Olive oil 180 <2.8 [62]

Reduction of Fe(III) complex FIA ≥7.0 Potentiometry Height of
negative peak

Fruit extract, herbal
infusion and tea

100 <1.8 [64]

Folin-Ciocalteu reducing capacity MSFIA >12 Vis (750 nm) Peak height Beer, juices, tea,
wine

12 <1.3 [41,66]

Amperometric reducing capacity FIA n.g. Amperometry (+0.4 V) Peak height Wine <90 n.g. [18]
Amperometric reducing capacity FIA n.g. Amperometry (+0.5 V) Peak height Olive oil 90 <3.5 [68]
Amperometric reducing capacity FIA n.g. Amperometry (+0.5 V) Peak height Vegetable extracts 60 <3.5 [70]
Amperometric reducing capacity FIA 4.0 Amperometry (+0.5 V) Peak height Herbal extracts 60 n.g. [71]
Amperometric reducing capacity FIA 4.5 Amperometry (+0.5 V) Peak height Honey, propolis

and royal jelly
n.g. <2.5 [72]

Amperometric reducing capacity FIA 4.0 Amperometry (+0.8 V,
+0.5 V)

Peak height Tea infusions n.g. <3.2 [77]

Amperometric reducing capacity FIA 4.6 Amperometry (+0.7 V) Peak height LMW fractions of
whey

60 <2.7 [73,74]
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+0.5 V, +0.3 V)

L, chemiluminescence; FIA, flow injection analysis; LMW, low molecular weight; M

roperty has been determined either through a redox reaction
etween the antioxidant compounds present in the sample and an
xidizing reagent (such as acidic potassium permanganate, ferric
on, or tungstate-molybdate) or through amperometric methods,
ased on the measurement of current intensity obtained at a fixed
otential.

In food samples, except for carotenoids and vitamins C and
, the most readily oxidizable compounds are those containing
poly)phenolic groups. In fact, polyphenols are the most abundant
ntioxidants in our diet, since the average daily intake is about
g, which is almost 10-fold the intake of vitamin C, 100-fold the

ntake of vitamin E, and 500-fold the intake of carotenoids [60]. For
his reason, the assessment of “total phenolic” content has been
irectly related with the reducing/antioxidant properties of food
roducts. In this context, Costin et al. proposed a FIA system for the
etermination of the total phenolic/antioxidant levels in wine after
hemiluminescence (CL) generated by these compounds upon oxi-
ation with acidic (pH 2) potassium permanganate in the presence
f sodium polyphosphate [61]. For this, the sample was injected in
double-line system where the carrier stream merged with acidic
otassium permanganate just before the flow-through CL cell. The
roposed method was applied to pure compounds (caffeic acid, cat-
chin, epicatechin, ferulic acid, gallic acid, 4-hydroxycinnamic acid,
uercetin, rutin, and vanillin) and to several red and white wine
amples. The CL peak height showed a good correlation with the
atch DPPH• assay, showing that this method is suitable for rapid
stimation of antioxidant or total phenolic content.

Recently, a high-throughput FIA system for CL measurement
f antioxidant capacity in olive oils has been proposed [62]. In
his case, a three-line system was devised, comprising the ini-
ial mixing between olive oil sample (in 80:20 methanol/water)
nd CL-generating solution containing luminol, horseradish perox-
dase and p-iodophenol, followed by addition of a H2O2 solution. In
pposition to the system mentioned above, the presence of antioxi-
ant compounds inhibited the CL signal due to scavenging of H2O2
nd other reactive species (hydroxyl and superoxide radicals, for
nstance) that are concomitantly formed [63]. Olive oil samples

n = 50) were analysed and no correlation was found between these
esults and those from ABTS•+ and DPPH• methods. The authors
uggested that the discrepancies were due to the different reaction
ime applied in each method (1 h for ABTS•+ and DPPH• and 1 s for
L-FIA).

i
d
i

d

Peak height Apple, pear, green
beans, juices, wines

∼60 <7 [75]

, multisyringe flow injection analysis; Vis, spectrophotometry.

Shpigun et al. [64] developed a flow injection potentiometric
ethod for the evaluation of antioxidant capacity relying upon

erric-reducing ability. The change in the composition of the car-
ier solution ([Fe(CN)6]3−/[Fe(CN)6]4− redox-reagent) due to redox
eaction between water-soluble antioxidants and the oxidant Fe(III)
as monitored potentiometrically by a combined platinum elec-

rode. The height of the transient negative signal was proportional
o the reducing/antioxidant capacity of the compound/sample and
linear relationship between the analytical signal and the loga-

ithm of the concentration of test compound was attained. The
roposed FIA-potentiometric method was applied to pure com-
ounds (ascorbic acid, caffeic acid, chlorogenic acid, l-cysteine,
allic acid, pyrocatechol, pyrogallol, tannic acid, uric acid, and
rolox) and also to a variety of food samples. As this assay relies
n a chemistry similar to that applied in the widely applied FRAP
ssay [16,65], based on the reduction of ferric ion to ferrous ion,
he presence of the well known pro-oxidant species Fe(II) in the
eaction medium may be regarded as a shortcoming.

The automation of FC assay for determination of total reduc-
ng capacity, measured as the cumulative capacity of both phenolic
nd nonphenolic compounds to reduce the FC reagent (tungstate-
olybdate acid complexes) was recently implemented by MSFIA

ystem using spectrophotometric detection [66]. In this case, the
arbonate buffer solution used for pH adjustment in the batch pro-
edure [67] was replaced by sodium hydroxide solution as the rate
f reduction of FC reagent (and also the decomposition of the reac-
ion product) is substantially increased in higher alkaline medium.
he strict control of reaction time offered by MSFIA minimized the
nterference of the decomposition of reaction product, enabling the
eduction of reaction time from 2 h (batch method) to 4 min, with
imilar results for all samples analyzed (wines, beers, teas, soft
rinks and juices). Furthermore, by changing the working condi-
ions through software control without manifold reconfiguration,
ifferent strategies for mixing of sample and reagent were exploited
continuous flow of FC reagent, merging zones, and intercalated
ones approach), in order to attain lower reagent consumption
nd higher determination throughput. Later, this assay was also

mplemented in a MSFIA manifold that enabled the sequential
etermination of this parameter and the ABTS•+ scavenging capac-

ty [41].
The flow methods abovementioned use reactive species (oxi-

ants) to evaluate the reducing/antioxidant capacity of pure
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ompounds and samples. In contrast, the flow methods using
mperometric detection rely on the physico-chemical properties of
he molecule(s) present in the sample, essentially polyphenols, and
o not require the use of reactive species, radicals or non-radicals.
his is an important issue as the antioxidant capacity assessed is
trongly dependent on the oxidant species applied [38].

Mannino et al. developed a single-line FIA system for the
etermination of the antioxidant capacity with an electrochemical
etector operating at a fixed potential [18]. The authors observed
hat at the lower potential established (+0.4 V vs. Ag/AgCl reference
lectrode) only some polyphenolic compounds, having particu-
ar structural features like three phenolic groups or two phenolic
roups in o- or p-position, can be oxidized. Therefore, this method-
logy was proposed for evaluation of “antioxidant power” in wines.
or white wines, results comparable to those from the Folin-
iocalteu assay were obtained. For red wines, this correlation was
oor, justified by the higher proportion of phenols of “good antiox-

dant properties” found in these samples.
Later, the same research group extended this procedure to the

valuation of the “antioxidant power” of olive oils as a model of
ipophilic samples [68]. The olive oil samples were injected in a
arrier stream of chloroform containing tetrabutylammonium bro-
ide and acetic acid, and further directed to an electrochemical

etector operating at a potential of +0.5 V (vs. Ag/AgCl reference
lectrode). This method offered a sound alternative to the nor-
ally used Rancimat method [69] that, owing to the severity of the

xidation conditions used, is not useful for the prediction of olive
il shelf-life. A similar system was proposed by Buratti et al. [70],
ho investigated the electrochemical properties of lipophilic com-
ounds present in vegetables, such as carotenoids, chlorophylls,
ocopherols, and capsaicin as well as several vegetable extracts. In
his case, the carrier stream was composed by methyl tert-butyl
ther, methanol, and sodium dodecyl sulphate. For both systems,
he results obtained by the FIA-electrochemical method were com-
ared to those of the ABTS•+ assay and a good correlation was
ound.

More recently, a similar FIA system was applied to assess the
ntioxidant activity of herb extracts from the Labiatae family [71]
nd also to the evaluation of antioxidant power of honeybee prod-
cts (honey, propolis, and royal jelly) [72]. In both systems, the
arrier was a methanolic solution containing acetic acid/acetate
uffer and sodium perchlorate. For all types of sample analyzed,
he results provided by the FIA-amperometric method showed a
ood correlation with DPPH• assay.

An amperometric single channel FIA manifold was also pro-
osed to assess the antioxidant capacities of low molecular weight
ractions of whey [73]. In this case, the oxidation potential was
xed at +0.7 V (vs. Ag/AgCl reference electrode) and trolox was
sed as standard compound. The results provided by this system
howed a good correlation with those provided by spectrophoto-
etric batch methods: ABTS•+ and FRAP assays [74]. Nevertheless,

he authors pointed out some limitations to its applicability, namely
o compounds with low diffusion coefficient, such as proteins.
urthermore, fouling problems due to protein adsorption at the
orking electrode were also reported, requesting off-line protein

emoval prior to determination.
Blasco et al. [75] have proposed a new screening electro-

hemical protocol to determine total polyphenolics in foods. They
ntroduced the concept of the “Electrochemical Index”, defined
s the total polyphenolic content obtained by electrochemistry.

or this, a single-channel FIA system with amperometric detec-
ion using a glassy carbon disk electrode was employed. Basically,
he electrochemical protocol consisted in the measurement of the
mperometric current at neutral pH (7.5) and at different oxida-
ion potentials. Since the selectivity increases after a decrease of

t
d
s
o

77 (2009) 1559–1566 1565

he oxidation potential, different degrees in the total polyphenolic
ractions could be attained. In this way, it was suggested that the
otal polyphenolics measured under no selective oxidation condi-
ions (+0.8 V) represent the “electrochemical index” while the total
olyphenolics measured under more selective conditions (+0.5 V)
epresent the high antioxidant polyphenolic fraction. The present
lectrochemical protocol was applied to several food products
peel, pulp and juices of apple and pear, wines, and fresh and pro-
essed green beans). The results obtained using the electrochemical
rotocol were well correlated with “total phenolics” obtained using
he Folin-Ciocalteu assay. Later, the same research group exploited
he analytical possibilities of the “electrochemical index” to esti-

ate the antioxidant capacity in honey samples [76]. The results
btained at both potentials applied (+0.5 and +0.8 V) exhibited a
igh correlation with the DPPH• assay. A similar approach was
ecently taken by Buratti et al. [77] using a innovative, low cost
etection cell placed in a FIA system for analysis of tea infusions. In
his case, the current resulting from the oxidation of electroactive
ompounds at +0.8 V or +0.5 V were correlated to Folin-Ciocalteu
henolic index or to DPPH• assay, respectively.

Finally, Pérusse and Leech [78] proposed a voltammetric flow
njection system for determination of methylene blue, produced
ff-line by the oxidation of benzoyl-leuco methylene blue in the
resence of 13-hydroperoxy-9,11-octadecadienoic acid and myo-
lobin. When antioxidant compounds/samples were added to the
revious reaction media, the formation of methylene blue was

nhibited, providing a lower FIA signal. It should be emphasized
hat the automation of the protocol was restricted here to the deter-

ination of the reaction product, with a limited exploitation of FIA
eatures.

. Conclusions

In general, the reported flow based automatic methods pre-
ented several features, such as simplicity, versatility, low cost,
nd high sample throughput that are advantageous for rapid
nd reliable determination of reducing/antioxidant capacity in
oth pure compounds and complex matrices. Besides this, the
eaction/determination takes place in a contained environment,
inimizing the operator exposition to organic solvents used in the
PPH• or lipophilic-electrochemical assays. Furthermore, the reac-

ion conditions (time, mixing, pH) are strictly controlled, improving
he repeatability of results.

One of the main advantages brought by the association of flow
ased methods–antioxidant assessment is the significant decrease
n analysis time. This was achieved in different ways, depend-
ng on the objectives for which the application was developed.
or screening procedures [53] the analysis time can be shorter
han that employed in the batch procedure as reaction complete-
ess is not expected. The objective in this case was to attain a
positive” or “negative” result in order to further investigate the
ompound/extract analyzed. However, when results comparable
o end-point methods were aimed, the direct translation of batch

ethods to flow systems was not feasible, especially for samples
ontaining slow reacting antioxidants. In this case, other solutions
ere implemented, such as the change on reaction media per-

ormed for the Folin-Ciocalteu assay [66] or the application of a
athematical model to the absorbance profile obtained in the first
min of reaction in order to predict the DPPH• consumption at the
nd-point time [57].
The flexibility of flow management offered by computer con-
rolled flow techniques fostered the implementation of two
ifferent assays in the same manifold, which were performed
equentially. In this way, the sample was processed by both meth-
ds at the same time, avoiding discrepancies that may arise due
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o sample modification over time and a more reliable comparison
etween methods.

The flow-based systems reported here were mainly applied to
ood samples, namely wine, beer, coffee, fruit juices, tea, olive oil,
oney and also to plant extracts. The majority of these samples were

iquid, which afforded their direct introduction into the systems. In
ome cases, in-line dilution was performed automatically, imple-
ented in a dilution coil [39] or in a mixing chamber [36], both

laced at lateral ports of SIA-selection valve. In fact, sample dilu-
ion is undeniably an important factor on antioxidant assays as the
ime necessary to attain the reaction end-point will decrease for
ower antioxidant concentrations [58,79]. For flow based systems,
ample dilution is a key parameter to attain results comparable to
nd-point methods as the reaction time is comparably shorter. For
nstance, as reported for the DDPH method, the antioxidant capac-
ty assessed for a red wine sample varied from 97% to 67% of the
atch end-point value when sample dilution was 1:333 or 1:67.
herefore, in order to check if results are time-biased, it is recom-
ended to process different dilutions of the same sample whenever

sing flow based systems.
Finally, the combination of single-line FIA systems with amper-

metric detection provided a simple way of measuring the
ntioxidant/reducing capacity in the absence of a challenging oxi-
ant species. Nevertheless, the different manifolds proposed were
ased on the application of different oxidation potentials and pH
alues (Table 3). In addition, the electrochemical properties of
amples have been quantified using different reference standard
ompounds such as caffeic acid [18], �-carotene [70], (+)-catechin
18,75], galangin [72], gallic acid [76] and trolox [73]. As reported
y Avila et al. [76], the values obtained for honey samples were
trongly influenced by the oxidation potential, the pH and the ref-
rence compound used. Therefore, continued efforts to standardize
he analytical conditions are unequivocally necessary in order to
btain comparable results within and between methods.
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a b s t r a c t

This work presents a preliminary study on the ageing process of proteinaceous binder materials used in
painting under UV light. With this aim, two sets of model samples were prepared: samples prepared using
a single protein material and complex samples prepared in a similar way to the sequence of layers in a
real painting from lowest to highest complexity (protein, drying oils, pigment and varnish). The study
focuses on acquiring information about the possible degradation process of proteinaceous binders due
to ageing and how this process be affected by the presence of characteristic non-proteinaceous painting
materials, such as lipids from linseed oil, terpenic compounds from varnish and inorganic pigments.
Samples simulated the accelerated ageing process, as did the UV light exposition. The FT-IR spectra were
rincipal component analysis
V ageing process
roteinaceous binders
ultural heritage conservation

recorded after 100, 500, 1000 and 1500 h of exposition. The study of the accelerated ageing process was
performed by means of principal component analysis (PCA) using the FT-IR spectra obtained. Loadings
from the significant principal components were analysed to find the FT-IR frequency (cm−1) involved
in the degradation process. The study showed the lack of any relevant modification on the proteins in
the single model samples. On the contrary, the complex model samples showed the ageing process. The
accelerated ageing process can be explained by a principal component from PCA. The most affected IR
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region was 2900–3600 cm

. Introduction

The colour or pictorial layer of paintings is mainly composed of
igments and organic binders. Egg yolk, glair, animal glue, milk or
asein, drying oils, gums, plant resins, animal resins and waxes are
he most common organic materials used as binding media histor-
cally in Europe [1]. The paint medium determined the painting
echnique, and moreover, could be helpful for the authentica-
ion of the artwork. On the other hand, organic materials used in
rt generally need special attention in the conservation of paint-
ngs, due to their tendency to undergo degradation, transformation
nd oxidation processes with respect to the inorganic constituent.
herefore a major problem with organic binders used in objects of
ultural Heritage is their short lifetime due to their susceptibility

o various degrading processes. Particularly, in art paintings, dis-
olouration, cracking and degradation are the results of chemical
nd physicochemical processes that usually originate from oxygen
nd exposure to UV light [1]. Nevertheless, the stability of proteins
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E-mail address: lcapitan@ugr.es (L.F. Capitán-Vallvey).
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here the amide band was included.
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n various atmospheric conditions is said to be exceptional as com-
ared with the yellowing and brittleness of aged oils and resins [2].
his may be the reason why the ageing process of oils and resins
as been widely discussed [3–5], while the ageing of the proteins
sed in painting has scarcely been studied [2].

Analytical studies of binding material have mainly been
ccomplished by gas chromatographic techniques [6–10]. Fourier
ransform infrared (FT-IR) spectroscopy has also been traditionally
sed in the study of works of art to characterise both the inorganic
nd organic constituents in painting materials from a wide vari-
ty of artworks [11–13]. This technique has the advantage of being
ast and needs no treatment sample procedure. On the other hand,
T-IR – as spectroscopic technique – provides complex data sets
epresented by the spectra of the samples, suitable for being treated
y multivariate analysis techniques. In recent years, chemometric
echniques have been increasingly more used in the field of Cul-
ural Heritage since they can extract information from correlated

ata sets, such as spectroscopic sets [14]. Several of these efforts
ave focused on studying the degradation produced by ageing pro-
esses [15–20]. One example of this is a method for monitoring the
urface conservation of wooden objects by Raman Spectroscopy
nd multivariate control charts [15]. Similar approaches, but using
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the slide, including the proteinaceous layer. The protein percentage
values were 10.3% for P8, 5.8% for P9, 5.4% for P10 and 8.1% for P11.
These percentages, higher than 5% in all cases, were attributable to
the presence of some proteinaceous material coming from binders
in the samples; a lower percentage in real samples might suggest

Table 1
Sets of model samples.
E. Manzano et al. / Ta

TR-FT-IR [16,17,19] and FT-Raman [18] spectroscopy were also
roposed for monitoring and testing the state of conservation of
ainted surfaces. Recently, this approach based on multivariate
ontrol charts has also been used to monitor the surface of paper
amples exposed to UV light by ATR-FTR-IR spectroscopy [20]. Mul-
ivariate calibration by means of partial least squares algorithm was
lso applied to analyse the pigments on the surface of a painting
21], although the ageing process of the protein binding material
as not the goal of these works. Multivariate techniques have been
ainly applied to characterise binder materials but using data sets

rom GC–MS [22,23]. Recently a comparison between traditional
nd pattern recognition strategy (SIMCA) in the classification of
ld proteinaceous binders has been proposed [24]. The use of near
R spectroscopy in a classification study of binding media used in
aintings was also reported [25].

The objective of this preliminary work was to evaluate the accel-
rated ageing process – represented by the UV light exposure –
f proteinaceous binding materials in simulated pictorial samples
oth when proteins were single and when they were in a complex
atrix. The painting materials chosen for the study (gypsum, egg

lbumin, jersey cow casein, rabbit epidermis collagen, linseed oil,
hite lead pigment and terpenic resin) were representative of pro-

einaceous and lipid binders, inorganic pigments and varnish used
or many years and throughout historical epochs. Complex sam-
les were constructed adding non-proteinaceous materials (from
he above-mentioned) to a protein thin layer in order to simulate
he strata arrangement in an original painting. The analyses of sam-
les were performed periodically by recording their FT-IR spectra
fter exposure to UV radiation. PCA was applied to FT-IR spectra to
educe its multidimensional space into a smaller space in order to
xtract information about the protein ageing process by studying
imilarities in the samples. Despite the complexity of the samples,
CA analysis made it possible to detect IR changes related to the
ccelerated ageing treatment, proving its usefulness in extracting
nformation from complex data sets. This work represents a first
pproach to studying the UV ageing process of proteinaceous bind-
ng materials by using FT-IR spectroscopy along with chemometric
ools such as PCA.

. Experimental

.1. Instrument and software

The FT-IR spectra were collected using a NICOLET spectrometer
0SXB, working in transmission mode. The instrument was con-
ected to a Pentium 200 and the instrument software was OMNIC v
.1, running under Windows 2000 Professional (Microsoft Corpora-
ion, USA). The FT-IR spectra were recorded from 3999 to 400 cm−1

ith a resolution of 2 cm−1 and 200 scan.
High-speed exposure unit SUNTEST CPS, Heraeus (Hanau, Ger-

any), equipped with a Xenon lamp; a special UV glass filter was
sed for limiting the radiation at wavelengths greater than 295 nm,
orresponding to outdoor solar exposure. Irradiance was set at
65 W m−2, and the maximum and minimum temperatures of the
amples were maintained between 30–35 ◦C and 15–20% relative
umidity measured by the thermohygrometer Station OREGON,
od. EMR812HGN (Portland, OR, USA).
System of Gel Air Dryer, BIO-RAD Laboratories S.A. (Madrid,

pain).

Analytical balance METTLER-TOLEDO model AE163, with the

eight range between 0–30 g and 0–160 g, and precision 0.01 and
.1 mg, respectively.

Ultrasound bath, 6 l capacity, Selecta model Ultrasons-H of J.P.
electa S.A. (Barcelona, Spain).
7 (2009) 1724–1731 1725

Chemometric data treatments were performed using Statistical
roduct and Service Solutions program (SPSS, for Windows ver. 15,
SA) and Excel 2000 (Microsoft Corporation, USA).

.2. Reagents

The standard proteins used to prepare the samples were albu-
in, skin veal collagen and bovine milk �-casein, all purchased

rom Sigma (Barcelona, Spain). In addition, three similar protein
inding media were also prepared according to old recipes [26] to
btain standards similar to those used by ancient artists, specifi-
ally albumin from hen eggs, collagen from rabbit glue and casein
rom bovine jersey milk (homemade samples). The drying oil used
o prepare complex samples was linseed oil (boiled linseed oil) pur-
hased from Talens (Apeldoorn, Holland). The pigment selected to
ix with the linseed oil was lead white or basic carbonate of lead

PbCO3·Pb(OH)2) purchased from Maimeri & Co. (Milano, Italy).
ammar varnish glossy, purchased from Talens (Apeldoorn, Hol-

and) was used for the upper varnish layer.

.3. Model samples

All samples were prepared on 45 mm × 20 mm glass slides. Two
ets of model samples were prepared. The first was made up of the
ingle protein samples prepared by just painting the glass slides
ith a single layer of the studied proteins (P1–P6 samples; Table 1).

he second set contained samples that were constructed increas-
ng their complexity by adding a new layer in every slide sample of
he set. Therefore a gypsum ground layer was disposed on all glass
lides and then over this inner layer of gypsum the following layers
ere arranged sequentially: a thin layer of rabbit glue (P8 sample),
thin layer of linseed oil (P9 sample), a thin layer of a mixture com-
osed of lead white and linseed oil at a ratio of 2:1 (w/w) (sample
10), and an outer layer in sample P11 which was a thin layer of
ammar varnish (Table 1). This second set was prepared according
o the usual complexity of a real painting, simulating its sequence of
ayers: ground layer, pictorial layer and protection layer. P7 sample
nly containing ground gypsum layer.

The different materials used to prepare the layers were carefully
pread on the glass slide with a paintbrush. After spreading each
ayer, the slide was dried to a constant weight using a gel air dryer
ystem. The weight was controlled after every layer deposit in order
o estimate the percentage of weight that each layer represented on
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proteinaceous materials (Table 1). Linseed oil was selected because
it has been widely used as a medium in pictorial layers in oil paint-
ings due to its good optical and mechanical properties with respect
to other drying oils, i.e. walnut, poppyseed. Lead white has been
Fig. 1. Averaged FT-IR spectra of the samples studied before UV exposure (t = 0 h):

races of amino acids in non-proteinaceous materials or the action
f some microorganism especially in wall paintings [27,28].

.4. UV light exposure

In order to provide complete information about the whole model
amples prepared on glass slides (Table 1), five random samples
ere taken from each slide and the KBr pastilles were prepared.

n this way, every glass slide was represented by five KBr pastilles.
imulation of exposure to sunlight was achieved by irradiation with
ight from a UV lamp emitting over 310 nm at 765 W m−2. FT-IR
pectra were registered after 0, 100, 500, 1000 and 1500 h of expo-
ition. The five FT-IR spectra from the same glass model sample
lide at the same time of the UV light exposure were averaged in

rder to achieve FT-IR spectra that were as representative as pos-
ible. These averaged spectra were used to describe the state of
onservation of the respective model sample before and after the
V ageing treatment.

able 2
R regions analysed by PCA.

R region (cm−1) Sample analysed

600–1450 All samples
1500–1750 All samples
1750–1850 P8, P9, P10, P11 (set of complex samples)
900–3600 All samples

T
P

I

6

1

2

ngle model samples and (B) complex model samples and single collagen sample.

. Results and discussion

.1. Model sample selection

Albumin, collagen and casein were selected to study their UV
geing process since they have been widely used in painting as
reparation layer and as binding media. From the point of view of
he conservation state, it is important to know if the ageing process
roduces some significant physical and chemical changes in these
able 3
CA. Single protein set samples.

R region (cm−1) PC Variance account (%) Variance accumulated (%)

00–1450 PC1 91.4 91.4
PC2 6.8 98.2
PC3 0.9 99.0

500–1750 PC1 98.2 98.2
PC2 1.0 99.2
PC3 0.7 99.8

900–3600 PC1 96.4 96.4
PC2 2.7 99.1
PC3 0.7 99.9
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ne of the most commonly used pigments in the history of paint-

ng. A mixture of white lead and linseed oil was laid in a thin layer
ver the protein layer to test the ion Pb(II) influence on the drying
peed of the linseed oil and the consequent action of the lipid oxi-
ants – formed during this drying – on the degradation process of

d
c
a
b

Fig. 2. Score plots of PC1 and PC2 and score plots of PC2 and PC3 for t
7 (2009) 1724–1731 1727

abbit glue, the natural protein selected for this study [29]. Finally,

ammar glossy was chosen as the outer layer since this varnish
ontaining terpenic resin as dammar and is more stable and less
cid than other natural resins, such as mastic. This varnish has also
een widely used throughout different artistic periods.

he three FT-IR regions studied in the single protein set samples.
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Complex model samples P8, P9, P10 and P11 were constructed
dding new layers in order to simulate the complex composition
f a real painting. It is well known that, despite the composition
hanges throughout historical epochs, paintings are made up of
ifferent layers. On the inner layer, namely the preparation layer,
he pictorial layer itself is scattered and formed by the pigments

ixed with organic binders such as proteins, sugars, drying oils
r waxes and finally an outer varnish layer. For this study, picto-
ial films simpler than real paint were prepared (Table 1, complex
atrix set samples). The objective in including this set was to test

he influence of new layers on the possible changes in the proteina-
eous binder when samples were exposed to the accelerated ageing
rocess.

.2. PCA analysis
The FT-IR spectra were registered from 400 to 3999 cm−1 and
ormed by 3734 data points. At each time studied, the different

odel samples prepared on glass slides were characterised by the
verage spectrum of the five FT-IR spectra recorded as explained in

u
t
a
w
a

Fig. 3. Loading plots of PC1, PC2 and PC3 from the three FT
7 (2009) 1724–1731

ection 2. In this way, these FT-IR average spectra were less affected
y the position where the powder was taken in the glass slide to
ake the KBr pellets. Fig. 1 shows these average IR spectra for single

rotein samples (A) and the complex samples (B) right after their
reparation (t = 0), thus, without undergoing any ageing process.

Models samples were split into two sets for PCA analysis. The
rst contained all the samples with a single protein and the second

ncluded the samples that emulated real layer situations in a paint-
ng, here called complex matrix sets (Table 1). Several IR regions

ere selected to carry out the PCA analysis in accordance with the
ample composition. Table 2 shows these IR regions, the charac-
eristic band tested in each one and the samples where they were
sed. The fingerprint region was selected to apply PCA because of

ts unique absorption patterns for every compound and then for
very mixture. The IR region between 1500 and 1750 cm−1 was

sed as representative of absorption bands at 1650 cm−1 attributed
o C O amide I and to 1518 cm−1 N H amide II [30], and the band
t 1653 cm−1 caused by C C double bonds in the fatty acids [31]
ere also included in this IR region. The region between 1750

nd 1850 cm−1 was analysed when the samples contained oil. It

-IR regions studied in the single protein set samples.
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ncludes the intense signal from the carbonyl group at 1744 cm−1

rom ester bonds and the absorption shoulder centred at 1776 cm−1
haracteristic of aged oil drying [31]. The IR region from 2900 to
600 cm−1 was also tested since it includes aliphatic vibrations
round 3000 cm−1 from fatty acids, the protein amide band A
around 3300 cm−1) and B (around 3100 cm−1), and also includes

ig. 4. Score plot of PC1 and PC2, score plot of PC2 and PC3 and score plot of PC3
nd PC1 for the FT-IR regions.
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ands from hydroxyl groups or hydroperoxide, both products of
xidation from drying oil [29].

PCA were performed using both the covariance data matrixes
scaling by mean-centered data) and the correlation data matrixes
scaling by unit variance). The results were clearly better when PCA
ere performed on the correlation data matrixes, so the results

hown and discussed here correspond to autoscaled data. A simple
entring data procedure is often adopted for spectral data [18,32],
ecause the applied autoscaling procedure assigns the same rele-
ance to each IR spectral region. Thus spectral regions with small
ariation – no relevant IR bands – can acquire the same impor-
ance as large IR bands related to important functional groups.
herefore in this work, only IR bands containing the greatest vari-
bility were selected to apply PCA (not the whole IR spectrum).
his may explain why results were more interpretable when data
ere autoscaled since no relevant bands were included in the

CA.

.2.1. Single protein models
The PCA of the data matrix from the samples containing a sin-

le protein showed no pattern distribution with respect to ageing
reatment. There were no groupings of samples that underwent
he same ageing process in any of the IR regions studied when the
cores of the samples were projected onto the plane of the two first
Cs or when using the second and third PCs (Fig. 2). The total vari-
nce explained by the three first PCs in the entire PCA were always
igher than 99.0% (Table 3). It can therefore be inferred that the
geing process did not introduce systematic chemical changes that
ould be detected by multivariate analysis of the IR spectrum. More-
ver, the fingerprint region presented the best ability to grouping
ifferent kinds of protein samples (Fig. 2); it was possible to distin-
uish four different groups projecting the scores onto the plane
f the two firsts PCs (Fig. 2A). In the case of albumin samples,
he PCA could even differentiate protein belonging to standard or
omemade samples. The collagen samples were also split into two
roups, but homemade collagen samples were placed together with
ll the casein samples. Since grouping appeared diagonally on the
lane of the two first PCs for the entire IR region, it was necessary
o use both PCs to group the protein samples. Fig. 3 shows the load-
ng plots of the three first PCs in the different IR regions studied.
t can be seen that no peaks appeared with the greatest weight in
C1; rather the weight was distributed across the whole IR region.
cores projected onto the plane of the second and third PCs were
ess informative for the other three IR regions analysed.

Fingerprint and carbonyl groups regions split the samples into
wo groups by the third PC. The first isolated homemade albumin
rom the rest of the samples and the second isolated the standard
ollagen. The amide band region grouped types of protein but not
s well as the two first PCs of the fingerprint region. No sample dis-
ribution within the groups was related to the ageing process. By
ust analysing scores from amide band projected onto the plain of
he two first PCs it was possible to observe that three of the five
on-aged samples (t = 0) were placed outside of their respective
ind of samples. They were standard albumin, homemade collagen
nd homemade casein samples. This could be attributed to a dry-
ng process during the first hours. It can be assumed that once the
ater was evaporated from the samples, no further changes were
etected by the PCA, in agreement with the consulted bibliography
2,33,34].
.2.2. Complex models
The results found when the PCA was performed on the data

atrix from the complex samples were different from those shown
bove. The most informative IR region was found to be the amide
and, even to characterise the kind of samples. The results from the
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Table 4
PCA. Complex model set samples.

IR region (cm−1) PC Variance account (%) Variance accumulated (%)

600–1450 PC1 83.4 83.4
PC2 15.6 98.9
PC3 0.6 99.6

1500–1750 PC1 85.1 85.1
PC2 9.8 94.9
PC3 4.3 99.2

1750–1850 PC1 99.2 99.2
PC2 0.7 99.9
PC3 0.1 99.9
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IR region. The PCA of the other IR regions did not provide as much
900–3600 PC1 60.9 60.9
PC2 37.5 98.4
PC3 1.5 99.9

CA analysis are reported in Table 4. The first three PCs were signif-
cant and explain 99.0% of the total variance. The scores plotted in
he plane of PC1 and PC2 showed a separation of samples containing
ypsum from the sample without gypsum throughout PC1 (Fig. 4).
rom the IR spectrum (Fig. 1) it can be seen that the main variability
n the samples was introduced by the presence of gypsum, there-
ore this information was included in the first PC. Samples prepared
ith gypsum had negative or zero scores in the PC1. Samples pre-
ared without gypsum were characterised by high PC1 scores. From
he analysis of the loading plots (Fig. 5), this can be seen clearly, as
requencies higher than 3177 cm−1 had the largest weight on PC1;
his IR region leading the separation among samples with and with-
ut gypsum. The scores plotted in the plane of the PC2 and PC3 and
heir loading plots are shown in Figs. 4 and 5, respectively. The sep-
ration of kinds of sample along the PC3 can be clearly seen. The
C3 score decreased in the following order: samples prepared only
ith collagen and gypsum (P8) > collagen (P4) > collagen, gypsum,

inseed oil, pigment and varnish (P11) > collagen, gypsum, linseed
il and pigment (P10) > collagen, gypsum, linseed oil (P9). Samples
repared with linseed oil gave negative scores on PC3. The anal-
sis of the loadings clearly reveals that PC3 mainly accounts for
he peaks at 2930 cm−1 because this peak had the highest positive
eight on this PC3. The work by Marengo et al. [18] analysing the

xposure to UV light of ultramarine blue mixed with linseed oil and
pread on canvas attributed this peak to the presence of linseed oil
n the samples. No aged samples gave positive values on the PC

hich accounted for the peak at 2933 cm−1 and this result can be
sed to indicate the degradation of this oil by the accelerated age-

ng UV process. In this analysis, samples prepared without linseed
il were those that gave positive score values on the PC3, and sam-
les containing linseed oil gave negative score values on this PC3.
herefore, the decrease of the signal at 2933 cm−1 observed here
ould correlate with the presence or absence of linseed oil in the

ample.
The variability explained in the PC2 was related to the ageing

rocess. In accordance with Marengo et al. [18–20], performing PCA
n the non-ageing and ageing samples together, possible new phe-
omena induced by the ageing treatments can account for a specific
C. The results obtained corroborated this affirmation. The distribu-
ion of the sample in groups along the PC2 showed that non-ageing
amples had the highest scores, samples suffering a 500-h ageing
rocess had the lowest scores, and most ageing samples had zero
r close to zero scores on this PC3 (Fig. 4). From the analysis of the
orresponding loading plots (Fig. 5), the IR region affected by the

ccelerated UV ageing process can be estimated. The band around
180 cm−1 had the largest weight on the PC2. This frequency was
ot associated with a characteristic peak in the IR spectrum (Fig. 6).
he conclusion that emerged from the analysis of the loading plots

i
t
b
o

ig. 5. Loading plots of: PC1 (a), PC2 (b) and PC3 (c) from 2900 to 3600 cm−1 of the
omplex set samples.

nd the IR spectra of the ageing complex samples could be that the
amples from 0 to 500 h suffer a general decrease in intensity in the
hole IR region, being more affected around 3180 cm−1; the age-

ng of the samples from 500 to 1500 h appears to have increased
he intensity of this region with the corresponding scores rising
o zero or close to zero. It was not possible to explain the results
hemically since the frequencies with the largest weights on the
C2 were not characteristic of any group present in the complex
amples. It may be that the ageing process is involved with protein
ince the amide band was included in this IR region, but no solid
onclusion could be inferred. Despite the different sample compo-
itions, PCA can detect distribution patterns associated with the
V ageing of complex samples. Once the information represented

n the PC2 is eliminated, the score plots of the PC1 and PC3 grouped
ypes of complex samples perfectly, as can be seen in Fig. 4. The age-
ng process accounted for in a PC was found only by analysing this
nformation. Now that the capability of the PCA of IR data matrix
o detect and extract the results of the ageing process in the PC has
een tested, more efforts must be made which focus on the analysis
f data matrix from samples characterised with lesser variability in
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ig. 6. Averaged FT-IR spectra of P9 complex sample before and after UV exposure.

heir composition, in order to be able to interpret the results more
asily.

. Conclusion

Although the samples used in this study were a simple model of
painted work of art, this paper constituted a first effort to sys-

ematically study the accelerated UV ageing process of proteins
sed as binding materials in paints by using PCA on FT-IR data.
wo model samples were prepared in order to investigate how the
omplexity of the sample affects the UV accelerated ageing pro-
ess of proteinaceous binder material. One of these model samples
as formed by samples prepared using only protein, and the other
as prepared increasing the complexity of its composition, emulat-

ng real paintings. The PCA of the IR data matrix provided valuable
nformation about the ageing process. First of all, no changes were
etected in samples containing a single protein. From the analysis of
he scores plots using the first three PCs, no pattern distribution of
he samples associated with ageing were found. When the samples

mulated real samples, changes were detected in a PC since the pat-
ern distribution of the scores could be related to the accelerated UV
geing process. The most affected IR region was between 2900 and
600 cm−1, region that includes the amide band. Nevertheless no
onclusion could be made about the chemical process since, apart

[
[

[
[
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rom a general change in the intensity, particular changes on char-
cteristic IR peaks were not detected. However, this paper shows
he capability of the PCA on FT-IR data matrix to detect changes
roduced by an accelerated ageing process. This work represents
n initial step in a long-term research project focusing on the
nteraction experienced by proteinaceous binders with the usual
ompounds that could be found in an original painting, such as
ipids, waxes, sugars and pigments. Efforts must be made to focus
n the analysis of data matrices from samples characterised by less
ariability in their composition, in order to be able to interpret the
esults more easily.
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a b s t r a c t

Fatty acids of forty-two samples of perirenal fat of goat kids reared on three different feeding systems: goat
milk (B), milk replacer (R) and milk-based starter (F) have been analyzed by Gas Chromatography flame
ionization detector. The lipids were extracted by melting of perirenal fat in a microwave oven. The fat was
then filtered and dissolved in hexane. This analysis was performed on a column (100 m × 0.25 mm i.d. and
ccepted 29 September 2008
vailable online 1 November 2008

eywords:
oat kid
atty acids
as Chromatography

0.25 �m film thickness) coated with a polar stationary phase HP-88 and flame ionization detector was
used. Hydrogen (25 psi inlet constant pressure) was used as carrier gas. Programmed temperature was
kept at 175 ◦C and held isothermally for 10 min, and was then raised to 205 ◦C at a rate of 3 ◦C/min and held
isothermally for 10 min. By using the fatty acids as chemical descriptors, pattern recognition techniques
were applied to differentiate between goat milk, milk replacer and milk-based starter fattening diet of
goat kid. C18:2 and C18:3 acids were found to be the most differentiating variables.
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. Introduction

The meat of suckling goat kid comes from animals that have
aken only milk in its short life, because they are slaughtered
pproximately when they are one month old.

In ruminants, the biohydrogenation process that takes place in
he rumen due to a microbial synthesis is influenced by the rumen
H [1,2] and diet. In the mammary gland this process occurs by
nzymatic reactions that modify the trans fatty acids (TFA) formed
uring ruminal metabolism. The TFA formed in these processes pass
o milk [3].

In addition, recent experiments have demonstrated that the
uminant diet has an important role in the fatty acid profile of milk
at because if the kind of feeding is modified the milk nutritional
alue can be improved [4–8].
Most of the fat in kid carcass is in perirenal and subcutaneous
eposits [9], only about 1% is as intra-muscular fat. The fat of
oat kid is less saturated than others the frequent consumption
chicken, beef, pork and lamb) [10]. Besides, the researchers look

∗ Corresponding author at: Instituto de la Grasa (C.S.I.C.) Avda. Padre García Tejero,
. 41012 Seville-Spain. Tel.: +34 954611550; fax: +34 954616790.
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or ways to change the fatty acid composition of the meat through
he feed [11,12], especially by reducing the concentrations of SFA
saturated fatty acids) and increasing n-3 PUFA (polyunsaturated
atty acids), because the saturated fat is involved in various cardio-
ascular diseases and cancers [13]. In this sense, it is recommended
hat PUFA/SFA ratio above 0.4 and n-6/n-3 PUFA ratio less than 4 to
ake less risks [14].

The kid at this age is still a pre-ruminant because it has not
eveloped the bacterial flora that can saturate the fat of foods con-
umed and therefore the composition of its fat depending on the
omposition of the diet.

Some authors have reported that the diet of the mother can
ffect the milk fat composition and the fatty acid composition
f milk replacers for goat kids depends largely on the vegetable
at added. In addition, they relate the sensorial quality difference
odour and flavour) of the freshly cooked goat kid meat with two
eeding types of animal (goat milk and milk replacer) [15].

A study realized with suckling lambs reported that the fatty
cid profile in deposit fat was influenced by the type of rearing

nd by dietary fat composition and a higher presence of trans-
18:1 (elaidic) in milk source can be precursor of c9,t11-C18:2
16].

There are few studies that establish an analytical method to dif-
erentiate between the feeding with goat milk or milk replacer. In
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Table 1
Composition of fatty acids function (%) of goat kid perirenal fat samples.

Sample* Zone C10:0 C12:0 C14:0 C16:0 C16:1 C17:0 C17:1 C18:0 t-C18:1�9 C18:1�9 C18:1�7 C18:2 C20:0 C18:3 C20:1

1B Torreperojil 0.46 0.79 7.60 27.72 1.85 0.90 0.33 23.10 1.31 32.52 1.33 1.74 0.06 0.07 0.22
2B Baeza 0.33 0.80 7.94 28.80 1.88 0.72 0.25 20.28 1.89 33.42 1.15 1.97 0.15 0.05 0.36
3B Baeza 0.31 0.75 7.63 28.50 1.85 0.73 0.24 20.65 1.84 33.80 1.15 2.01 0.12 0.07 0.36
4B Baeza 0.62 1.10 9.07 31.31 1.79 0.87 0.29 19.39 2.68 28.11 1.19 2.74 0.14 0.08 0.62
5B Ubeda 0.47 0.82 7.70 27.79 1.77 0.91 0.30 23.87 1.29 31.67 1.35 1.71 0.09 0.08 0.20
6B Torreperojil 0.48 0.82 7.97 28.33 1.91 0.95 0.30 23.00 1.28 31.59 1.31 1.70 0.06 0.09 0.19
7B Torreperojil 0.71 1.15 9.66 31.93 1.78 0.80 0.29 18.62 2.51 28.10 1.15 2.61 0.05 0.06 0.58
8B Torreperojil 0.59 1.05 9.07 31.35 1.73 0.84 0.29 19.51 2.68 28.09 1.21 2.72 0.09 0.09 0.68
9B Torreperojil 0.32 0.75 7.57 28.34 1.85 0.71 0.24 20.57 1.84 34.06 1.17 2.04 0.08 0.07 0.39
10B Ubeda 0.64 1.09 8.94 31.10 1.62 0.77 0.29 19.70 2.55 28.55 1.20 2.69 0.16 0.08 0.62
11B Ubeda 0.46 0.65 7.09 26.12 1.94 1.02 0.31 22.07 1.38 34.84 1.37 2.19 0.09 0.09 0.38
12B Ubeda 0.63 0.97 8.35 27.96 1.86 0.93 0.33 20.92 1.45 32.48 1.36 2.17 0.17 0.08 0.34
13R Baeza 0.15 8.86 15.26 26.58 2.10 0.31 0.15 9.42 0.26 28.81 2.64 4.78 0.18 0.46 0.04
14R Torreperojil 0.17 9.49 15.97 27.27 2.19 0.33 0.15 10.27 0.31 29.58 2.70 4.93 0.20 0.47 0.05
15R Torreperojil 0.13 8.23 14.54 25.89 2.01 0.29 0.14 8.57 0.21 28.04 2.58 4.63 0.16 0.45 0.03
16R Baeza 0.16 9.18 15.61 26.92 2.15 0.32 0.15 9.85 0.28 29.20 2.67 4.85 0.19 0.47 0.05
17R Baeza 0.14 8.54 14.90 26.24 2.06 0.30 0.14 9.00 0.23 28.43 2.61 4.70 0.17 0.46 0.04
18R Torreperojil 0.16 9.28 15.73 27.04 2.16 0.32 0.15 9.99 0.29 29.33 2.68 4.88 0.19 0.47 0.05
19R Ubeda 0.14 8.44 14.78 26.12 2.04 0.30 0.14 8.86 0.22 28.30 2.60 4.68 0.17 0.45 0.04
20R Torreperojil 0.15 9.07 15.49 26.81 2.13 0.32 0.15 9.71 0.28 29.07 2.66 4.83 0.18 0.46 0.05
21R Ubeda 0.14 8.65 15.02 26.35 2.07 0.30 0.14 9.14 0.24 28.56 2.62 4.73 0.17 0.46 0.04
22R Ubeda 0.18 9.87 16.40 27.68 2.25 0.34 0.15 10.78 0.34 30.04 2.74 5.02 0.21 0.48 0.06
23B Ubeda 1.12 1.52 9.93 26.98 1.70 0.79 0.22 20.92 0.99 32.44 1.29 1.72 0.10 0.09 0.20
24B Ubeda 0.90 1.56 11.48 32.42 1.92 0.83 0.24 17.38 1.47 28.70 0.93 1.67 0.10 0.05 0.33
25B Ubeda 0.75 1.05 7.78 26.61 2.27 1.13 0.51 20.00 1.97 34.10 1.37 1.94 0.07 0.07 0.39
26B Baeza 1.16 1.94 12.60 36.46 2.29 0.76 0.24 13.91 1.27 26.17 1.15 1.52 0.15 0.08 0.29
27B Baeza 0.98 1.35 9.88 30.59 2.01 1.04 0.27 19.43 1.82 28.97 1.22 1.90 0.12 0.08 0.34
28B Baeza 0.67 1.14 10.67 32.62 1.91 0.94 0.24 19.08 1.30 28.07 1.09 1.76 0.11 0.05 0.36
29B Baeza 0.44 0.67 7.67 28.97 1.86 0.94 0.29 21.84 1.49 32.59 1.12 1.67 0.09 0.04 0.32
30B Baeza 0.38 0.66 6.99 26.90 1.84 1.13 0.27 23.07 1.51 32.98 1.25 2.48 0.10 0.05 0.38
31B Baeza 0.49 0.77 7.88 27.56 2.27 0.87 0.32 18.62 1.30 36.33 1.40 1.68 0.09 0.07 0.34
32B Baeza 0.93 1.44 10.45 30.98 2.06 1.00 0.24 18.53 1.70 29.01 1.18 1.95 0.14 0.06 0.32
33F Ubeda 0.15 5.71 12.22 33.74 1.40 0.26 0.04 9.40 1.04 29.12 1.41 5.18 0.10 0.13 0.09
34F Ubeda 0.11 3.85 10.70 32.78 1.66 0.29 0.04 10.56 1.17 31.44 1.42 5.65 0.10 0.12 0.11
35F Torreperojil 0.10 4.34 12.02 33.21 1.66 0.25 0.05 9.73 1.07 30.38 1.35 5.56 0.07 0.11 0.09
36F Baeza 0.11 3.91 10.72 33.06 1.59 0.29 0.05 10.60 1.15 31.08 1.46 5.62 0.12 0.13 0.11
37F Torreperojil 0.12 4.30 12.04 32.38 1.36 0.22 0.03 11.00 1.07 30.39 1.47 5.32 0.09 0.12 0.08
38F Torreperojil 0.09 4.61 12.79 34.10 1.46 0.27 0.04 9.87 1.02 28.72 1.34 5.43 0.09 0.10 0.07
39F Torreperojil 0.10 3.28 10.76 32.82 1.45 0.26 0.04 11.38 0.99 31.38 1.47 5.74 0.09 0.14 0.09
40F Baeza 0.15 5.67 13.01 32.42 1.59 0.27 0.04 8.50 1.17 30.08 1.39 5.37 0.12 0.13 0.11
41F Ubeda 0.10 4.13 11.18 31.09 1.38 0.24 0.05 11.90 1.12 31.30 1.58 5.56 0.14 0.13 0.09
42F Baeza 0.14 4.89 12.35 33.47 1.46 0.24 0.04 9.34 1.04 30.05 1.37 5.28 0.12 0.12 0.08

* B = fattening with goat milk; R = fattening with milk replacer; F = fattening with milk-based starter.
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Table 2
Fatty acids species identified by the GC method. Identification based on the relative
retention time to C18:1�9 (see Fig. 1).

Peak Fatty acid TRR

1 C10:0 0.42
2 C12:0 0.48
3 C14:0 0.57
4 C16:0 0.72
5 C16:1 0.79
6 C17:0 0.82
7 C17:1 0.89
8 C18:0 0.93
9 trans-C18:1�9 0.98
10 C18:1�9 1.00
11 C18:1�7 1.01
12 C18:2 1.10
13 C20:0 1.17
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his sense, it has been proposed the determination of C15:0, C17:0
nd C17:1 to establish raising systems of goat kids [17].

In this paper a study of the fatty acid profiles of 42 goat kid
erirenal fat samples, belonging to three fattening diet system
Goat milk, milk replacer and milk-based starter), has been carried
ut. After the extraction of the perirenal fat, the fatty acids have
een analyzed by Gas Chromatography (GC) with flame ionization
etection (FID), one of the most useful analytical methods to deter-
ine fatty acid profile. Differences in the composition of the fatty

cid profile have been used to differentiate between the fattening
iet systems. Principal Component (PCA) and cluster analyses (CA)
ere applied for classification purposes to the fatty acid profile to

nfer differences between groups according to the fattening diet.

. Materials & methods

.1. Reagents and solutions

n-Hexane, fraction from petroleum, MultisolventTM HPLC ACS
rade was supplied by Scharlau (Barcelona, Spain). Potassium
ydroxide 85% PA-ACS grade and methanol PA-ACS-ISO grade were
upplied by Merck (Germany). All other materials were of analytical
rade.

.2. Animal samples

A total of forty-two samples of perirenal fat were analyzed from
oat kid murciano-granadina breed. The animals were slaughter
hen one month old. Twenty two samples corresponding to ani-
als with a fattening diet based exclusively on goat milk, ten

orresponding to animals fed with milk replacer, (consisted of 63%
owdered skimmed milk, vegetable oils, 10% whey and cereal prod-
cts) and ten corresponding to animals fed with milk-based starter
consisted of 30% powdered whey, 15.5% milk and soybean pro-
eins, gluten, 13% vegetable oils and 11% animal fat). Table 1 shows
he identification code assigned to each sample. The samples were
aken from different zones of production from Spanish province of
aen (Baeza, Torreperogil and Ubeda). All the animals included in
he study were reared intensively.

In order to measure the dietary effects on the fatty acid com-
osition of the animals studied, sixteen samples of goat milk, two
amples of milk replacer and two samples of milk-based starter
ere collected and analyzed.

.3. Analytical procedure

.3.1. Extraction of the milk and perirenal fat
Milk fat extraction was performed following the method rec-

mmended by the International Norm. FIL-IDF 1A [18]. According
o this method, 7.5 mL of ammonium hydroxide (25%) and 50 mL
f ethanol were added to 50 mL of goat milk in a 500 mL decant-
ng funnel. After shaking, the mixture was extracted twice, first
sing 250 mL of 1/1 diethyl ether/hexane, then with 150 mL of the
ame mixture. The supernatant portions were combined, dried over
nhydride sodium sulphate and evaporated to dryness in a rotatory
vaporator at 35 ◦C under reduced pressure.

Perirenal fat of goat kid was cut up and melted in a microwave
ven [19] for 3 min at 360 W of power; the fat sample was then
mmediately filtered through Albet filter paper before analysis.
.3.2. Fatty acids analysis
To prepare Fatty Acids Methyl Esters (FAME), method IUPAC

as used [20], so that fatty acids were extracted with n-hexane
nd then methylated with 2N KOH in methanol. Afterwards, sam-
les were analyzed by Gas Chromatography (GC) using A Varian

t
s
(

4 C18:3 1.21
5 C20:1 1.25

RR: means relative retention time.

800 gas chromatograph (Varian Co, Palo Alto, CA, USA) equipped
ith a Flame Ionization Detector, a fused silica capillary column of

00 m × 0.25 mm, 0.25 �m film thickness of HP 88 stationary phase
nd a Varian 8400 automatic injector was used. The injector tem-
erature was kept at 360 ◦C, while the detector temperature was
70 ◦C. Hydrogen (25 psi inlet constant pressure) was used as car-
ier gas, while the make-up gas was nitrogen at 30 mL min−1. Split
njection mode was used with a ratio of 1:50.

In order to obtain better resolution, fat samples from milk and
rerirenal were analyzed under different GC conditions:

To analyze milk fat the initial oven temperature was kept at
0 ◦C, and was then raised to 205 ◦C at a rate of 3 ◦C/min and held

sothermally for 8.33 min.
For perirenal fat samples, the initial oven temperature was kept

t 175 ◦C and held isothermally for 10 min, and was then raised to
05 ◦C at a rate. of 3 ◦C/min and held isothermally for 10 min.

.4. Data analysis

Fifteen fatty acids have been analyzed in the perirenal fat sam-
les and they were considered the chemical descriptors (Table 2).
data matrix whose rows are the samples and whose columns are

he variables was built (Table 1). Each element of this matrix xij
orresponds to the content of the fatty acid j for the sample i. Pat-
ern recognition techniques used in this work included Principal
omponent Analysis (PCA) and Hierarchical Aglomerative Cluster-

ng (HAC). PCA is a vector space transform often used to reduce
ultidimensional data set to lower dimensions for analysis or to

eveal their internal structure. If a multivariate data set is visu-
lized as a set of coordinates in a high dimensional data space,
CA supplies the user with a lower dimensional picture. HAC starts
ith every single object in a single cluster; then, in each successive

teration, it agglomerates the closest pair of clusters by satisfying
ome similarity criteria until all the data are in a single cluster. The
CA and HCA analysis was conducted using the statistical package:
TATISTICA from StatsoftTM (Tulsa, OK, USA).

. Results and discussion

.1. Fatty acid profile of perirenal fat
Fifteen fatty acids molecular species were identified according
o their relative retention times to C18:1�9 acid (Table 2). Fig. 1
hows the corresponding individual chromatograms of goat milk
Fig. 1A), milk replacer (Fig. 1B) and milk-based starter (Fig. 1C)
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Table 3
Composition of fatty acids function (%) of fattening samples.

Fatty acid Goat milk Milk replacer Milk-based starter

Means � Means � Means �

C4:0 1.55 0.31 0.01 0.00 0.02 0.00
C6:0 2.06 0.29 0.33 0.00 0.29 0.00
C8:0 2.74 0.32 4.23 0.06 3.36 0.04
C10:0 9.54 1.15 3.40 0.02 2.68 0.01
C10:1 0.21 0.08 0.00 0.00 0.11 0.00
C11:0 0.05 0.03 0.00 0.00 0.05 0.00
C12:0 4.16 0.79 27.50 0.02 22.69 0.01
C13:0 0.05 0.02 0.01 0.01 0.01 0.00
C14:0 9.62 1.20 10.62 0.02 9.44 0.02
C14:1 0.12 0.04 0.00 0.00 0.00 0.00
iso C15:0 0.35 0.12 0.01 0.01 0.03 0.01
anteiso C15:0 0.56 0.17 0.02 0.00 0.04 0.00
C15:1 0.05 0.01 0.00 0.00 0.00 0.00
iso C16:0 0.14 0.04 0.02 0.03 0.03 0.01
C16:0 26.41 4.00 15.71 0.06 26.35 0.07
C16:1 0.59 0.17 0.94 0.02 0.11 0.00
iso C17:0 0.28 0.05 0.03 0.05 0.00 0.00
anteiso C17:0 0.16 0.09 0.00 0.00 0.00 0.00
C17:0 0.47 0.11 0.13 0.01 0.07 0.01
C17:1 0.20 0.05 0.11 0.01 0.01 0.00
C18:0 13.03 3.19 6.23 0.03 4.59 0.02
t-C18:1�9 1.17 0.36 0.00 0.00 0.54 0.01
C18:1�9 22.74 3.38 22.63 0.04 22.82 0.04
C18:1�7 0.64 0.09 1.96 0.02 0.80 0.01
C18:2 c,t 0.05 0.01 0.00 0.00 0.09 0.00
C18:2 t,c 0.08 0.01 0.00 0.00 0.10 0.01
C
C
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C
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ig. 1. Gas-chromatogram of the fatty acid profile of goat kid perirenal fat samples:
A) goat milk; milk replacer (B) and milk-based starter (C); peaks identification: see
able 2.

attening diet samples of perirenal fat. In this figure, the peaks of
he fatty acids eluted by the atom carbon number and unsatura-
ions number respectively (Table 2), except the C18:3 acid, which
luded after C20:0 acid. The first group of peaks (C10:0–C16:1) of
nterest elutes at a retention time between 7.4 and 14.0 min, the
eaks C17:0 and C17:1 elute between 14.4 and 15.7 min, the group
f fatty acids with carbon number = 18 (stearic, elaidic, oleic, cis-
accenic and linoleic) elutes between 16.0 and 19.5 min. C18:1�9
cid is the major fatty acid of the goat kid perirenal fat [17,21]
nd elutes at 17.6 min. The peaks corresponding to C20:0, C18:3
nd C20:1 appear after 20.0 min. The peaks of the chromatogram
hat show a more remarkable difference between the three fatten-
ng diet types are C12:0, C18:1�7, C18:2 and C18:3. Some authors
15,17,22] showed that no noticeable levels of C4-C8 were found
n kid fat, because these short-chain fatty acids are metabolised.

or the samples from the goat milk, the higher peaks are C16:0,
18:0 and C18:1�9. On the other hand, for the milk replacer ones
14:0, C16:0 and C18:1�9 give the higher peaks and for the milk-
ased starter ones C16:0 and C18:1�9 give the higher peaks. Table 3
hows the fatty acid composition of goat milk, milk replacer and

o
a
A
c
m

18:2 c,c 1.94 0.33 5.08 0.00 5.37 0.00
20:0 0.24 0.03 0.15 0.02 0.22 0.03
18:3 0.34 0.11 0.34 0.00 0.09 0.00
20:1 0.46 0.15 0.53 0.02 0.12 0.01

ilk-based starter used in goat kid diet. The goat milk presents a
igher content of short chain fatty acids (less than 12 carbon atoms),
hich are not found in samples of perirenal fat analyzed, except

he C10:0 acid. A lower C12:0 acid content is found in this milk. The
14:0 acid content is similar to those of the milk replacer and milk-
ased starter and the C16:0 acid content is similar to that found in
he milk-based starter and higher than that in milk replacer. The
oat milk shows a higher content of C18:0 acid, a similar content of
8:1�9 and a lower content of 18:2 than the others types of feed-
ng. This is in accordance with the fatty acid profiles observed for
he perirenal fat analyzed.

.2. PCA-based display methods and cluster analysis

PCA was applied to the data matrix. PC1 and PC2 explain up to
9.90% of the total variance, being 59.30% explained by PC1 and
0.60% by PC2. To visualize the trends of the data (Fig. 2), the load-

ngs for variables were represented in the space of the two principal
omponents (PCs) obtained from PCA [23]. The variables C12:0,
14:0, C18:0, C18:1�7, C18:2 and C18:3 appear with the highest
bsolute values, so they are the descriptors with a major contri-
ution to PC1 and the most differentiating variables. C10:0, C17:0.
17:1, trans-C18:1�9, C20:0 and C20:1 appear with minor absolute
alues and consequently they contribute to a minor extent to PC1.
16:0, C16:1 and C18:1�9 have the lowest differentiating character.
he scores of the samples appear in Fig. 3. As can be observed, all
he goat milk samples appear at the positive side of PC1 while milk
eplacer and milk-based starter samples appear at the negative side.
hen, all the milk-based starter samples appear at the positive side

f PC2 while milk replacer appears at the negative side. Therefore,
complete separation of the fattening diet was achieved by PCA.
mong the most promising features, the two most characteristics
ompounds are: C18:2 and C18:3. These results are in good agree-
ent with the fact that samples situated at the right side of the plot
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Fig. 4. Dendrogram of the goat kid perirenal fat samples by using C18:2 and C18:3
variables.
Fig. 2. Loadings plot for the first PCs.

goat milk) exhibit low contents of C18:2, whereas samples situated
t the left side (milk replacer and milk-based starter) are character-
zed by higher contents for this variable. Besides, goat milk exhibits
ow contents of C18:3. On the contrary, the milk-based starter sam-
les present slightly higher values of the descriptor C18:3 (at the

eft side of the plot) and milk replacer samples present high val-
es for this variable. C18:2 appears in animals feeding with cereal,
egetable oils and seed-based diet while C18:3 is higher in animals
hat have consumed grass.

Once the variables that most contributed to discrimination were
dentified, a hierarchical agglomerative cluster analysis of samples
as performed using the variables C18:2 and C18:3, to check their
iscriminating ability. The City-block (Manhattan) distance was
sed as a similarity measurement and the Ward’s method as an
malgamation rule [24]. In Fig. 4, the resulting dendrogram can be
bserved. Three well-separated clusters appear, one of them con-

aining all goat milk cases (B), another containing all milk-based
tarter cases (F) and the other containing the milk replacer sam-
les (R). No conflicts appeared. From the above results it may be
educed that the content in C18:2 and C18:3 fatty acids plays an

Fig. 3. Scores plot for the first PCs.
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Fig. 5. Variable–variable plot C18:2–C18:3.

ssential role in the classification of the goat kid perirenal fat sam-
les into the goat milk/milk-based starter/milk replacer feeding.
urthermore, based on the results deduced from PCA and HAC, a
imple classification method for the studied samples emerged (was
isclosed).

.3. Classification of samples

A very simple way for classification of samples is the one based
n the variable–variable plot. A C18:2-C18:3 plot for the studied
amples is depicted in Fig. 5. As can be seen, goat milk, milk-based
tarter and milk replacer classes are perfectly separated. Accord-
ngly, based on the C18:2 and C18:3 content, any new sample may
e easily classified.
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a b s t r a c t

A sequential extraction procedure was developed for the fractionation of different classes of selenium
species present in garlic. The consecutive steps included leaching with water, extraction of cell-wall
bound species after lysis with a mixture of cellulase, chitinase and �-glucanase completed by a prote-
olytic attack, extraction with HCl to liberate the residual organic bound species and finally, extractions
with sulfite solution and CS2 to complete the mass balance by the recovery of Se0 and Se2−, respectively.
eywords:
elenium
arlic
equential extraction
EC–ICP MS

Selenium speciation in the aqueous fractions was probed by anion-exchange and ion-pairing reversed-
phase HPLC–ICP MS after purification by preparative size-exclusion LC. It was found to be strongly affected
by the sample redox conditions. The peak identity was matched with a mixture of 9 compounds expected
to be present in allium plants; electrospray QTOF MS turned out to be unsuccessful. Selenite, selenate and
selenomethionine were the dominating species present.
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EC–ICP MS
on-pairing RPC–ICP MS

. Introduction

Speciation of selenium in garlic and other allium plants has been
topic of intense research since the introduction of gas chromatog-

aphy with element specific detection to probe volatile selenium
pecies and some non-volatile compounds after their derivatiza-
ion [1–3]. The subsequent development of HPLC–ICP MS methods
pened the way to the investigation of non-volatile selenium
etabolites which could not be derivatized [4–9]. Reversed-phase
as the principal chromatographic separation mechanism used

4]. The separation efficiency could be considerably improved
y using ion-pairing either with trifluoroacetic acid (TFA) [5] or
ith heptafluorobutyric acid (HFBA) [8,9] thus diminishing the

isk of peak misidentification by retention time matching. Most
f studies resulted in the detection of Se-methylselenocysteine
5–9]. Selenomethionine and Se-n-propylselenocysteine were also
eported but a number of peaks usually remained unidentified [5].

An alternative technique for the identification of Se species

s electrospray MS/MS. It was first proposed for the standard-
ess identification of Se-species in Se-rich yeast [10]. In garlic, it
llowed the identification of �-glutamyl-Se-methylselenocysteine
y McSheehy et al. [11] (later confirmed by others [12,13]) and

∗ Corresponding author. Tel.: +33 559407764; fax: +33 559407781.
E-mail address: sandra.mounicou@univ-pau.fr (S. Mounicou).
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f �-glutamyl-Se-methylselenomethionine [14]. However, a num-
er of species detected in HPLC–ICP MS chromatograms could not
e identified by electrospray MS/MS because of the insufficient

onisation in the experimental (sample preparation and chromato-
raphic) conditions used.

Data on selenium speciation in garlic are limited to the water-
oluble fraction of which the selenium concentration strongly
aries (if at all reported!). The objectives of this work were: (i)
o propose a fractionation procedure allowing an insight into the
hemical forms of the entire selenium present in the sample, and (ii)
o propose the most comprehensive to date probe of Se-containing
tandards to be used as a retention time matching spike in order
o get an insight into the selenium speciation in the aqueous phase
hen HPLC–ESI QTOF MS fails.

. Experimental

.1. Instrumentation

An AktaTM prime automated LC system combined with a fraction
ollector (Pharmacia, Uppsala, Sweden) was used for the fraction-

tion with preparative size-exclusion chromatography. Selenium
as off-line detected in the collected fractions by means of an ELAN
000 ICP MS (PE SCIEX, Concord, Canada) on the 82Se isotope. Ana-

ytical scale chromatographic separations were performed using a
odel 1100 HPLC pump (Agilent, Santa Clara, CA, USA) as the deliv-
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(4) HCl extraction: diluted HCl (0.1 M) was added to the residue and
the sample was incubated for 1 h at 37 ◦C to liberate inorganic
Se bound to organic matter. The supernatant was separated by
centrifugation.
Fig. 1. Recovery of selenium during the sequential extraction procedure.

ry system. Injections were performed using a Rheodyne valve with
100- or 200-�L sample loop. The exit of the column was directly

onnected to the Meinhard nebulizer (Glass Expansion, Romain-
otier, Switzerland) of the ICP MS equipped with a collision cell

Agilent 7500c, Agilent, Tokyo, Japan) by means of polyetherether-
etone (PEEK) tubing. Hydrogen gas was used to pressurize the
ollision cell. Fractions from the preparative chromatography were
yophilized at a temperature of −50 ◦C using a Model LP3 lyophilizer
Jouan, France). DigiPrep (SCP Science, Courtaboeuf, France) was
sed for sample digestion.

.2. Reagents, solutions and materials

Analytical reagent grade chemicals and enzymes purchased
rom Sigma–Aldrich (Saint-Quentin Fallavier, France) and water
18.2 M� cm) obtained from a Milli-Q system (Millipore, Bedford,

A) were used throughout unless stated otherwise. The chromato-
raphic mobile phases were degassed by purging with helium. The
tandard Se compounds were purchased from Aldrich or custom
ynthesized. Metallothionein-I (MT-1), metallothionein-II (MT-2),
yanocobalamin, selenomethionine (SeMet) and selenate (Se VI)
ere used as calibration standards for size exclusion chromatog-

aphy. A commercial sample of freeze-dried garlic with a total Se
oncentration of 650 �g/g (determined as described below) was
nalysed.

.3. Procedures

.3.1. Total selenium determination
A 200-mg garlic sample was digested with 1.25 mL of a mixture

f HNO3 and H2O2 (4:1, v/v) in a 50-mL polypropylene tube (Digi-
ube, SPC Science) using the following temperature program: 0.5 h
p to 65 ◦C and 4 h at 65 ◦C. 10 mL of water was added to decrease
he HNO3 concentration in the solution fed to the ICP MS. Total
elenium was measured by ICP MS using the method of standard
dditions at two levels. The 76Se and 78Se isotopes were used for
uantification; Rh and Ga were used as internal standards.

.3.2. Sequential extraction
Sequential extraction protocol included the following steps:
1) Water extraction: 0.2 g of a garlic sample was sonicated for 2 h
with 10 mL of H2O. The supernatant was recovered by cen-
trifugation (30 min at 1780 × g). The protocol was repeated
3 times; the 3 supernatants were pooled and lyophilized.

F
e

7 (2009) 1877–1882

The lyophilisate was dissolved in 3 mL water and centrifuged
(5400 × g, 10 min). The supernatant was chromatographed and
the residue leached further as described below.

2) Enzymatic cell wall lysis: a mixture of lysing enzymes from
Trichoderma harzianum (cellulase, protease, chitinase, �-
glucanase; 20 mg) was added to the residue together with 5 mL
50 mM CH3COONH4 pH 6. The sample was incubated for 12 h
at 37 ◦C and then centrifuged to separate the supernatant (cell-
wall bound species) and the residue.

3) Proteolysis: an aliquot of 5 mL 50 mM Tris–HCl buffer (pH 7.5)
containing 18 mg of protease (type XIV) was added to the
residue after the lysis. The sample was incubated during 24 h at
37 ◦C. The supernatant was separated by centrifugation.
ig. 2. SEC–ICP MS chromatograms of sequential extracts of garlic after (a) aqueous
xtraction, (b) extraction with the lysing enzymes, and (c) proteolysis.
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Table 1
Chromatographic conditions.

Separation mechanism Analytical SEC Preparative SEC Anion exchange Reversed phase

Column Superdex peptide
(10 mm × 300 mm × 13 �m)

Superdex 30 HiLoad 26/60 Hamilton PRPX-100
(4.1 mm × 250 mm × 10 �m)

C8 Alltima
(4.6 mm × 250 mm × 5 �m)

Eluent 100 mM ammonium acetate pH 7.5 10 mM ammonium acetate pH 9.5 Ammonium acetate, pH 5.1. A:
25 mM; B: 250 mM

0.05% HFBA. A: in H2O; B: in MeOH

Elution program Isocratic Isocratic 0–5 min: 0% B; 5–15 min: 0–100% 0–5 min: 5% B; 5–30 min: 5–40% B;
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was attempted by analytical scale size-exclusion LC–ICP MS. The
chromatograms obtained for the water, cell wall lysis and pro-
teolytic extracts are shown in Fig. 2. All of them show a similar
morphology with a signal in the exclusion volume of the column

Fig. 3. HPLC–ICP MS analysis of a mixture of 9 selenium species using (a)
anion-exchange (1: selenocystine; 2: Se-methylselenocysteine; 3: selenomethio-
njection volume 100 �L 3 mL
low rate (mL/min) 0.7 2.2

5) Sulphite extraction: 5 mL of 1 M Na2SO3 (pH 7) was added to the
residue prior to an incubation for 24 h at 37 ◦C. The supernatant
and the residue were separated by centrifugation.

6) CS2 extraction: 1 mL H2O was added to the residue followed by
the addition of 4 mL CS2. The mixture was incubated for 4 h and
it was hand-shaken regularly. After centrifugation, the residual
plant particles became agglomerated in the upper water phase,
while the CS2-containing layer was localised on the lower part
of the centrifuge tube due to its higher density. Therefore this
layer was recovered by piercing the bottom of the tube.

The absence of selenium in the residue was verified by ICP MS
ollowing the HNO3–H2O2 digestion.

The extraction was carried out in triplicate until the sulphite
xtraction, followed by a single analysis of the CS2 residue.

.3.3. Chromatographic conditions
The optimized chromatographic conditions were given in

able 1. ICP-MS detection of Se was carried out using the 80Se
sotope.

. Results

.1. Sequential extraction of selenium species

The method development was based on a procedure proposed
lsewhere for yeast [15,16]. However, as driselase (the enzymatic
ocktail containing a mixture of cellulases and hemicellulales ded-
cated to dissolve the yeast cell wall) was found less efficient for
arlic, a preparation of lysing enzymes containing in addition chiti-
ase, �-glucanase and protease was used instead. In contrast to
east, a considerable fraction of selenium turned out to remain in
he residue after proteolysis. It is also to note that after the lysing
teps of cell wall and proteins, red particles became visible in the
ample. Therefore two additional steps dedicated to fractionate the
emaining selenium were introduced: one based on the extraction
ith sulphite solution was supposed to remove elemental sele-
ium (Se0) [17,18] and the other, based on extraction with CS2, was
xpected to be specific to selenides [19].

The distribution of selenium among different fractions is shown
n Fig. 1. The procedure accounted for ca. 90% of the selenium
resent; the remaining ca. 10% was left in the insoluble residue after
he last extraction step. The dominating form was elemental sele-
ium Se0 accounting for almost half of the selenium present. The
resence of elemental selenium in allium plants has been already
eported by direct analytical techniques [20]. Together with ca. 10%
f Se present as selenides, it shows a strongly inorganic charac-

er of selenium in the analysed sample. The remaining selenium
as quasi-uniformly distributed between water soluble, cell-wall
ound, and protein-bound fractions, each of them corresponding
o ca. 10% of the total selenium content. The fraction of selenium
eakly and non-specifically bound to organic matter was negligi-

n
m
r
c
s
a

B; 25–26 min: 100–0% B;
26–35 min: 0%B

30–35 min: 40% B; 35–37 min:
40–5% B; 37–40 min 5% B

100 �L 100 �L
1.5 0.9

le and accounted for ca. 1% of the total selenium. The efficiency
f the water extraction was found to be similar regardless of the
emperature of the extracting solution which indicates negligible
ontribution of volatile selenium species to the total selenium con-
ent.

.2. Selenium distribution as a function of molecular weight

An insight into speciation of selenium in the aqueous extracts
ine; 4: methylseleninic acid; 5: Se(IV); 6: Se-allylselenocysteine; 7: �-glutamyl
ethyl selenocysteine; 8: Se(VI); 9: �-glutamyl selenomethionine), (b) ion-pairing

eversed-phase separation (1: SeVI; 2: SeIV; 3: methylseleninic acid; 4: seleno-
ystine; 5: Se-methylselenocysteine; 6: selenomethionine; 7: �-glutamyl methyl
elenocysteine; 8: Se-allyl-selenocysteine; 9: �-glutamyl selenomethionine) mech-
nisms.
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Fig. 4. Identification of selenium species in the low-molecular weight fraction isolated by size-exclusion chromatography. (a) preparative scale Size-exclusion chromatogram;
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b–d) anion-exchange chromatograms of the fractions highlighted in (a). Bold line:
e(VI); (c) Se(IV); (d) selenomethionine. Signal identification: 1, Se-methylselenocy

typical to Se non-specifically bound to cellular debris). Most of
elenium elutes with the low-molecular weight fraction which cor-
esponds to 90% of Se in the water extract; 75% in the cell wall lysis
xtract and 65% in the proteolytic extract.

In order to get an insight into the Se-speciation in the
ow-molecular fraction, the size-exclusion LC was upscaled to
he semi-preparative scale. The low-molecular weight selenium
ich fraction (7.8 ± 0.6%) of the water extract was collected
nd analysed, in the first attempt by direct nanoHPLC–ESI

TOF MS/MS. The analysis of the data set did not allow

he detection of any selenium isotopic pattern confirming the
etection of a selenium species. An approach by HPLC–ICP
S, expected to be more sensitive and robust was therefore

ttempted.

i
u
i
s
H

atogram of the fraction. Thin line: chromatogram of the fraction spiked with (b)
; 2, selenomethionine; 3, Se(IV); 4, Se(VI).

.3. HPLC–ICP MS analysis of selenium species

The identification of Se-species by HPLC–ICP MS has usually
een based on the matching of retention times with those of
tandard compounds. This implies (i) that the efficiency of the
eparation mechanism used is sufficient to produce peaks corre-
ponding to a single compound and (ii) that authentic standards
f the compounds to be found and quantified are available. In this
ork, a mixture of 9 Se-species reported elsewhere to be present
n allium plants as such or as sulphur analogues was prepared and
sed to optimize the separation by anion-exchange HPLC and by

on-pairing reversed-phase HPLC. The chromatograms obtained are
hown in Fig. 3a and b, respectively. The use of anion-exchange
PLC is particularly recommended for the positive identification
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Fig. 5. Analysis of major Se fraction in size-exclusion chromatography by ion-
paring RP HPLC–ICP MS. (a) Fraction after lyophilisation and dissolution in water;
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b) fraction after lyophilisation and dissolution in water with addition of DDT.
he numbers mark the compounds identified by retention time matching: 1,
e(VI); 2, Se(IV); 3, Se-methylselenocysteine; 4, selenomethionine; 5, �-glutamyl-
e-methylselenocysteine; 6, �-glutamyl-Se-methylselenomethionine.

f inorganic selenium species (selenate and selenite) which elute
lose to the void in reversed-phase chromatography and suffer the
ost from the decreased retention in the presence of a matrix or

rom the co-elution with unretained species.

.4. Identification of selenium species in the low-molecular
eight Se fraction of garlic

The use of a 10-fold higher volume column on the semi-
reparative scale allowed a clear distinction of a minor fraction
receding the major one within the LMW fraction isolated by size-
xclusion chromatography (Fig. 4a). The speciation of selenium
n these fractions was investigated by anion-exchange HPLC and
on-pairing RP HPLC in the conditions optimized in Fig. 3. For
he purpose of identification the extracts were spiked by each
f the 9 standards and chromatographed. The anion-exchange
hromatograms showing retention time matches are shown in
ig. 4b–d. They show that the dominant species are inorganic

elenium. Se(IV) accounts for 2/3 of selenium in the major frac-
ion and inorganic selenium [Se(IV) and Se(VI)] accounts for ca.
5% of the total selenium in the minor fraction. The presence of
e(IV) in both fractions suggests that selenite was non-specifically
ttached to other molecules, these bonds being destroyed dur-
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ng freeze-drying of the collected fraction. Selenate is the major
ompound in the minor fraction. Out of other species selenome-
hionine could be identified in the major fraction (Fig. 4d). A
ositive match was also obtained for Se-methylselenocysteine but
he peak was not chromatographically pure. The recovery in RP
PLC was 94 ± 4% and 88 ± 6% for fractions 1 and 2, respectively. In
nion-exchange HPLC 41 ± 12% and 89 ± 8.4% could be recovered,
espectively.

The chromatogram obtained by RP HPLC–ICP MS shows a single
eak in the void (Fig. 5a). This can be partly due to the matrix effect
till decreasing the retention of Se(IV) and Se(VI). It was observed,
owever, that the addition of a reducing reagent (dithiothreitol)
esulted in the disappearance of the large peak in the void and in the
ormation of a number of peaks covering a large range of retention
imes (Fig. 5b). A similar phenomenon was observed for selenome-
hionine in yeast extracts [21,22]. Some of these peaks co-eluted
ith Se(IV), Se-methylselenocysteine and, to a lesser extent Se(VI),

elenomethionine, �-glutamyl-Se-methylselenocysteine, and �-
lutamyl-Se-methylselenomethionine (cf. Fig. 5b). The dominance
f inorganic selenium was confirmed in the extract after cell wall

ysis; on the other hand the proteolytic extract contained predom-
nantly selenomethionine (chromatograms not shown).

The water-soluble selenate or selenite as well as the insoluble
lemental selenium and selenides accounting altogether for over
5% of selenium recovered after extraction is not typical in the light
f earlier reports claiming �-glutamyl-Se-methylselenocysteine as
he major (90%) species [11,13]. Considerable contribution of inor-
anic selenium was, however, reported in other plants such as
apanese pungent radish (45%) [23], or shallot (28%) [13]. Speci-
tion of selenium in garlic is strongly dependent on the sample
rigin as it was reported elsewhere for the Se-enriched yeast
14].

. Conclusion

The study proposes a method able to characterize a garlic
ample in terms of distribution of selenium among the different
rigins (water soluble, cell-wall bound, protein bound, elemental
nd selenide). Retention time matching with the most compre-
ensive to date set of standards allows the identification of many
pecies provided the analysis is carried out in reduced conditions.
his approach is more valuable compared to the performance of
PLC-ESI MS because the latter one cannot detect the compounds
f interest under similar sample preparation conditions [24].

eferences

[1] E. Block, X.J. Cai, P.C. Uden, X. Zhang, B.D. Quimby, J.J. Sullivan, Pure Appl. Chem.
68 (1996) 937.

[2] X.J. Cai, P.C. Uden, E. Block, X. Zhang, B.D. Quimby, J.J. Sullivan, J. Agric. Food
Chem. 42 (1994) 2081.

[3] R. Lobinski, J.S. Edmonds, K.T. Suzuki, P.C. Uden, Pure Appl. Chem. 72 (2000)
447.

[4] H. Ge, X.J. Cai, J.F. Tyson, P.C. Uden, E.R. Denoyer, E. Block, Anal. Commun. 33
(1996) 279.

[5] S.M. Bird, H. Ge, P.C. Uden, J.F. Tyson, E. Block, E. Denoyer, J. Chromatogr. A 789
(1997) 349.

[6] M. Kotrebai, M. Birringer, J.F. Tyson, E. Block, P.C. Uden, Anal. Commun. 36 (1999)
249.

[7] M. Kotrebai, P.C. Uden, Spectrochim. Acta Part B 54 (1999) 1573.
[8] M. Kotrebai, M. Birringer, J.F. Tyson, E. Block, P.C. Uden, Analyst 125 (2000) 71.
[9] M. Kotrebai, J.F. Tyson, E. Block, P.C. Uden, J. Chromatogr. A 866 (2000) 51.
10] C. Casiot, V. Vacchina, H. Chassaigne, J. Szpunar, M. Potin-Gautier, R. Lobinski,
Anal. Commun. 36 (1999) 77.
11] S. McSheehy, W. Yang, F. Pannier, J. Szpunar, R. Lobinski, J. Auger, M. Potin-

Gautier, Anal. Chim. Acta 421 (2000) 147.
12] M. Shah, S.S. Kannamkumarath, J.C.A. Wuilloud, R.G. Wuilloud, J.A. Caruso, J.

Anal. At. Spectrom. 19 (2004) 381.
13] Y. Ogra, K. Ishiwata, Y. Iwashita, K.T. Suzuki, J. Chromatogr. A 1093 (2005) 118.



1 lanta 7

[

[

[

[
[
[

[
[

882 S. Mounicou et al. / Ta

14] E.H. Larsen, R. Lobinski, K. Burger-Meyer, M. Hansen, R. Ruzik, L. Mazurowska,
P.H. Rasmussen, J.J. Sloth, O. Scholten, C. Kik, Anal. Bioanal. Chem. 385 (2006)
1098.

15] J.R. Encinar, M. Sliwka-Kaszynska, A. Polatajko, V. Vacchina, J. Szpunar, Anal.
Chim. Acta 500 (2003) 171.
16] C. Casiot, J. Szpunar, R. Lobinski, M. Potin-Gautier, J. Anal. At. Spectrom. 14 (1999)
645.

17] S. Gao, K.K. Tanii, D.W. Peters, M.J. Herbel, J. Environ. Qual. 29 (2000) 1275.
18] D.J. Velinsky, G.A. Cutter, Anal. Chim. Acta 235 (1990) 419.
19] V.J. Molinski, G.W. Leddicotte, The Radiochemistry of Selenium, in:

Nuclear Science Series of National Academy of Sciences, National

[

[

[

7 (2009) 1877–1882

Research Council, Washington, DC, 1965, Committee on Nuclear
Science.

20] S. Glinska, B. Gabara, Folia Histochem. Cytobiol. 38 (2000) 143.
21] A. Polatajko, B. Banas, J.R. Encinar, J. Szpunar, Anal. Bioanal. Chem. 381 (2005)

844.

22] E.H. Larsen, M. Hansen, T. Fan, M. Vahl, J. Anal. At. Spectrom. 16 (2001)

1403.
23] Y. Ogra, T. Kitaguchi, K. Ishiwata, N. Suzuki, Y. Iwashita, K.T. Suzuki, J. Anal. At.

Spectrom. 22 (2007) 1390.
24] E. Dumont, Y. Ogra, F. Vanhaecke, K.T. Suzuki, R. Cornelis, Anal. Bioanal. Chem.

384 (2006) 1196.



I
o
t

T
L
a

b

a

A
R
R
3
A
A

K
Y
O
S
S
I

1

a
a
m
c
l
[

s
d
1
t
u
i
5
i

0
d

Talanta 77 (2009) 1745–1747

Contents lists available at ScienceDirect

Talanta

journa l homepage: www.e lsev ier .com/ locate / ta lanta

ncreasing the sensitivity of the spectrophotometric determinations
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a b s t r a c t

The conditions for formation of the I3
−-starch compound and measuring its absorbance have been found,

and a spectrophotometric method has been developed for the determination of the oxygen content in
YBa2Cu3Oy superconducting bulk samples. The method involves the following stages: a decomposition
of the sample in an acid medium in the presence of iodide ions under inert atmosphere; formation of a
complex between Cu(II) and glycine; binding the I3

−-complex with a starch and the absorbance measure-
ment of the colored I3

−-starch compound. The coefficient of the active oxygen is calculated by the ratio of
eywords:
BCO superconductors
xygen content
pectrophotometry
tarch
odine

the absorbances of two solutions and the method does not require both calibration and precise measur-
ing sample mass. The accuracy of the results is confirmed applying the comparative spectrophotometric
method that uses the yellow I3

−-complex. The precision of the results evaluated by the relative standard
deviation is 2%. The developed method is sensitive and allows a sample mass about 2 mg to be used. The
analysis is rapid and requires a simple and inexpensive apparatus. Thus the new method would be useful
for an express analytical control of the oxygen content of YBCO-superconducting materials produced for

c
m
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y
r
d
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[
t
m

the electronics.

. Introduction

The oxygen content acts as a regulating factor of the structure
nd the electrical properties of YBCO superconducting materials
nd that is why its control has to be done [1–4]. Various “wet”
ethods have been developed for the determination of the oxygen

ontent, such as iodometric titrations [5–9], termogravimetric ana-
yzes [10], volumetric measurements [10], coulonometric titrations
11–13], spectrophotometric analyzes [14,15].

Last years YBCO and other superconducting materials have been
tudied for electronic applications. The amount of the supercon-
ucting materials for these applications is small (sometimes it is
–5 mg) and to determine the oxygen content in them coulonome-
ry and spectrophotometry among the methods given up could be

sed. The sample mass for analyzes in coulonometric titrations [12]

s about 10 mg, in micro-coulonometry [13] the mass is reduced to
mg. The spectrophotometric method [14,15] uses a sample mass

n the limits of 8–10 mg. The coulonometry however needs pre-

∗ Corresponding author.
E-mail address: tco4ko 75@abv.bg (S.Iv. Georgieva).
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© 2008 Elsevier B.V. All rights reserved.

isely measuring the sample mass, while the spectrophotometric
ethod does not require. The spectrophotometric method does not

eed calibration to be done also. This method uses iodide ions as
eductors and the coefficient of the active oxygen is calculated as
ratio between the absorbances of two solutions containing the

ellow colored I3−-complex. The absorbance in the numerator cor-
esponds to the quantity of Cu(III) in the sample, and that in the
enumerator—to the total copper quantity.

In this work experiments were made to reduce the sample mass
n the spectrophotometric method pointed out above. The capabil-
ty of I3− and the starch to form an intensive colored compound
16] was tested and a sensitive spectrophotometric method for
he determination of the oxygen content in YBCO superconducting

aterials was developed.

. Experimental
.1. Solutions and apparatus

The following reagents were used: 1.63 × 10−3 mol l−1 Cu(II)
repared by dissolving CuO (p.a.) in 1 mol l−1 sulfuric acid;
.112, 0.300, 0.630, 1.12, 1.68 and 2.52 mol l−1 KI prepared daily
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rom KI (p.a., Merck); 0.1 mol l−1 hydrochloric acid; 0.1 mol l−1

odium hydroxide solution; sodium acetate–acetic acid buffer
CNaAc = 0.08 mol l−1; pH = 4.9 ± 0.1); 2 mol l−1 glycine solution;
.2%, 0.4%, 0.8% and 1.6% solutions of starch in water (v):glycerine
v) mixture (1:1)—the solutions are stable for several weeks; potas-
ium iodide (p.a.; Merck); nitrogen gas (99.99).

The assembly for sample dissolution is described in [15]. The
bsorbance was measured by a single-beam Spekol 11 spectropho-
ometer (Carl Zeis, Jena) using cells with a path length of 1 cm.
ouble-beam Spectrophotometer Cary (Varian) was used to record

he spectra.

.2. Procedure

.2.1. Analysis of model solutions
Proper volume of the Cu(II) solution, 2 ml of the buffer solution,

nd 3 ml of the KI solutions were introduced in a measuring flask of
0 ml. After a 10 min stay in a dark place, 1 ml of the starch solutions
as added and the solution was diluted up to the mark. The starch

olution and the distilled water were added drop by drop with con-
inuously shaking of the flask. The absorbance of the I3−-starch
ompound was measured at � = 545 nm against a blank solution.
he spectra of the compound were recorded against distilled water.

.2.2. Analysis of YBCO bulk sample
1.5–2.0 mg of a bulk sample, previously powdered and homog-

nized, was placed in a hemispherical glass container and put on
he bottom of one of the beakers. Two measures of 2.5 g KI were
laced in the beakers. A volume of 6 ml of the hydrochloric acid
as introduced in each of the funnels. The oxygen from the beakers

nd the solutions was removed by purging with a nitrogen gas
or 10 min. The hydrochloric acid solutions were introduced to the
eakers and the potassium iodide was carefully dissolved before
he sample made contact with the solution. Then the nitrogen
as was stopped, the glass container was turned off and the sam-
le was decomposed and dissolved by stirring. The funnels were
emoved and volumes of 9 ml of the acetate buffer were added to
he sample and blank solutions. After this procedure, 6 ml of the
odium hydroxide solution were added to each of the beakers and
he stirring of the solutions was stopped. Three measured flasks of
0.0 ml each with stopper numbered 1, 2 and 3 were prepared (see
able 1). A volume of 5.00 ml and two of 2.00 ml were taken from
he sample solution and transferred into flasks 1, 2 and 3, respec-
ively. Two blank sample volumes of 3.00 ml each were added to
asks 2 and 3, which contained 2 ml of the sample solution. There-
fter, 2.00 ml of glycine solution were added to flasks 1 and 3 and
.00 ml of distilled water were added to flask 2. The solutions were
omogenized and 1 ml of the 0.8% starch solution was added to

ach flask drop by drop shaking the flask, then the solutions were
iluted up to the mark of 10 ml by distilled water. After 5 min the
bsorbances were measured at � = 545 nm as the absorbance of the
olutions in flasks 1 and 2 was read against the solution in flask 3.
t is recommended two parallel sets of solutions to be made and

able 1
reparation of the solutions for absorbance measurement.

umber of the flask Volumes (ml)

Sample Blank
samplea

Glycine dH2O Starch

lask 1 5 – 2 – 1
lask 2 2 3 – 2 1
lask 3 – comparative solution 2 3 2 – 1

a The blank sample passes through all stages of the procedure, simultaneously
ith the sample for analyze.

w
o

5
5
b
p
a
s
a
h
m
s
w
b
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ig. 1. Spectra of the I3−-starch compound at CCu = 3.84 × 10−5 mol l−1, starch 0.08%
nd concentrations of KI in mol l−1: (1) 0.034, (2) 0.090, (3) 0.19, (4) 0.34, (5) 0.50
nd (6) 0.76.

he coefficient of the active oxygen to be calculated by the mean
bsorbances.

. Results and discussion

The experiments with model solutions were carried out in the
resence of the reagents that are used in the method for the deter-
ination of the oxygen content of YBCO samples [14,15]. First

he I3−-complex is formed in solutions containing Cu(II) concen-
ration in the limits of 0.6 × 10−5 to 6 × 10−5 mol l−1, a sodium
cetate–acetic acid buffer (pH = 4.9 ± 0.1), equimolar quantities of
odium hydroxide solution and hydrochloric acid and different
oncentrations of KI. After that the starch solution is added and
he I3−-starch compound is formed. It was established that starch
oncentrations of 0.02%, 0.04%, 0.08% and 0.16% in the solutions
or the absorbance measurement do not exert any effect on the
bsorption spectrum of the I3−-starch compound, and a starch
oncentration of 0.08% was chosen. The potassium iodide concen-
ration was varied from 0.034 to 0.76 mol l−1 and the spectra of
he I3−-starch compound were recorded at six concentrations of
I) (Fig. 1). The absorbance of the I3−-starch compound increases
hen the concentration of KI increases which can be due to the

hanges in the extent of binding the iodine in I3−-complex or to
he harmful oxidation process of the iodide ions from the oxygen
ir. To evaluate the influence of the oxidation process, six blank
olutions with KI concentration as these given in Fig. 1 were pre-
ared and their absorbances were measured towards dH2O. The
bsorbances of first three solutions with lower KI concentration
ere approximately equal to zero. The last three solutions with

oncentrations of KI: 0.34, 0.50 and 0.76 mol l−1 exhibits maxi-
um values of the absorbance as follows: 0.010, 0.055 and 0.120,

espectively. The potassium iodide concentration of 0.34 mol l−1

as selected at which the sensitivity is high and the absorbance
f the blank solution is still low.

Two spectral maxima were observed at wavelengths of 485 and
45 nm. For KI concentrations up to 0.19 mol l−1 the absorbance at
45 nm is the higher one. In contrast, when KI concentrations are
etween 0.34 and 0.76 mol l−1 the maximum at 485 nm is more
ronounced. The wavelength of the right maximum (� = 545 nm)
t which a concentration of KI between 0.19 and 0.50 mol l−1 exerts
mall effect on the absorbance (Fig. 1) has been chosen for the
bsorbance measurement. The choice of the wavelength value
as been determined by the fact indicated in the spectrophoto-

etric method [14,15] that the KI concentration in the sample

olution is not precisely equal to this in blank. Beer’s law at the
avelength of 545 nm and for KI concentration of 0.34 mol l−1 has
een tested. A linear correlation between the absorbance of the

3
−-starch compound and the concentration of Cu(II) was found
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Table 2
Chemical reactions of the analytical method.

Stages of the analytical procedure Chemical reactions

1. Decomposition of the sample 2Cu2+ + 7I− ↔ 2CuI−2 + I−3 (1)
Cu3+ + 5I− → CuI−2 + I−3 (2)
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[
[15] A. Stoyanova-Ivanova, T. Nedeltcheva, L. Vladimirova, Cent. Eur. J. Chem. 432

(2005) 3.
. Introduction of the glycine I−3 + 2CuI2 + 2iGly ↔ 2CuGlyi + 7I− (3)
2Cu3+ + 3I− + 2iGly → 2CuGlyi + I−3 (4)

. Inserting the starch I−3 + starch → I−3 − starch (5)

r = 0.995) and the regression equation at P = 95% and f = 13 is
= (1.25 ± 0.01) × 104 CCu(II).

The procedure for analysis of YBCO bulk samples is similar to this
iven in works [14,15]. The sample is dissolved in hydrochloric acid
n the presence of iodide ions under inert atmosphere. Cu(II) and
u(III) react with iodide ions according Eqs. (1) and (2) (see Table 2).
hree solutions with different volumes of the sample and blank
olutions, and glycine in two of them are prepared (see Table 1).
he iodine in the solution without glycine is equivalent to the total
opper. The iodine in the solutions with glycine is equivalent only
o the copper (III) according to Eqs. (3) and (4) in Table 2. The starch
s added to the three solutions and this stage is the main innovation
f the procedure. The starch binds I3− in a colored stable compound
see Eq. (5) in Table 2) and its absorbance is measured. The iodide
nd starch concentrations in the solutions for the absorbance mea-
urement are the same as these found by the experiments with
odel solutions. The absorbance is measured at 545 nm, corre-

ponding to the wavelength of the right maximum of the spectrum,
y the reason pointed out before. The molar absorptivity of the

3
−-starch compound is about ten times higher than that of I3−-

ompound [17], and thus the sensitivity of the method is 10 times
ncreased. That is why a smaller sample mass, a lower quantity
f KI and a lower hydrochloric acid concentration were used in the
rocedure. The novelty is also the shorter time for purging the solu-
ions with nitrogen gas. As a result the time of the sample analyses
s decreased.

In order to test the procedure, a monophase YBa2Cu3Oy

uperconducting bulk sample (X-ray tested [18]), synthesized
y solid-phase technology [18], was used. The values of the
-coefficient of the active oxygen in YBa2Cu2+

3−zCu3+
z O6.5+ı super-

onductors were calculated by the formula:
= A1

A2

here A1 is the absorbance of the solution in flask 1, and A2 is the
bsorbance of the solution in flask 2. The absorbances A1 and A2

[
[
[

a 77 (2009) 1745–1747 1747

f the solutions were read against the absorbance of the solution
n flask 3. The mean ı-value obtained from 13 determinations was
= 0.448 ± 0.007 (P = 95%, f = 12). The precision of the method evalu-
ted by the relative standard deviation was 2%. To test the accuracy
f the mean result a comparative method, using the absorbance
easurement of the yellow I3−-compound was applied [14,15]. The
ean result from five determinations of the same YBCO sample was

= 0.45 ± 0.01 (P = 95%, f = 3). The coincidence of the two ı-values is
proof for the absence of systematic errors in all stages of the new
ethod and mainly in the new stage: “Formation of the I3−-starch

ompound” included in the developed method.

. Conclusions

The developed method is sensitive and accurate. The analysis is
apid, needs a small sample quantity (about 2 mg) and uses simple
nd inexpensive apparatus. Thus the new method would be useful
or an express analytical control of the oxygen content of YBCO-
uperconducting materials produced for the electronics.
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a b s t r a c t

Calixarenes are interesting building blocks in supramolecular receptor design. They can be easily func-
tionalized to give the desired guest binding and sequestration properties. We demonstrate here the use
of simple alkylated calixarenes as novel NO2 sensors. Upon reacting with gaseous NO2, alkylated cal-
ixarenes form stable calixarene-NO+ (nitrosonium) complexes that have a deep purple color. This specific
and selective formation of the colored complex was used to develop a fiber optic based colorimetric NO2

sensor. Several alkylated calixarenes are used and tested as sensing materials. The calixarene compound
was immobilized on a fine mesh silica–gel coated thin layer chromatography plate. The sensing plate
was coupled with a fiber optic based photodetector. Gas samples were sampled in a manner where they
impinged on the surface of sensing plate. The light transmission through the plate was continuously mon-
itored. For a 5 min sample, the limit of detection was 0.54 ppmv with 1,3-alternate O-hexyl calix[4]arene
(1a). There were no significant response differences between different conformations of calixarenes such
as 1,3-alternate or cone. This chemistry can form the basis of a colorimetric sensor that relies on extant

filter tape technology.

With calixarenes however, such a reaction is potentially reversible – color formed upon reaction with
NO2 can be reversed by flushing the sensing plate by purified air. While we found that the removal of the
developed color can be accelerated by simultaneous heating and suction, permitting the reuse of the same
sensing area multiple times, we also observed that the sensitivity gradually decreased. The nitrosonium
calixarene derivative tends to transform to the nitrated form; this process is catalyzed by light. Several

ere sy

m
e
c
[
c
t
U
P
C
s

methylated calixarenes w

. Introduction

Calixarenes have been called “chemical chameleons” because
f the synthetic flexibility with which they can be functional-
zed or derivatized [1]. Calix[4]arenes in particular are extensively
sed in host–guest chemistry because of their ability to reversibly
orm stable inclusion complexes; the interest in calix[4]arenes
or applications in analytical and separation chemistry has been
teadily growing [2–5]. The conformational rigidity and flexibil-
ty of these supramolecular receptors vary upon incorporation of

guest molecule/ion: this allows the utilization of calix[4]arenes

s fundamental building blocks that can be tailored to make
alix[4]arenes with desired functionalities for quantitative and
ualitative applications.

∗ Corresponding author. Fax.: +1 817 272 3808.
E-mail address: dasgupta@uta.edu (P.K. Dasgupta).
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nthesized and tested but a fully satisfactory solution has proven elusive.
© 2008 Elsevier B.V. All rights reserved.

Calixarene derivatives have been utilized to make solid phase
icro extraction fibers that are particularly well suited for

xtracting phenols from water/wastewater [6]. They have been suc-
essfully used as stationary phases in capillary gas chromatography
7] and high performance liquid chromatography [8]. Derivatized
alixarenes have been used as molecular receptors in determina-
ion of ions, e.g., Ag+ [9–13], Hg2+ [6,14–16], Ni2+ [17], Th4+ [18],
O2

2+ [9,18–20], HPO4
2− [21,22], Na+ [23–26], K+ [27], Cd2+ [28],

b2+ [20,29,30], Mn2+ [31], Co2+ [32], Au3+ [10], Tl+[16,33,34] and
s+ [35]. In most cases, the derivatized calixarenes provided a more
elective sensing element for ion selective electrodes (ISE) relative
o extant alternatives. Optical transduction has also been used: Ma
t al. [17] measured Ni2+ ions using chromogenic azocalix[4]arenes
hat absorbed red light when Ni2+ was entrapped by the calixarene.
ain et al. have used calix[4]resorcinarene-hydroxamic acid for opti-

al measurement of UO2

2+ [20].
Recent studies of molecular recognition and sensing of NO2 with

alixarenes show that a purple charge transfer complex is formed
ith a relatively high binding constant [36]. These experiments
ere conducted with relatively high concentrations of NO2. It is
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ell known that NO2 exists in its dimeric form of N2O4 at higher
oncentrations and N2O4 can disproportionate to NO+NO3

−; this
rocess is favored in the presence of aromatic compounds which
an provide a �-electron rich site for NO+ to bind [37–39]. Nitroso-
ium ion (NO+) (van der Waals diameter, <2 Å) generated from
O2/N2O4 thus binds well to the interior (internal diameter ∼6 Å)
f calix[4]arene. The reversible development of a purple color both
n solution phase and with the pure solid phase upon reaction of
alixarene with NO2 (g) was previously reported [36] leading to an
nhanced interest in the remarkable complexation and molecular
ncapsulation abilities of calixarenes towards NO2 and other envi-
onmentally important gases [40]. Thus far, such experiments have
een limited to pure or high concentration NO2 with qualitative

nvestigations on color development. In ambient air or even in inter-
al combustion engine exhaust (where concentrations range from
ingle digit to triple digit parts per million by volume (ppmv) NO2
41]), NO2 is present in much lower concentrations than tests made
ith calixarene-based sensors thus far, it remains an open ques-

ion whether the calixarene-NO+ binding constant is high enough
o drive the formation of an inclusion complex at such low con-
entrations. Nitrogen dioxide is one of six criteria air pollutant
esigned by US-EPA [42]. Of particular interest to us is a sensor that
an directly measure NO2 levels in engine exhaust and in source
onitoring; there is a worldwide interest in such sensors [43]. We

escribe here the working characteristics of a simple optical fiber-
ased NO2 sensor that is based on alkylated calix[4]arenes as the
ensing element.

. Experimental

.1. Instruments and standard gases

1H NMR spectra were recorded at 295 ± 2 K on a JEOL

clipse 300 MHz spectrometer. The chemical shifts were mea-
ured relative to the residual non-deuterated solvent resonance.
ltraviolet–visible spectra were obtained with HP 8453A photodi-
de array spectrophotometer. Nitrogen dioxide was generated from
gravimetrically calibrated permeation tube [44] made in-house

2
i
c
i

Fig. 1. Structures of calix[4]ar
(2009) 1814–1820 1815

rom a fluorinated ethylene propylene tube (50 mm × 6.3 mm o.d.,
.38 mm wall thickness), providing an output of ∼30 �g NO2/min
t 30 ◦C. Dilution air was generated by a chromatographic pure air
enerator (Model 737, AADCO, www.aadcoinst.com) and metered
ith mass flow controllers (Tylan General, Torrance, CA).

.2. Synthesis of calixarenes

See Fig. 1 for all structures. Parent calix[4]arene 1 and [1.1.1.1]
etacyclophanes 3 (Pappalardo’s cyclophane) were synthesized by
inor modification of procedures reported in literature [45–47].

alixarenes 1a, 1b, 2a, 2b, 2c and alkylated [1.1.1.1] Metacy-
lophanes, 3a, 3b were prepared according to the published
rocedures [48–50].

A representative procedure for the synthesis of compounds
a, 1b is as follows. An alkyl bromide (0.03 mol) was added to a
uspension of tetrahydroxycalix[4]arene 1 (0.01 mol) and K2CO3
4.2 g, 0.03 mol) in MeCN (200 mL), and the reaction mixture was
efluxed under nitrogen for 48 h. The precipitate was filtered off,
nd the solution was evaporated to dryness. The residue was redis-
olved in CH2Cl2 (200 mL), and the solution was washed with
ater (3 × 150 mL) and dried over MgSO4. After evaporation, the

olid residue was treated with MeOH (200 mL) to yield the corre-
ponding 5,27-bis(alkyloxy)-26,28-hydroxycalix[4]arene. An alkyl
romide (0.04 mol) was added to a suspension of this compound
0.01 mol) and Cs2CO3 (50 g, 0.15 mol) in MeCN (300 mL), and the
eaction mixture was refluxed under nitrogen for 48 h. After cool-
ng, the precipitate was filtered off and treated with a mixture of
ater (100 mL) and CH2Cl2 (100 mL). The organic layer was sep-

rated, washed with water (2 × 100 mL), dried over MgSO4, and
vaporated. After evaporation, the solid residue was recrystal-
ized from 10:1 MeOH-CHCl3 to give desired 1,3-alternate O-alkyl
alix[4]arene.
A representative procedure for the alkylation of compounds 2a,
b, 2c, 3a, 3b is as follows. Sodium hydride (0.11 g of 60% suspension

n mineral oil, 2.7 mmol) was added to the solution of tetrahydroxy-
alix[4]arene or Pappalardo’s cyclophane [45,46] (0.2 g, 0.34 mmol)
n freshly distilled DMF (20 mL), and the mixture was stirred under

enes used in this work.
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Fig. 2. The gas collection/detection system shown schematically.

itrogen for 30 min. An alkyl bromide (2.04 mmol) was then added,
nd the reaction mixture was stirred at 70 ◦C for 48 h. After evapo-
ation of the solvent, the precipitate was collected and dissolved in
H2Cl2 (20 mL). The solution was washed with water (3 × 20 mL),
ried over MgSO4, and evaporated. The residue was recrystallized
rom MeOH-CHCl3 to afford the desired product as a white powder.

Structures of all synthesized compounds were confirmed by
H NMR and were in agreement with previously published results
45–47].

.3. Preparation of sensing plates

Transparent polyester-backed thin layer chromatography (TLC)
lates (4410-221, Whatman) were impregnated with test cal-

xarene compounds to form the sensing elements. TLC plates were
ut in 25 mm squares, and then put into deionized water for 30 min
o remove water soluble contaminants. The plates were dried with
pure dry air stream for 2–3 h, washed with CHCl3 and then dipped

nto a solution of 0.6 mM calixarene in CHCl3, withdrawing and dry-
ng in a pure air stream for 15 min. This method of impregnation was
hosen based on preliminary experiments; details are provided in
upporting information (SI).

.4. Gas collection/detection set up

As shown in Fig. 2, the impregnated sensing plate was
laced between two 5 mm thick black acrylic plates. The bot-
om plate is connected to a 6.3 mm o.d. tube that serves both
s the entrance of a 1.5 mm core jacketed fiber optic (NT02-
50, www.edmundoptics.com) and as the sample air exit (that

eads to an aspiration pump). The fiber optic and the air aspira-
ion line are separated at the bottom with a tee, not shown in
his figure. The sample gas enters through a Teflon-lined stain-
ess steel tube of 0.8 mm i.d. and impinges on the impregnated
late at an angle of ∼45◦. The sample inlet is provided with
n all-fluorocarbon wetted path 3-way solenoid valve (360T031,
ww.NResearch.com). The fiber optic tip is located ∼1 mm from
he center of the exposed area of the plate. The sampling flow
ate was held constant at 0.35 standard liters per minute (SLPM),
nless otherwise stated, by a mass flow controller (Tylan Gen-
ral, Torrance, CA) and a miniature air aspiration pump (T2-01.
ww.Parker.com). The distal end of the fiber optic was coupled to a

g
p
o

ig. 3. Spectra obtained with calix[4]arene and NO2. Structure of compound 1a (1,3-
lternate O-hexyl calix[4]arene) is shown in Fig. 1.

attened-top surface-polished light emitting diode (LED) [51]. The
ED (HLMP3850, Agilent) had its peak emission at 582 nm and was
riven at 25 mA. The aperture in the top plate had a light to voltage
onverter (TSL257, www.taosinc.com) for detecting the transmitted
ight. The front of the aperture was filled in with a clear ure-
hane resin (20–2620, www.epoxies.com). This measure increased
he transmitted light signal 2×. A flat ring-shaped heater (Poly-
mide Thermofoil® (HK5186R25.0L12B, http://www.minco.com,
2.7 mm o.d., 2.4 mm i.d., 0.3 mm thickness) was incorporated
ehind the sensing plate with the heater aperture concentric with
he detector aperture so the transmitted light was not blocked.
he detector signal was acquired through a universal serial bus
ased data acquisition module of 14-bit resolution (USB-1408FS,
ww.measurementcomputing.com) on a laptop computer using

oftware written in-house.

. Results and discussion

.1. Color development with calix[4]arenes and NO2

Gaseous NO2 was bubbled through 0.1 mM 1,3-alternate O-hexyl
alix[4]arene (1a) in CHCl3. Whereas the pure compound has no
ignificant absorption within the 350–1000 nm range, broadband
isible absorption with a �max of 560 nm was observed after treat-
ent with NO2. Fig. 3 shows the absorption spectrum with the

mission spectrum of the interrogation LED also shown thereon.
ompounds 1b, 2a and 2b were similarly tested – there were no sig-
ificant differences in the �max or the absorbance. Monitoring the
olution by 1H NMR before and after the NO2 absorption produced
esults very analogous to those reported in [32].

.2. Response with sensing plate and 1,3-alternate O-hexyl
alix[4]arene
Langmuir–Blodgett monolayer film approaches for sensing NO2
as with porphyrin [52–54] or calixarene/porphyrin [55] com-
ounds. We have chosen to work with TLC plates both because
f ease of preparation and the large surface area of this material
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Fig. 6. Decay of absorbance from plate exposed to 14.6 ppmv NO2 (gray line). The
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ig. 4. Response to NO2 obtained with 1a (1,3-alternate O-hexyl calix[4]arene). The
lates were exposed to standard NO2 gas for 5 min at 0.35 SLPM.

hat provides appreciable capacity to absorb the calixarene. Even
t low ppm levels of NO2, the formation of a purple product could
e readily observed. Initial results with different types of TLC plates

ndicated that the best results are obtained small particle porous
ilica with a pore size of 60 Å. The impregnation of calixarene by
ip-coating provides a relatively uniform impregnation pattern.
isual comparison of sensing plates prepared by different methods
nd after exposure to NO2 under otherwise identical conditions is
hown in Fig. S1 in SI.

The response of a sensing plate impregnated with 1,3-alternate
-hexyl calix[4]arene to various concentrations of NO2 gas of
nown concentration was studied for 5 min periods on fresh sens-
ng areas, followed by sampling of pure air. The results are shown
n Fig. 4. The sensing area was changed after every single mea-
urement. It is clear that even at low ppmv levels of NO2 and with
he calixarene as a solid adsorbate, the chemical sensing principle

s still effective. Depending on the exact exposure concentration,
he observed lag time before the first rise in the absorbance sig-
al varies but is generally less than 2 min. The absorbance then
ises steeply and during the middle of the exposure period, dA/dt
ttains a maximum as shown in Fig. 5. Towards the end of the

ig. 5. The rate of change of absorbance during the sample/zeroing cycle. The con-
itions are as same as Fig. 4.
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ecay starts at t = 601 s. The best fit to Eqs. (3) and (4) are respectively shown in the
ashed and solid (blue) traces. See text for further details. (For interpretation of the
eferences to color in this figure legend, the reader is referred to the web version of
he article.)

xposure period dA/dt actually decreases, suggesting that this is
n equilibrium process.

The absorbance at the end of the 5 min sampling period (the
aximum) bears a linear relationship with the sample concentra-

ion (See Fig. S2 in SI for a plot):

582 nm = 0.0161 ± 0.00188 [NO2, ppmv] − 0.0086 ± 0.00210,

r2 = 0.9735 (1)

For a 5 min sample, the limit of detection obtained with three
imes of standard deviations of blank was 0.54 ppmv. A plot of
A/dtmax against concentration is shown in Fig. S3 in SI and is also

inear, this actually exhibits slightly better linearity than Eq. (1)
bove:

dA

dtmax
(mAU/s) = 0.1421 ± 0.0107 [NO2, ppmv]

−0.2612 ± 0.1196, r2 = 0.9888 (2)

As may be anticipated, if the flow rate is decreased, the upper
inear limit can be significantly increased; these data are not sepa-
ately discussed here.

.3. Decay profile and reversibility

It is readily observed that as soon as the NO2 flow is turned
ff and zero air is sampled, the observed absorbance begins to
ecrease, seemingly in an exponential pattern. An exponential
eturn to the baseline will indeed be expected if there is a single
ntity, e.g., the NO2-calixarene complex that is formed upon NO2
xposure that then decomposes in a first order and presumably in

unimolecular manner. A closer look at the decay pattern however

uggests that this is not the situation. Consider Fig. 6; the gray trace
hows the original data for the decay from the 14.6 ppm exposure,
eginning with the moment NO2 exposure is stopped and zero air
ow is begun. This figure is plotted with a logarithmic ordinate. It
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s clear that this is not a simple linear plot that will be indicative of
first order unimolecular decomposition of the inclusion complex.
ather, the plot suggests there may be two different superimposed
ate processes. We chose to explore how well a double exponen-
ial decay model (where two separate species are considered to
e responsible together for the initial signal and which then decay
ith two different first order rate constants) fit the observed data.

he basic model of the absorbance as a function of time t (At; t = 0
orresponds to cessation of NO2 exposure) thus states.

t = At=0[fe−k1t + (1 − f ) e−k2t] (3)

here fractions f and 1 − f respectively decay with rate constants
f k1 and k2. The dash trace in Fig. 6 is the best fit to this model
ith f = 0.757, k1 and k2 being 9.04 × 10−3 and 1.30 × 10−3 s−1. A

urther refinement comes from the observation that after a signifi-
ant exposure to NO2, even after substantial time is allowed for zero
ir flow, the residual absorbance does not completely return to the
nitial zero value. In fact after multiple exposures, we can visually
ee a residual yellowish color on the plate that does not disappear.
o accommodate this, we modify Eq. (3) to:

t = At=0[fe−k1t + (1 − f ) e−k2t + b((1 − f )(1 − e−k2t)] (4)

hich takes into account that the second pathway results in a
roduct that itself absorbs some light. The best fit to Eq. (4)

nvolves f = 0.703, k1 and k2 being 9.62 × 10−3 and 1.93 × 10−3 s−1,
nd b = 0.0868 and is depicted by the blue trace. It is obvious that
ithin the noise limits of the original trace, this model seems to
t the observed behavior perfectly. Fig. S4 in SI shows the same

or the 11.7 ppm exposure where not only the model fits as well
ut the respective fitted parameters of importance are also close:
= 0.709, k1 = 1.15 × 10−2 and k2 = 2.96 × 10−3 s−1. This analysis thus
uggests that two separate products are formed in approximately
0:30 ratios and their fate is not the same.

.4. Reversibility, reusability and sensor interrogation light
ntensity

As Fig. 4 suggests, the absorbance decay to attain a stable low
alue takes a long time, >∼20 min. It would be desirable to accel-
rate this process for reuse of the sensor. At this time we had not
lso fully carried out the analysis of the decay process that we have
resented in the previous section. We determined the effects of (a)
ulling a vacuum on the sensor plate (sample inlet closed (sample

nlet closed, sample aspiration pump on), (b) heating (1.5 V applied
o the heater), and (c) simultaneous application of both heat and
acuum. Vacuum alone was not very effective. Heating reduced
he time needed for regeneration (strictly, time to return to the
ame baseline value obtained by 20 min of pure air flush) to ∼50%.
imultaneous heating and vacuuming worked best: we were able
o reduce the time necessary for “regeneration” to 5 min. The fact
hat heating displaces the equilibrium to less sorption of NO2 pro-
ides in principle an opportunity to move the center of the dynamic
ange of the sensor up and down by varying the operational temper-
ture; warmer temperatures would also benefit the response time
y decreasing the equilibrium sorption/desorption time. Presently
e presumed that room temperature sampling and regeneration

y heating–vacuuming will provide an opportunity for reusing the
ame sensor area.

When we performed repeated analysis, however, it was clear

hat the response gradually decreases with each repeated cycle. We
ssumed that the loss may be due to actual loss of the calixarene
rom the plate. Increasing the impregnating solution concentration
early 10-fold to 5 mM or attaching long hydrocarbon tails up to
-18 (compound 2c) did not significantly alter the pattern of loss

i
r
s
s

ere obtained with 1a (1,3-alternate O-hexyl calix[4]arene).

f response upon use. Detailed observation with parametric vari-
tions then indicated that the extent of this decrease is directly
elated to the observed absorbance at the end of the sampling cycle,
.e., the amount of NO2 present on the plate and also on the amount
f light exposure from the LED source (Fig. 7).

While it has been shown that nitrosonium-calixarene com-
lexes can be stable [56], it is also known that aromatic nitration
an occur when calixarenes interact with NO2 in chloroform or
ichloromethane solution [57]. However, that such nitration could
ccur in the solid phase or with gas–solid reactions and further, be
hotocatalyzed, were unanticipated. Fig. 7 shows the decay of the
esponse after relatively high amounts of NO2 was put on the plate
y sampling 30 ppmv NO2 for 5 min. The plate was then regenerated
y simultaneous heating and vacuum for 5 min under three differ-
nt illumination conditions: (a) The LED was driven at 25 mA and it
as on continuously for the entire exposure period, (b) the LED was
perated with a 25% duty cycle 15 s ON, 45 s OFF and (c) same as b,
xcept that the ON state drive current (to which the emitted light
ntensity is linearly related) was 12 mA. It will be observed that the
oss of response in all three cases fits first order decay equations

ell. When the relative rate constants are plotted against the rela-
ive amounts of light exposures (see inset, Fig. 7), the data suggests
hat while the reaction may indeed be photocatalyzed, some loss of
esponse will proceed even in the dark. Indeed, we found that there
as loss of response even when we attempted to interrogate with
long wavelength LED with a much lower photon energy (�max

60 nm, driven at 10 mA, LED-760-40M32, http://www.roithner-
aser.com).
Tin (IV) chloride has been reported to stabilize the nitrosyl cal-
xarene inclusion complex, thus minimizing the nitration of phenyl
ings in calixarene [36]. We incorporated SnCl4 in the impregnating
olution but did not observe any marked improvement in response
tability.
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ig. 8. Response of functionalized calix[4]arenes with NO2. (a) Spectra with NO2

nd (b) response with NO2. The 582 nm LED spectrum is shown for reference.
hese data were obtained with 2c (1,3-alternate O-octadecyl calix[4]arene) and 3a
O-hexyl calix[4]arene).

.5. Search for other derivatives

We looked for other means of preventing nitration by synthesiz-
ng calixarenes where the preferred nitration points were blocked
compounds 3a and 3b). On exposure to NO2, these compounds
roduced brown, rather than purple products (Fig. 8(a)). The sen-
itivities for NO2 detection of the compounds in series 3 are much
ower than that of 2a (compare Fig. 4 with Fig. 8(b)). Also, while 2c
oes produce a purple product, it is too much less sensitive than
a. Perhaps more importantly, the reaction of NO2 with the com-
ounds in series 3 proved not at all reversible (Fig. 8). Possibly, ipso
itration [58] occurred.

Nitrogen dioxide is a hydrophobic gas that has high solubility in
polar solvents [59]. We found that solutions of NO2 in CHCl3 absorb
trongly in the near UV. With calix[4]arenes, especially hydropho-
ic calix[4]arenes, we presumed that there may be better collection
fficiencies for NO2 and the resulting product could be measured in
he near UV. However, in practice, the sensitivity was significantly
oorer than with compound 2a, either in the visible or in near UV.

. Conclusions

We show a calixarene based optical sensor for NO2, the sensi-
ivity of which is widely tunable as a function of temperature; it
s known that calixarenes selectively bind NO2. The basic sensing
echnique should be useful for many other gas analysis applications.
,3-alternate O-hexyl calix[4]arene showed good sensitivity to low
pmv levels of NO2. Presently the chemistry is readily applicable

o one-time use sensors such as impregnated glass or paper filter
ensors [60] but is only partially reversible towards repeated use.
he lure for a truly reversible sensor nevertheless remains alluring
nd the findings in this paper should prove important in designing
uch sensors.
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This work reports on the performance of a user-friendly flow injection analysis (FIA) system for the moni-
toring of free chlorine. A methacrylate flow cell integrating a gold thin-film microelectrode, together with
an on-chip gold counter electrode, both fabricated by microfabrication technology, provided robustness,
low output impedance, rapid response and low cost to the proposed flow system. An external Ag/AgCl
reference electrode placed downstream the chip completes the electrochemical cell. Amperometric detec-
tion of chlorine was carried out at a set potential of +350 mV, without oxygen interference. The proposed

−1

ree chlorine analysis
IA system
old miniaturized thin-film transducer
mperometric detection
wimming pool water

flow system responded linearly to chlorine concentrations in a range from 0.2 to 5 mg l , with a sensitivity
of 0.23 �A l mg−1, the estimated limit of detection being 0.02 mg l−1. In addition, the system response was
kept stable for at least 10 days (±3� criterion), by keeping the flow system in an inert atmosphere when
not in use. Fifteen samples of swimming pool waters were analyzed and no matrix effects were detected.
Also, results were in good agreement with those obtained by a standard method. The excellent analytical
performance of the system together with its good working stability would also enable its application for
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the detection of chlorine i

. Introduction

Chlorine is a powerful oxidizing agent used in water disinfection,
lanching and other numerous manufacturing processes [1]. The
azard of an insufficient disinfection, the objectionable odour in
reated water, as well as the increase of trihalomethane levels pro-
uced by chlorine overfeeding make the measurement and control
f chlorine concentration highly recommendable in waters where
isinfection processes are required. Up to now, different standard
ethods, mainly based on classical volumetric approaches, have

een defined to analyze free chlorine in tap water and wastewater
2–4]. The increasing need to generate more rapid and automatic
hemical information has led to the development of different ana-
ytical laboratory methods for the determination of free chlorine,

hich rely on optical [5,6] or electrochemical techniques [7–13].

mong them, electrochemical techniques are very versatile and, in

urn, provide several advantages such as low cost processing, fast
nd reproducible data acquisition and easy handling.

∗ Corresponding author. Tel.: +34 93 5814927; fax: +34 93 5812379.
E-mail address: mariadelmar.baeza@uab.cat (M. Baeza).
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039-9140/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
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er matrices such as tap water or chlorine stock solutions.
© 2008 Elsevier B.V. All rights reserved.

Free chlorine concentration (the sum of dissolved chlorine gas
Cl2), hypochlorous acid (HClO) and hypochlorite anion (ClO−)
epending on the pH of the medium) is of special importance to
efine levels of the quality of disinfection in swimming pool waters.

ts determination is currently carried out by means of the stan-
ard N,N-diethyl-p-phenylenediamine (DPD) colorimetric method
2,14]. This method is simple but it is not highly precise and cannot
e applied in continuous systems.

The development of autonomous analytical systems for free
hlorine monitoring, which overcome the above-mentioned draw-
acks is of high interest. Several methods for the continuous
etection of residual chlorine in either tap water [12,15] or environ-
ental water samples [8] have been reported. They offer several

dvantages with respect to analytical systems working in batch,
uch as rapidity, accuracy, minimal reagent consumption and on-
ine monitoring of the target analyte. Indeed, such systems enable
he real-time on-site reading of chlorine concentrations, thus min-
mizing variations of the sample composition due to transportation

r storage.

Miniaturized solid-state thin-film electrochemical transducers
16,17], fabricated by microfabrication processes appear to be use-
ul for environmental applications working in harsh conditions.
hey were easily integrated within small detection probes designed
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or specific in-field measurements [18–21] and also integrated in
ow systems for on-line measurements [8–10]. Previous works
n the use of such devices for chlorine determination have been
eported [14,22]. However, they were just applied to tap water anal-
sis. Moreover, potential steps had to be carried out in between
easurements in order to extend the device lifetime, making the

pproach less appealing from a practical point of view.
Here, the application of amperometric thin-film electrodes

ombined with a flow injection analysis system for the sensitive
etection of free chlorine is reported. Gold and platinum electrodes
ere applied in batch conditions using voltammetric techniques.
u electrodes were selected and implemented in a FIA system and
hen evaluated for the continuous detection of this target analyte.
he benefits of using this approach in terms of analytical perfor-
ance and device stability are described and demonstrated by

arrying out the successful analysis of chlorine in complex matrices
oming from a swimming pool.

. Experimental

.1. Reagents and solutions

Ethanol (95%), acetone, K3Fe(CN)6, sodium hypochlorite
10–13%) and potassium dihydrogen phosphate were all purchased
rom Sigma–Aldrich (St. Louis, MO, USA) and used as received. All
ther chemicals were of analytical reagent grade. All solutions were
repared using de-ionized water from a Milli-Q system (Millipore,
illerica, MA, USA).

.2. Devices and apparatus

Au and Pt microelectrodes were fabricated at the Instituto de
icroelectrónica de Barcelona (IMB-CNM) according to standard

hotolithographic technology. The fabrication process is explained
lsewhere [23]. The chips fabricated with a size of 3 mm × 3.5 mm
ncluded a 2.77 mm2 counter electrode, separated 0.5 �m from a
.62 mm2 working electrode. An image of one chip is depicted in
ig. 1(inset).

An amperometric cell was used for batch measurements. It
ontained an Au or Pt microelectrode as working electrode,

n external Pt counter electrode (XE100, Radiometer Analytical,
illeurbanne CEDEX, Lyon, France) and a Ag/AgCl/10% (w/v) KNO3
eference electrode (0726.100 Metrohm, Herisau, Switzerland). A
-Autolab potentiostat/galvanostat (EcoChemie B.V, Utrech, The
etherlands), using GPES 4.7 software package (General Purpose

f
b
a
s

Fig. 1. Schematic representation of the FIA setup for chlorine analysis. Inset: Optica
a 77 (2009) 1739–1744

lectrochemical System) was used for batch voltammetric and
mperometric measurements.

Amperometric measurements with the FIA system were carried
ut by means of an amperimeter LC-4C (Bio analytical Systems Inc.,
SA) together with a data acquisition card ADC-42 (Technology
imited, St. Neots, Cambridgeshire, UK) and a personal computer
or data recording and visualization. An Au working electrode chip
lso including an Au counter electrode, as described above, were
nserted in a home made flow cell (6.3 mm3 internal volume)
ased on two methacrylate blocks [24]. A double junction Ag/AgCl
eference electrode ORION 900200 was placed downstream the
icroelectrode cell by means of a methacrylate assembly. The elec-

rode external solution was the same one used as the carrier in
he flow system. A scheme of the FIA system is depicted in Fig. 1.
ogether with the flow cell, it incorporates a manifold with three
hannels, one for the sample and calibration solutions, one for the
onditioning solution used for analysis of the swimming pool water
amples (that adjusted the ionic strength and pH of the sample)
nd one for the carrier solution. A four-channel peristaltic pump
Gilson) for liquid pumping equipped with silicon pump tubing
Elkay Products), a six-port injection valve (Hamilton) and 0.7 mm-
nternal diameter Teflon tubing (Omnifit) completed the system.

.3. Analytical performance

All experiments were performed at room temperature. Micro-
lectrodes were initially cleaned using a brush successively wetted
n 95% ethanol, de-ionized water and acetone. Then, they were
ried with nitrogen and electrochemically activated by repeated
otential cycling (15 times) in a window between +0.8 and −2.2 V,

n a 0.1 M KNO3 solution. The electrochemical behaviour of the
leaned electrodes was tested in a 0.1 M KNO3 solution containing
.0 mM K3Fe(CN)6 at 50 mV s−1.

Hydrodynamic curves were plotted to define the optimal amper-
metric detection potential. These experiments were carried out
n a 4.0 mg l−1 free chlorine solution, prepared by dilution of a
000 mg l−1 stock solution in DI water. A fixed potential of +1.05 V
as firstly applied for 30 s followed by successive step potentials,

anging from +1.0 to 0.0 V, the output current intensity being then
ecorded.
The chronoamperometric response of the microelectrodes to
ree chlorine was initially evaluated in batch, in a 0.1 M phosphate
uffer background solution, pH 5.5, containing 0.1 M KNO3 (PBS)
nd adding successive amounts of the analyte. A pre-conditioning
tep was performed between each measurement by applying a

l image of an Au microelectrode including an on-chip Au counter electrode.
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otential of +0.35 V for 10 s in the background electrolyte solution.
hlorine detection in the described FIA system was performed at a
et potential of +0.35 V. PBS was used as the flow carrier in the FIA
ystem. The analytical response was evaluated using different stan-
ard solutions, in a concentration range between 0 and 5 mg l−1,
repared by dilution of the stock solution with DI water.

For the analysis of swimming pool waters samples, an additional
ow channel was introduced in a system (Fig. 1) in order to carry
ut a pre-conditioning step. This consisted in the dilution of the
ample in 0.2 M PBS, pH 5.5, containing 0.2 M KNO3. Fifteen real
amples were collected from the swimming pool located at the
port facilities of the Universitat Autònoma de Barcelona (UAB).
ix synthetic samples were prepared by dilution of the stock solu-
ion with DI water. The samples were analyzed immediately using
he described FIA system and results compared with those obtained
sing the standard DPD colorimetric method [2,14]. These free chlo-
ine analyses were carried out with reagents provided by HACH
ange Company and the absorbance was measured by means of a
ommercial colorimeter. All chlorine measurements obtained were
n the mg l−1 range.

. Results and discussion

.1. Electrochemical characterization of microelectrodes

Cyclic voltammetric experiments were carried out to evaluate
he electrochemical performance of the fabricated microelectrodes.
n electrochemical activation process, described in Section 2, was

ound to be necessary in order to get a clean metal surface. Cyclic
oltammograms recorded in a ferricyanide solution with 15 micro-
lectrode devices, showed their excellent performance and the high
esponse reproducibility attained. The peak current of the ferri-
yanide reduction process, the cathodic peak current to anodic peak
urrent ratio and the peak potential difference values were 2.93 �A
SD = 0.06), 1.04 (SD = 0.02) and 70 mV (SD = 2), respectively.

.2. Chronoamperometric experiments

In order to avoid interferences such as chloramines or oxygen,

etting the polarization potential appropriately is highly desir-
ble [12]. Herein, a hydrodynamic curve was plotted (Fig. 2). This
urve showed a plateau at which the reduction of the hyprochlo-
ite species to give chloride took place. This plateau expanded
rom +350 to +475 mV and from +350 to +625 mV, for Au and

ig. 2. Free chlorine hydrodynamic curves recorded with both Au and Pt microelec-
rodes. 4.0 ppm of Free chlorine concentration was 4.0 mg l−1. Measurements were
arried out in PBS pH 5.5.

r
o
o
t
m

c
0
t
p
b

a
0
i
s
s
s

h
i
t
m
c
f

ig. 3. Amperometric dynamic response of an Au microelectrode in a chlorine con-
entration range from 0.2 to 100 mg l−1. Inset: amplified plot of the lower chlorine
oncentration range.

t microelectrodes, respectively. It was noticed that at potentials
elow +350 mV, the dissolved oxygen reduction over Pt and Au
icroelectrodes takes place, being Au less influenced than Pt. Such

bservation was also made elsewhere [14]. Therefore, in order to
uarantee the absence of oxygen interferences an optimum poten-
ial of +350 mV was chosen for subsequent measurements. This
alue is in agreement with the working potential used by other
uthors, at pH 5.5 [8,25,26].

The Au electrode response to changes in concentration of free
hlorine was evaluated by chronoamperometric measurements.
ig. 3 shows the electrode dynamic response to different additions
f free chlorine. A linear relationship between the chlorine concen-
ration and the cathodic current (in absolute value) was observed
or three different concentration ranges (measurements carried out
n triplicate). The lower linear range expands from 0.2 to 1 mg l−1,
he sensitivity being 0.191 �A l mg−1 (RSD = 1%, r2 = 0.996, 95% con-
dence). The limit of detection (LOD) was estimated using the
SB/m IUPAC criteria [27], where m is the slope of the linear calibra-
ion plot and SB corresponds to the standard deviation of the sensor
esponse in the absence of chlorine (blank). This was 0.08 mg l−1

f free chlorine, which is in agreement with values reported by
ther authors [8,15]. Regarding the free chlorine concentration in
he water supply systems [28], these sensors may be suitable for

onitoring free chlorine in tap water.
The Au microelectrode also responded linearly in a wider con-

entration range between 0.2 and 10 mg l−1, with a sensitivity of
.23 �A l mg−1 (RSD = 5%, r2 = 0.993, 95% confidence). This concen-
ration range is suitable for monitoring free chlorine in swimming
ool waters taking into account that levels are usually found
etween 0.5 and 2.0 mg l−1 [29].

A third linear concentration range was found between 10
nd 100 mg l−1 free chlorine. The electrode sensitivity was
.21 �A l mg−1 (RSD = 6%, r2 = 0.9999, n = 3, 95% confidence). Herein,

t is shown that Au microelectrodes may be really useful to analyze
amples with high levels of free chlorine, such as liquefied chlorine
tock solutions, disinfecting solutions for cleaning in place (CIP) or
anitization in place (SIP) systems [9,30].

These results showed that the gold microelectrode response was
ighly reproducible in all the concentration ranges studied. A sim-

lar behaviour was also observed for chlorine concentrations up

o 250 mg l−1. However, fouling of the electrode surface was here

ore accused, which made it necessary to apply an electrochemi-
al treatment, in-between calibrations, similar to the one described
or the initial electrode activation.
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It is important to remark that similar results were obtained with
t microelectrodes in terms of sensitivity, reproducibility and lin-
ar range. However, the estimated limit of detection was higher
nd the estimated repeatability (consecutive measurements in the
ame chlorine solution carried with the same electrode) was worse.
his behaviour may be explained by the fast fouling of the Pt micro-
lectrode surface in the presence of free chlorine and the fact that
old microelectrodes are less influenced by dissolved oxygen than
latinum ones, as pointed out above [8,15]. Therefore, Au micro-
lectrodes were chosen and applied in the FIA system.

.3. Amperometric flow injection analysis

The hydrodynamic experimental parameters of the FIA sys-
em were set at 2 cm3 min−1 flow rate, 600 �l injection volume,
5 cm long reaction coil and +350 mV potential (previously set in
atch, as described above). The analysis time for each sample was
min (time from injection to steady-state signal). Several analyti-
al parameters were evaluated, that is, signal repeatability, system
eproducibility and long term stability.

In order to evaluate the signal repeatability, a 2 ppm standard
olution was used. A RSD value of 1% was obtained for 12 con-
ecutive chlorine measurements, the mean current value being
0.53 �A.

The Au microelectrode response in the FIA system was evalu-
ted in a range between 0.2 and 5 mg l−1 (Fig. 4). This concentration
ange was chosen because it matches the minimum and maximum
egal chlorine concentration permitted by the current Spanish leg-
slation in swimming pool waters [29,31]. The mean sensitivity,
or three calibration plots and 95% confidence, was 0.23 �A l mg−1,
ith a RSD of 4%. The obtained results showed a linear response in

he whole evaluated range. Fig. 4 also shows the excellent repeata-
ility and reproducibility of the FIA system. In order to get a careful
stimation of the experimental LOD, three calibration plots in a nar-
ow concentration interval from 0.01 to 0.1 mg l−1 were performed.

LOD of 0.02 mg l−1, according to the 3Sb/m IUPAC criteria, was
btained.

It is well known that metallic electrodes undergo a degrada-
ion process in contact with chlorine solutions [14,22]. Therefore,

study of the degradation of the Au microelectrode surface in

he FIA system was required. The microelectrode voltammetric
esponse was recorded in a 1 mM K3Fe(CN)6 in 0.1 M KNO3 solu-
ion before and after carrying out the calibration process. As it is
hown in Fig. 5, the electrochemical response of the microelectrode
o Fe3+/Fe2+ redox pair decreased significantly after a chlorine cali-

ig. 4. Amperograms recorded with the FIA system for three calibrations experi-
ents carried out from 0.2 to 5 mg l−1 chlorine concentrations.

T
u
w
o
t
l
(
i
t
l
r
a

T
C
b

D

1

2

3

4

ig. 5. Cyclic voltammograms recorded before and after performing a chlorine cal-
bration. Inset: optical image of the surface of an Au microelectrode surface after
arrying out a calibration experiment.

ration step. This behaviour might be explained by the degradation
f the Au surface in contact with the analyte solution and oxidation
f the counter electrode as was observed by optical microscopy.
See inset image of microelectrode surface after a calibration run.)
his behaviour was also reported elsewhere [15].

In order to make an estimation of the loss of sensitivity due to
he decrease of microelectrode active surface, successive calibra-
ion plots were carried out for 4 days without performing activation
teps and keeping the microelectrodes in the flow system. Results
re shown in Table 1. Sensitivity values were reproducible when
onsidering those calibration processes carried out the same day.
y contrast, the mean sensitivity values obtained during the 4-day
eriod decreased significantly. The sensor response steadily dete-
iorated until it lost linearity in the fourth working day. Regarding
his results, a simple approach was implemented that resulted in a
reat improvement in the sensor lifetime. This consisted of keep-
ng the electrochemical cell in an inert atmosphere while not in use.
ndeed, N2 gas was pumped in the flow channel for 5 min and then
he FIA system was sealed. Calibration experiments were then car-
ied out with two different gold microelectrodes for several days.
he shift in the mean sensitivity values (calculated from the val-
es of consecutive calibrations carried out within one working day)
as plotted against time for each microelectrode. The mean value
f the calibration plots carried out the first working day was used
o calculate the control/nominal sensitivity value. The upper and
ower control limits were set at three times the standard deviation
3S) of this value. Results showed that after 10 days the sensitiv-

ty was still within the control limits (Fig. 6). This demonstrates
hat the simple procedure explained above increased the sensor
ifetime for at least 10 days. The sensitivity of the calibration curves
ecorded with both Au microelectrodes showed a coefficient of vari-
tion around 5% (n = 13). It is important to underline the necessity

able 1
alibration parameters obtained with the flow system for successive chlorine cali-
ration experiments.

ay Sensitivity (�A l mg−1) R2 (n = 3)

−0.23 (±0.01) 0.996

−0.20 (±0.02) 0.994
−0.20 (±0.02) 0.995

−0.15 (±0.02) 0.990
−0.15 (±0.02) 0.990

−0.18 (±0.05) 0.950
−0.19 (±0.04) 0.970
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ig. 6. Variation of the Au microelectrode sensitivity upon carrying out measure-
ents for a 10-day period of time. All values lie between the ±3� interval.

f carrying out an electrochemical activation step, as described in
he experimental section, after a 10-day working period in order
o keep the good performance of the Au microelectrodes in the FIA
ystem for longer periods of time. Overall, it is shown here that the
roposed approach enables the reliable amperometric monitoring
f free chlorine for up to 10 consecutive days.

.4. Analysis of swimming pool water samples

Swimming pool water is a complex matrix that contains not
nly chlorine, but also compounds like chloramines, uric acid, citric
cid and organic matter. Additionally, the high volatility of chlorine
akes sample conservation very challenging. In order to overcome
atrix effects, a new channel upstream the sample injection valve
as inserted in the FIA system (Fig. 1, conditioning solution chan-
el). The flow rate used was the same in the three flow channels
2 ml min−1). This extra-channel induces the dilution of the sample
y a factor of 2. This was tested by carrying out several consecutive
alibration plots. The average sensitivity was 0.10 ± 0.02 �A l mg−1
n = 4, 95% confidence), this value being less than half the sensi-
ivity value obtained without the conditioning solution channel
0.23 �A l mg−1). Besides, the LOD was also affected by this dilu-
ion factor, this being 0.06 mg l−1 free chlorine. Nevertheless the

ig. 7. Linear regression analysis comparing the standard method (DPD colorimet-
ic) and the described FIA system.
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n-line sample conditioning was suitable to minimize matrix effects
nd extend the system lifetime for continuous measurements of
wimming pool samples.

Twenty-one samples were analyzed with the proposed system
or a period of several days. Fifteen samples were directly col-
ected from the swimming pool, and six samples were synthetically
repared and used as control. Results were compared with those
btained from the standard method using linear regression analysis
Fig. 7). A good correlation was found, which means that no signifi-
ant differences were observed between both methods. The values
f the slope and intercept were 0.94 (±0.05) and 0.03 (±0.06),
espectively (r2 0.984, n = 21, 95% confidence).

. Conclusions

The amperometric detection of chlorine using thin-film Au
icroelectrodes integrated in a FIA system was successfully car-

ied out at those concentration levels required for the analysis of
his species in swimming pool water samples. Besides, the pro-
osed microelectrodes responded linearly in a wide concentration
ange, which make them suitable for other applications such as a
ap water and chlorine stock solution analyses.

Degradation of metallic surfaces upon being in contact with
hlorine solutions seems to make Au microelectrodes unsuitable
or continuous chlorine detection. This drawback was here over-
ome by implementing a simple procedure consisting in keeping
he detection system in an inert atmosphere when not in use. Thus,
he sensor lifetime was extended for at least 10 days. Matrix effects
ere avoided by inserting an extra-channel in the flow system

hat enabled the sample dilution before reaching the detection sys-
em by a factor of 2. An excellent agreement between the results
btained with the proposed system and a standard method for chlo-
ine determination was achieved, thus demonstrating the potential
f the FIA system for the rapid and reliable monitoring of chlorine
evels in swimming pool waters. In order to further improve the
etection system lifetime, future work will be directed towards the
eposition of a suitable membrane at the microelectrode surface
hat prevented its degradation by the action of this target species

ore efficiently.
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a b s t r a c t

A tandem column solid phase extraction (SPE) procedure has been devised to examine the fractionation
of Fe in wine. Wine was filtered through a 0.45 �m filter and then, the filtrate was driven through an
adsorbing Amberlite XAD-7HP column followed by a cation exchange Dowex 50W-x8-200 column. Three
different Fe groupings are discriminated and assessed, including hydrophobic species of Fe bound to
eywords:
ine

ron
ractionation

phenolic substances and related species (phenolic fraction), cationic species comprising simple Fe ions
and labile Fe forms (cationic fraction), in addition to anionic and/or neutral Fe complexes with organic
acids (residual fraction). The suitability of the procedure has been evaluated analyzing four bottled red
wines. The results obtained were verified using another tandem column assemblage in which an adsorbing
Amberlite XAD-16 column was exchanged by the Amberlite XAD-7HP column. The fractionation pattern
ascertained for Fe in analyzed wines is discussed in reference to previously published works. In addition,
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olid phase extraction
lame atomic absorption spectrometry a conditioning treatment

. Introduction

The method development in the determination of distinct Fe
peciation or fractionation forms in wine is of special significance
ecause individual metal species affect wine quality and exhibit
ifferentiated toxicity and bioavailability [1–3]. Normally, in fer-
ented wines the main part of Fe is present in the form of ferrous

ons, Fe(II), while the content of ferric ions, Fe(III), is much lower.
hen wine is exposed to air during a further enological treat-
ent, Fe(II) ions can be readily oxidized to Fe(III) form and a wine

poilage may be activated. The extent of this process is depen-
ent on the concentrations of both inorganic Fe(II, III) forms as
ell as their mutual ratio, and strictly determine wine stabil-

ty, color and clarity [4,5]. It is because the Fe inorganic forms
ctively participate in the formation of the reactive oxygen species
hich subsequently oxidize wine components, mostly phenolics,

nd other compounds, e.g., ethanol, glycerol, sugars or organic acids
6–9].
Because of Fe bioavailability, interactions of Fe(II, III) ions with
henolic compounds are also of a great concern. It is supposed
hat complexes of Fe with phenolics are less available. Moreover,
ome proteins can bind inorganic Fe ions or complexes of proteins

∗ Corresponding author. Tel.: +48 71 320 3445; fax: +48 71 320 2494.
E-mail address: pawel.pohl@pwr.wroc.pl (P. Pohl).
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reparation of Amberlite XAD resins have been revised.
© 2008 Elsevier B.V. All rights reserved.

ogether with Fe ions and phenolics may be formed. All these Fe
pecies significantly inhibit its absorbability from wine [10].

For the reasons stated above it is evident that dependable ana-
ytical methods enabling to speciate Fe in wine are very useful in
etrieving the information necessary to understand spoilage pro-
esses occurred in wine and potential Fe toxicity related to wine
onsumption [1,3,11,12]. However, the speciation and fractiona-
ion studies in which both inorganic and organically bound Fe
pecies can be determined are very few [13]. Ultrafiltration with
olecular weight cut-offs ranged from 100 000 to 1 000 Da was

pplied before and provided the size fractionation pattern of com-
ounds interacting with Fe in wine and being distributed between

nsoluble-suspended and dissolved fractions [11]. The determina-
ion of dissolved and suspended Fe species was also achieved using
sequential cloud point extraction [13]. The Fe species associated
ith tannins and other phenolic and insoluble compounds were

solated using micelles of non-ionic surfactants. In addition, free
e species were also entrapped into micelles in the supernatant
esulting from centrifugation of the precipitated organically bound
e species but as a water-insoluble complex with ammonium pyrro-
idine dithiocarbamate (APDC).
Solid phase extraction (SPE) appears to be a very advantageous
ethod for the speciation and fractionation of Fe in wine due to dif-

erences in chemical properties of the existing Fe species. Typically,
e(II, III) inorganic species can be distinguished after chelation of
ne or both forms with appropriate complexing agents and reten-
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ion of the resulted Fe(II) and/or Fe(III) complexes, differing in
harge and hydrophobicity, on selected resins [14–17]. The deter-
inations of Fe(II, III) inorganic species are preceded by removing

e species bound to tannins and other phenolic substances [15,16].
When using both ion exchange and non-ionic adsorbing resins

or SPE it is possible to determine inorganic and organically bound
e species, but such approach has been reported so far only in a few
ontributions [14,16,17]. Moreover, a careful analysis of the experi-
ental conditions under which the speciation of Fe was undertaken

n the cited works indicate some inconsistencies that could have
ffected the fractionation analysis and caused certain artifacts in
ractionation patterns of Fe obtained for studied wines. Accord-
ngly, to determine inorganic Fe(II, III) species retained on a strong
ation exchanger Dowex 50W-x8, Ajlec and Stupar [14] prepared
ine samples in a 0.1 mol l−1 HNO3 solution. To estimate organic

e species retained on an adsorbing resin Amberlite XAD-2, they
sed a 0.02 mol l−1 HNO3 solution to prepare wine solutions. As a
esult, no organically bound Fe species fraction was found in ana-
yzed wines. These species might have been retained on the cation
xchanger or decomposed due to an equilibrium alteration. In a
wo-step fractionation scheme reported by Karadjova et al. [16]
ample volumes analyzed at the second step (1 ml) seem to be very
mall for a convenient column operation, when considering resin
asses (0.5–1 g) and dead volumes of the respective SPE columns.

n addition, both Amberlite XAD resins required a special treatment
imed at blocking hypothetical cation exchange active sites respon-
ible for sorption of simple Fe ions. Finally, Tasev et al. [17] used a
elf-made sorbent containing silica gel beads and pieces of a filter
aper soaked with a trioctylmethylammonium chloride (TOMACl)
olution to retain organically bound Fe species, or, in the second
urn, the sum of the latter Fe species and Fe(III) inorganic species
reviously complexed with oxalic acid. All organically bound Fe
pecies were suspected to be negatively charged and retained on
he sorbent through attractions with TOMA+ ions. However, organ-
cally bound Fe species could rather be retained on the sorbent due
o some hydrophobic interactions with the surface of the silica gel
nd the use of MIBK for the elution reveals this conclusion. Besides,
ine samples were diluted before the analysis what could have

ltered to some extent the equilibrium between the species.
The present study was attempted to devise a new simpler and

ore consistent fractionation scheme based on SPE for partitioning
he Fe species. Two tandem column assemblages, i.e., Amber-
ite XAD-7HP–Dowex 50W-x8-200 and Amberlite XAD-16–Dowex
0W-x8-200, were proposed and their suitability for the determi-
ation of three different classes of Fe species in wine was assessed.
dditionally, the method of Amberlite XAD resins preparation for

he fractionation analysis was revised. Both tandem column sys-
ems described were used for the fractionation of Fe in four bottled
ulgarian, Moldavian and Ukrainian red wines. The separated frac-
ions were operationally defined and referred to Fe species bound
o hydrophobic and high molecular weight organic compounds,

ostly phenolic species (phenolic fraction), inorganic Fe forms
eing the sum of simple Fe(II, III) ions and labile Fe species (cationic
raction), and finally negatively charged complexes of Fe(III) with
ow molecular weight organic acids and other inorganic ligands, in
ddition to neutral Fe(II, III) species (residual fraction).

. Experimental
.1. Apparatus and materials

A Perkin-Elmer 1100B atomic absorption spectrometer (Ger-
any), equipped with a single slot 10-cm titanium burner head for

ir-acetylene flame, a plastic mixing chamber with a flow spoiler, a

f
A
1
p

7 (2009) 1732–1738 1733

tainless steel nebulizer, and a drain siphon interlock, was applied
or measurements. A two standard addition method was used for
he determination of the Fe content in all solutions. Operating
arameters recommended by the instrument manufacturer were
sed, including gas flow rates of 8.0 and 2.5 l min−1, respectively,
or air and acetylene, a spectral bandwidth of 0.2 nm, and a hollow
athode lamp current of 15 mA. A time-shared background correc-
ion of measured absorbance at 248.3 nm was performed using
deuterium lamp. A time-average integration (hold mode) with

n integration time of 1 s and three replicates was used for a sig-
al readout. The detection limit (DL) of 0.01 mg l−1 and the upper

inearity range of 10 mg l−1 were established for Fe.
A digital pH-meter PM1 (TMS Electronics, Poland) with a com-

ined electrode was used for the measurements of pH in wine. A
upelco (USA) filtration apparatus consisted of a 250-ml glass reser-
oir, a tapered funnel base and a 1000-ml flask was used for wine
ltration through 0.45 �m pore size Nylon 66 membrane filters
Supelco).

Non-ionic hydrophobic adsorbing resins Amberlite XAD-7HP
mesh size 20–60, cross-linked aliphatic acrylic polymer, surface
rea 450 m2 g−1, pore size distribution 300–450 Å, dipole moment
.8 D) and Amberlite XAD-16 (mesh size 20–60, cross-linked
tyrene–divinylbenzene copolymer, surface area 900 m2 g−1, pore
ize distribution 80–320 Å, dipole moment 0.3 D), and a strong
cidic cation exchanger Dowex 50W-x8-200 (mesh size 100–200,
ross-linked styrene–divinylbenzene copolymer) were used for
PE. Polymeric sorbents were supplied by Supeclo and were packed
nto Supelco glass columns (10 mm ID) equipped with coarse frits
nd Teflon stopcocks.

.2. Reagents and solutions

Analytical grade chemical reagents from POCh (Poland), includ-
ng concentrated nitric acid (HNO3), concentrated hydrochloric
cid (HCl), acetic acid (C2H4O2), citric acid (C6H8O7·H2O, CA), tan-
ic acid (C76H52O46, TA), sodium hydroxide (NaOH), potassium
ydrogen phthalate (C8H5KO4), potassium chloride (KCl), sodium
hloride (NaCl), calcium chloride (CaCl2·6H2O), magnesium chlo-
ide (MgCl2·6H2O), sodium acetate (C2H3NaO2), methanol (CH4O)
nd ethanol (C2H6O) were applied in the study. Although the pre-
ominant inorganic form of Fe in wine is Fe(II) ions, this form is
eadily oxidized to Fe(III) ions in the presence of O2 dissolved in
ine during its handling. The latter ions are also much willingly

omplexed by phenolic substances as compared to Fe(II) ions. For
hat reason Fe(III) ions were used in the experimental study. Merck
Germany) stock single-element standard solution (1000 mg l−1)
f Fe(III) was used to prepare its 20-ml working solutions at a
oncentration of 10 mg l−1. These solutions also contained 10%
v/v) of ethanol, and Na, K, Ca and Mg at concentrations of 160,
600, 120 and 360 mg l−1, respectively, which corresponded to an
verage content of these constituents in wine [2]. Working solu-
ions were adjusted to pH 3.0, 3.5, 4.0, 4.5 and 5.0 using 2 ml of
.10 mol l−1 two-component buffer solutions containing C8H5KO4
nd HCl or NaOH, or C2H3NaO2 and C2H4O2. Solutions of CA or TA
5000 mg l−1) were used to complex Fe(III) ions; the final concen-
ration of both acids in working solutions was 500 mg l−1. Doubly
istilled water was used throughout.

.3. Resin wetting and column preparation
Amberlite XAD resins as received were dried at first in an oven
or 4 h at 110 ◦C. The loss on drying of the initial mass of 58% for the
mberlite XAD-7HP resin and 64% in case of the Amberlite XAD-
6 resin was found. Then, 1.5-g portions of the dried resins were
laced in beakers and wetted with 20 ml of methanol. The mixtures
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ere stirred and the resins were allowed to stand for 20 min. Next,
he resin beads were washed with doubly distilled water. For that
im, methanol was decanted and replaced with 20 ml of water. The
ixtures were stirred again and the resins were allowed to stand

or next 20 min. The latter operation was repeated and the resulted
esin slurries were poured into the columns. The excess of water
as drained and the resin beds formed were washed with 10 ml
f a 1 mol l−1 HCl solution. Finally, they were rinsed with 20 ml of
ater to reach the column effluents neutral.

In case of Dowex 50W-x8-200, a 1.0-g portion of the resin as
eceived was wetted with 20 ml of water. The mixture was stirred
nd the resin was allowed to stand for 20 min. This operation was
epeated using a fresh portion of water. Finally, the resulted resin
lurry was poured into the column. Next, the resin bed formed was
ashed with 10 ml of 1 mol l−1 HCl solution and the excess of HCl
as removed by rinsing the column with 20 ml of water. Afterward,

0 ml of a 1 mol l−1 NaOH solution was passed through the column
nd rinsed with 20 ml of water.

All solutions and water were driven through the columns at a
ow rate of 2 ml min−1 which was maintained by means of a 4-
hannel MasterFlex L/S peristaltic pump (Cole-Parmer, USA).

.4. Column operation

To investigate sorption properties of polymeric sorbents used in
he present study, i.e., Amberlite XAD-7HP, Amberlite XAD-16 and
owex 50W-x8-200, 20-ml working solutions of simple Fe(III) ions
r complexes of Fe(III) with CA and TA were passed through the
esin beds at the flow rate of 1 ml min−1. Portions (5 ml) of column
ffluents were collected and subsequently analyzed on the pres-
nce of Fe. The amounts of different Fe forms retained under certain
xperimental conditions were assessed subtracting the amounts
f Fe not sorbed by the resins from the initial Fe amount present
n working solution loaded onto the columns. Retention efficien-
ies (in %) were calculated relating these values to the original Fe
ontent in working solution.
The suitability of HCl and HNO3 solutions at concentrations cor-
esponded to 1, 2 and 4 mol l−1 for the recovery of Fe–TA complexes
rom Amberlite XAD resins and simple Fe(III) ions from Dowex
0W-x8-200 was also examined. Working solutions of Fe (pH 4.5)
ere driven through the columns at the flow rate of 1 ml min−1. Por-

a
t
a
1
e

Fig. 1. The scheme of the fractiona
7 (2009) 1732–1738

ions (5 ml) of column effluents were saved and analyzed to assess
he amounts of Fe retained. Next, 10 ml of tested stripping solutions
ere passed at the same flow rate to recover the solutes. Relevant
ortions of eluates (10 ml) were collected and analyzed on the pres-
nce of Fe. Recovery efficiencies (in %) were calculated relating the
mounts of Fe recovered from the columns to the original content
f Fe in working solutions; the amounts of Fe retained on the resins
uring the sample loading step were considered.

All retention and recovery efficiencies were mean values for
hree or six independent replicates. The respective column blanks
ere evaluated and taken into account in final results.

.5. Sample treatment and fractionation procedure

Four commercially available bottled red wines from Bulgaria,
oldavia and Ukraine were analyzed. After opening, 150 ml of each
ine was filtered through a 0.45 �m pore size membrane filter.

he filtrate was immediately subjected to a further treatment. The
otal Fe concentrations in wines and their filtrates were determined
fter a 5-fold dilution of 2-ml sample portions and a subsequent
cidification with 0.5 ml of concentrated HNO3. The analysis was
erformed in three separate samples and using two standard addi-
ions. Adequate blind samples were measured and considered in
alculations.

The analytical procedure used for the fractionation of Fe in wine
s schematically shown in Fig. 1. Briefly, 20-ml portion of filtered

ine was driven at the flow rate of 1 ml min−1 through the first
olumn (Amberlite XAD-7HP) connected with the second column
Dowex 50W-x8-200). When the effluent of the first column was
assing through the second column, its 5-ml portion was sampled
o evaluate the amount of Fe species bound to phenolic compounds
nd retained on the Amberlite XAD-7HP adsorbent (phenolic Fe
pecies fraction). In addition, a 5-ml portion of the second column
ffluent was also collected to assess the amount of Fe species not
etained on both sorbents (residual Fe species fraction). When the
ample was passed through both columns, they were disconnected

nd cationic Fe species (cationic Fe species fraction) retained on
he Dowex 50W-x8-200 column were eluted by passing 10 ml of
2 mol l−1 HCl solution through the resin bed at the flow rate of
ml min−1. All effluents and eluates were analyzed on the pres-
nce of Fe using two standard additions. Results of Fe fractionation

tion procedure of Fe in wine.
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nalysis in wines achieved using Amberlite XAD-7HP–Dowex 50W-
8-200 linked columns were compared to those obtained with
nother tandem column assemblage in which Amberlite XAD-16
as used instead of Amberlite XAD-7HP.

. Results and discussion

For a long time, non-polar macroreticular Amberlite XAD resins
ave been reputed to be convenient materials for the estimation
f the fraction of Fe bound to high molecular weight polyphenolic
ubstances [18]. Particularly, styrene–divinylbenzene copolymeric
esins like Amberlite XAD-2 (Rohm and Haas) or its analogue SM-2
Bio-Rad) were often applied for the determination of complexes
f Fe or other metals with different humic substances in a vari-
ty of water samples. It was because of a high affinity of these
esins toward the molecules with hydrophobic moieties [19–23].
owever, the use of both adsorbents was connected with reten-

ion of substantial amounts of free bi- and trivalent metal cations.
ree and inorganically complexed metal cations were also retained
y the macroreticular acrylic ester resins like Amberlite XAD-7
r its substitute SM-7 [24,25]. It was believed this phenomenon
as related to cation exchange attributed to the presence of polar

mpurities being products of a polymeric chain oxidation in case
f styrene–divinylbenzene resins [26], or free carboxylic acid sites
esulted from an incomplete ester methylation [25]. This drawback
as usually overcome by treating the resins with In(III) ions in order

o block the active cation exchange sites [19,20,22].
In the 1970s and the 1980s the supposition about cation

xchange sites was likely to be true, but through the years, the pro-
uction of adsorbing resins has been completely changed. These
ays, Amberlite XAD resins manufactured by Rohm and Haas com-
any are of consistent and uniform quality, in compliance with GMP
tandards and complying with the latest requirements of different
egulatory authorities. Therefore, the reason for which non-ionic
ydrophobic resins are still reported to retain simple metal ions
16,27,28] should be quite different and it was revised in the present
tudy.

.1. Revision of resin conditioning treatment

Indeed, when using the Amberlite XAD-7HP resin and passing
orking solutions of simple Fe(III) ions through the columns at the
ow rate of 1 ml min−1, it was found that from 18 to 46% of the

nitial amount of Fe is retained on the resin at pH 3–5, adjusted
sing adequate phthalate buffers (Table 1). As can be seen, under
he same conditions, the non-ionic hydrophobic adsorbing resin

mberlite XAD-16 exhibits even a higher retention of Fe(III) ions.

n this case, Fe was recovered from column effluents with the effi-
iency of 27–37%, which indicates that the resin sorbs from 63 to
3% of the initial amount of Fe during loading the solutions on the
olumns.

able 1
he retention efficiencies of the Fe(III) ions on the Amberlite XAD adsorbents from
he solutions containing phthalate buffers. A, untreated resin; B, In(III)-treated resin.

H Retention efficiencya (%)

Amberlite XAD-7HP Amberlite XAD-16

A B A B

.0 22 ± 3 30 ± 2 71 ± 4 76 ± 2

.5 18 ± 3 43 ± 2 63 ± 2 73 ± 3

.0 30 ± 2 44 ± 4 65 ± 4 81 ± 3

.5 20 ± 2 43 ± 2 73 ± 3 82 ± 2

.0 46 ± 3 49 ± 3 72 ± 3 80 ± 3

a The mean values (n = 3) with figures behind being standard deviations.
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Regarding lately reported comments on sorption of bi- and triva-
ent metal cations from aqueous solutions of pH 3–5 on non-ionic
mberlite XAD-8 [16] and Amberlite XAD-7 [27] adsorbing resins
sed for the fractionation analysis of Al, Cu, Fe and Zn, it was decided
o condition both adsorbing resins with In(III) ions. Such a treat-

ent was expected to block probable cation exchange active sites
nd eliminate or decrease retention of simple Fe(III) ions. Accord-
ngly, 100 ml of a 100 mg l−1 In(III) solution were passed through
mberlite XAD-7HP and Amberlite XAD-16 resin beds at the flow
ate of 1 ml min−1 and then, the columns were washed with 20 ml
f water. However, this procedure has not led to a decrease of
e(III) ions sorption at all. It was established that the In(III)-treated
mberlite XAD-7HP resin retains from 30 to 49% of the initial
mount of Fe in loaded solutions (Table 1).

The behavior of the In(III)-treated Amberlite XAD-16 resin
oward simple Fe(III) ions is also comparable to this of the untreated
esin. Column effluents collected after passing working solutions
hrough the resin were found to contain only 18–27% of the initial
e amount and this points retention of 73–82% of simple Fe(III) ions
n the In(III)-treated Amberlite XAD-16 resin.

Sorption of divalent Cu and Zn and trivalent Fe cations on the
mberlite XAD-8 resin was previously reported to occur in the
resence of tartrate buffers [16], while trivalent Al cations were
ound to be retained by the Amberlite XAD-7 adsorbent when they
ere present in solutions containing phthalate buffers [27]. Con-

rary, divalent Mn and Zn cations were established not to be sorbed
rom solutions containing phthalate buffers on the Amberlite XAD-

resin [29]. Therefore, it was supposed that other reason than
ation exchange capacity of polar impurities present in resin struc-
ures could be responsible for retention of simple Fe(III) ions. Likely,
rganic acids of buffers used for the pH adjustment could bind
espective metal cations, and then, individual tartrate or phthalate
etal complexes formed could be possibly retained on the resins.
Accordingly, phthalate buffers used at first were replaced with

uch simpler acetate buffers. As a result, no retention of simple
e(III) ions was found when loading working solutions of Fe(III)
n columns packed with both Amberlite XAD adsorbents at the
ow rate of 1 ml min−1. Recoveries of Fe from column effluents
btained after passing solutions of pH 3–5 were in the range of
00–101% and of 99–103%, respectively, for Amberlite XAD-7HP
nd Amberlite XAD-16 resins. In addition, when using the Amber-
ite XAD-7HP resin, it was checked that In(III) ions are not sorbed
n the column from solutions adjusted to pH 3–5 using respective
cetate buffers. This demonstrates that Amberlite XAD resins do not
ontain any cation exchange active sites. Metals could be retained
ue to the formation of respective hydroxides and hydrolyzed
orms of metals [28] or different metal complexes, as it is reported
ere.

.2. Evaluation of resin sorption and desorption behavior

.2.1. Amberlite XAD-7HP and Amberlite XAD-16
After revising preparation conditions of Amberlite XAD-7HP and

mberlite XAD-16 resins, their sorption and desorption behav-
or toward other Fe species, i.e., low- and high molecular weight
pecies, was examined. It was important inasmuch as the results
btained through the proposed tandem column SPE fractionation
chemes are operationally defined and relate to sorption proper-
ies of the resins applied. Furthermore, investigating interactions
etween different Fe species and resins studied, a better consider-

tion about a distribution of the species is made then. Since Fe(III)
s partially complexed in wine by citric and oxalic acids to give neg-
tively charged complexes [14,15], whereas phenolic substances of
ine, including mostly flavonoids and tannins, willingly bind Fe

ons to form hydrophobic species [1,3,13,16], complexes of Fe(III)
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Table 2
The retention efficiencies of the Fe(III)–TA complex on the Amberlite XAD adsorbents
from the solutions containing acetate buffers.

pH Retention efficiencya (%)

Amberlite XAD-7HP Amberlite XAD-16

3.0 20 ± 1 15 ± 2
3.5 20 ± 1 15 ± 2
4.0 34 ± 2 21 ± 2
4.5 83 ± 3 49 ± 2
5
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solute with the resin [29,34]. When the flow rate of 4 ml min−1 was
.0 85 ± 1 50 ± 1

a The mean values (n = 6) with figures behind being standard deviations.

ith CA and TA were selected in the present study to represent two
ifferent classes of Fe species in wine.

Working solutions of simple Fe(III) ions with added CA (at
concentration of 500 mg l−1) were prepared at pH 3–5 using

cetate buffers and driven through the columns at the flow rate
f 1 ml min−1. Solvents passed through the resin beds were col-
ected and the Fe content was determined to assess the amount
f Fe sorbed on the resins. It was found that both Amberlite XAD
esins do not retain anionic Fe–CA complexes in the investigated
H range. Iron was recovered from column effluents with efficien-
ies changed from 100 ± 1% (pH 4.5) to 102 ± 3% (pH 3.5) in case of
mberlite XAD-7HP and from 99 ± 2% (pH 4.0) to 101 ± 1% (pH 3.0)

n case of Amberlite XAD-16.
The study of sorption conditions of Fe–TA complexes included

he effect of the solution pH, the mass of the resin and the flow
ate at which working solutions were driven through the resin
eds. At the outset, working solutions of Fe(III) ions with added
A (at a concentration of 500 mg l−1) and adjusted to pH 3–5 with
cetate buffers were passed through the columns at the flow rate
f 1 ml min−1. Effluents were collected and the content of Fe was
etermined to evaluate the amounts of Fe sorbed on both Amberlite
AD resins and calculate respective retention efficiencies (Table 2).

t was found that at pH 3–4 Fe–TA complexes are hardly retained
y both adsorbing resins probably due to an inefficient complex
ormation. Indeed, it has been recently established that the stabil-
ty constant for the Fe–TA complex formed at corresponding pH is
bout 4 orders of magnitude lower than for this formed at higher
H values [30]. At pH 5.0, the stability constant for the Fe–TA com-
lex has been evaluated to be of order of 109 [30] and accordingly,
etention efficiencies of Fe assessed at pH 4.5 and 5.0 for Amber-
ite XAD-7HP were found to be higher than 80%. Very comparable
esults were lately reported for an activated carbon, which sorbed
e–TA complexes at pH 4.5–7.0 with efficiencies ranged from 60 to
0% [31].

Unfortunately, retention efficiencies of the Fe–TA complex at pH
.5 and 5.0 determined for Amberlite XAD-16 are lower than those
btained for Amberlite XAD-7HP. It was probably attributed to a
ower dipole moment and a pore size distribution of the Amberlite
AD-16 resin as compared to the latter resin. Lately, relatively high
olarity (1.8 D) and porosity (25 �m) of Amberlite XAD-8 in contrast
o Amberlite XAD-2, for which the dipole moment of 0.3 D and
he porosity of 0.42 �m were ascertained, were also concluded to
e responsible for higher sorption of different phenolic substances
16]. Additionally, higher sorption efficiencies of the Fe–TA complex
bserved for Amberlite XAD-7HP might be due to other than only
ydrophobic interactions between the solute and the sorbent, e.g.,
ormation of hydrogen bonds between phenolic hydroxyl groups of
A and carbonyl groups of a polyacrylic ester matrix [32].
Considering retention efficiencies of Fe achieved for both adsor-
ents, the effect of different resin masses, that is 0.6, 0.9, 1.2, 1.5 and
.8 g, on the sorption rate was investigated. Solutions containing the
e–TA complex and prepared at pH 4.5 were driven at the flow rate

a

a
5

7 (2009) 1732–1738

f 1 ml min−1 through the columns containing different amounts of
mberlite XAD-7HP and Amberlite XAD-16 resins. Respective efflu-
nts were collected and analyzed on the presence of Fe. It was found
hat retention efficiencies of Fe for both resins remains unchanged
hen using resin masses higher than 0.9 g. Relative standard devi-

tions for average retention efficiencies assessed using 1.2, 1.5 and
.8-g resin beds were lower than 1 and 5%, respectively, in case of
mberlite XAD-7HP and Amberlite XAD-16.

The effect of the sample flow rate was studied by passing solu-
ions of the Fe–TA complex (pH 4.5) through 1.5-g resin beds of
oth Amberlite XAD resins at 1, 2, 3 and 4 ml min−1. After analyz-

ng column effluents it was found that retention efficiencies are
ot affected only at flow rates of 1 and 2 ml min−1. Increasing the
ow rate up to 4 ml min−1 it was found that retention efficiencies
f Fe are reduced by 15% for Amberlite XAD-7HP and 22% in case of
mberlite XAD-16. Therefore, the resin mass of 1.5 g and the flow
ate of 1 ml min−1 were used for both resins in further experiments.

Using favorable conditions, the effect of different HCl and HNO3
olutions was studied to select the eluent that would provide com-
lete elution of sorbed Fe–TA complexes. It was found that 1 mol l−1

olutions of both acids produces quantitative recoveries of the com-
lex of Fe(III) with TA (pH 4.5) retained on Amberlite XAD resins
pplied here. Accordingly, recovery efficiencies of 100 ± 1% (HNO3)
nd 99 ± 2% (HCl) for Amberlite XAD-7HP and of 100 ± 2% (HNO3)
nd 99 ± 1% (HCl) for Amberlite XAD-16 were obtained when using
hese solutions. A 2 mol l−1 HCl solution was also established to
esult in high recovery efficiencies of Fe, i.e., 98 ± 2% (Amber-
ite XAD-7HP) and 98 ± 1% (Amberlite XAD-16). Unfortunately, a
mol l−1 HNO3 solution, reported before to be suitable for recovery
f organically bound metals from Amberlite XAD resins [16,27,29],
as found to be unsatisfactory. It resulted in 91 and 81% desorption
f Fe, respectively, from Amberlite XAD-7HP and Amberlite XAD-16
esins.

.2.2. Dowex 50W-x8-200
Strong acidic cation exchangers Dowex 50W have been very

ften used for the fractionation of metals in dietary samples,
nabling separation of a broadly meant fraction of cationic metal
pecies primarily comprising simple metal ions and their labile
orms [16,29,33,34]. Since Dowex 50W-x8-200 was used in the
resent study for the evaluation of the cationic fraction, sorption
roperties of this resin toward Fe(III) ions and complexes of Fe(III)
ith CA and TA were examined.

Studying the retention efficiency of simple Fe(III) ions at pH
–5, respective Fe working solutions were passed through 1.0-g
esin beds at the flow rate of 1 ml min−1 and column effluents were
ollected prior to the analysis. It was found that the Dowex 50W-
8-200 resin quantitatively retains Fe(III) ions in the investigated
H interval. Concentrations of Fe measured in all column efflu-
nts were lower than the DL for Fe. It corresponds to Fe retention
fficiencies higher than 100%.

Since the total ion exchange capacity for Dowex 50W-x8-200 is
elatively high (1.7 meq ml−1), the effect of the resin mass was not
nvestigated. However, considering the height of resin beds (15 mm
or the wetted resin), the influence of the flow rate at which solu-
ions of Fe(III) ions at pH 4.5 were driven through the columns
n the Fe sorption rate was examined. When using flow rates
igher than 2 ml min−1 retention efficiencies for Fe were found to
radually decrease probably due to a shorter contact time of the
pplied, 15% decrease in the retention efficiency of Fe was noted.
It was also established that a 2 mol l−1 HCl solution is the most

dequate eluent providing 100 ± 1% recovery of Fe from Dowex
0W-x8-200. The recovery efficiency of 95 ± 2% was achieved when
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1 mol l−1 HCl solution was used. Other solutions examined, i.e., 1
nd 2 mol l−1 HNO3, were found to be inappropriate for recovery of
e. Correspondingly, these solutions yield recovery efficiencies of
5 and 89%.

When passing solutions of Fe(III) ions with added CA through
he columns at the flow rate of 1 ml min−1, it was estab-
ished that Fe is not sorbed on the Dowex 50W-x8-200 resin
t pH 4–5. This is probably due to the formation of anionic
ydroxy Fe(III) citrate complexes, namely [Fe(III)(OH)2Citrate]2−

nd [Fe(III)(OH)Citrate]− [35]. Under these conditions, from 98 ± 2%
pH 4.0) to 99 ± 2% (pH 5.0) of the initial amount of Fe in work-
ng solutions loaded onto the columns was recovered from column
ffluents. At lower pH, Fe was found to be partially retained by the
esin, i.e., 27% at pH 3.0 and 16% at pH 3.5, but except for anionic cit-
ate complexes of Fe, there could be also present its cationic forms
n loaded solutions, e.g., hydroxy cations [35].

When passing working solutions of Fe(III) ions with addition of
A, it was found that Fe is not sorbed on the resin at pH 4.5 and
.0. Apparently, 93 ± 1% (pH 4.5) and 97 ± 1% (pH 5.0) of the initial
mount of Fe in loaded solutions was established to be present
n column effluents. It points out that the Fe–TA complex formed

ight be negatively charged, as it was formerly assumed [17], or
ore likely, have a high hydrophobicity. At lower pH, Dowex 50W-

8-200 was found to sorb from 68 ± 1% (pH 4.0) to 75 ± 1% (pH 3.0)
f Fe present in working solutions. Correspondingly, from 32 to 25%
f the initial amount of Fe was determined in respective column
ffluents.

.3. Iron fractionation in wine

The experimental evidence of Fe partitioning and the determi-
ation of inorganic and organically bound Fe species in wine have
een occasionally reported in the literature [13,14,16,17]. Besides,
here are some inconsistence in already published works in which
PE was used. They cope with possible alteration of the equilib-
ium between the Fe species due to wine acidification and dilution
14,17], artifacts in fractionation patterns of Fe due to the use of sin-
le SPE columns for separation of different Fe species [14,17] and
ifficulties in column operation related to small volumes of samples
aken for the analysis [16]. In the latter case, it probably resulted in

otal recoveries of 65–83% for all Fe fractions distinguished in wine
16].

Hence, a simpler procedure based on the use of tandem column
PE was proposed in the present study for the classification of Fe
pecies in wine. The fractionation scheme applied (Fig. 1) enables

t
r
r
F

able 3
he content of Fe in red wines and their filtrates, and the fraction distribution of Fe obtain
0W-x8-200 tandem column systems.

W1 (Bulgarian) W2

H 3.4 3
otal content in wine (mg l−1) 4.8 ± 0.4 4
otal content in filtratea (mg l−1) 4.6 ± 0.1 4

ractionation distributionb–Amberlite XAD-7HP–Dowex 50W-x8-200 tandem column sy
Phenolic fraction (%) 20 ± 3 11
Cationic fraction (%) 62 ± 7 68
Residual fraction (%) 19 ± 1 19
Sum of fractions (%) 101 ± 8 98

ractionation distributionb–Amberlite XAD-16–Dowex 50W-x8-200 tandem column syst
Phenolic fraction (%) 20 ± 1 12
Cationic fraction (%) 58 ± 1 64
Residual fraction (%) 24 ± 4 22
Sum of fractions (%) 102 ± 4 98

a Wine portions were passed through 0.45 �m membrane filters.
b Mean values (n = 3) with figures behind being pooled standard deviations.
7 (2009) 1732–1738 1737

eparation of three different fractions of the Fe species. Considering
he sorption behavior of resins used, it includes the phenolic frac-
ion (retained on the first column), the cationic fraction (retained on
he second column) and the residual fraction (not retained by both
olumns). Due to a very strong sorption of Fe species bound to phe-
olic compounds, their quantitative elution with selected eluents
1 mol l−1 HNO3 and 2 mol l−1 HCl solutions) was not possible. As
result, a non-elution approach was applied to evaluate the con-

ent of the phenolic Fe fraction. After passing 20 ml of undiluted
nd filtered wine portions through the first column, 5-ml portions
f column effluents were collected prior to the determination of Fe
orms not sorbed on Amberlite XAD resins. This approach has the
dvantage that it is simpler and faster than the plain elution and
akes away a doubt about the recovery efficiency.

The total Fe concentrations in analyzed wines were found to
e within 3.1–6.4 mg l−1. It was assessed after 5-fold dilution of
ine with water and acidification with concentrated HNO3. The

alidity of this direct analysis procedure was proved analyzing wine
amples after their wet digestion with concentrated HNO3 and 30%
2O2. The concentrations found for both procedures do not differ

ignificantly at the 0.05 level.
Differences between concentrations of Fe determined in wines

nd those found in filtrates resulted from wine filtration through
.45 �m pore size filters were also statistically insignificant at the
ame level of significance. This indicates that Fe in studied bottled
ed wines is not present in the form of the particular fraction as was
eported before for other bottled wines [16]. In addition, this was
onfirmed by the analysis of sample solutions obtained after diges-
ion of filters through which 150-ml wine portions were passed. In
ll resulted sample solutions concentrations of Fe measured were
ound to be below the DL for Fe.

Results of Fe fractionation in red wines achieved with the proce-
ure proposed are given in Table 3. As can be seen that the cationic
e fraction, mostly containing simple Fe(II, III) ions and labile Fe
pecies, is the predominant class of Fe species in red wines. The
ontribution of this fraction to the total Fe content was ascertained
o be from 51 to 68%. This is comparable to findings reported in for-

er works dedicated to the fractionation of Fe in wine, where the
raction of simple Fe(II, III) ions with labile Fe species amounted for
7–60% [16] or 38–58% [17].
The contribution of the phenolic Fe fraction associated with
he presence of Fe forms bound to phenolic substances and other
elated high molecular weight organic species such as polysaccha-
ides and proteins was found to change from 11 to 39% of the total
e content. A corresponding finding for this fraction was previously

ed using Amberlite XAD-7HP–Dowex 50W-x8-200 and Amberlite XAD-16–Dowex

(Bulgarian) W3 (Moldavian) W4 (Ukrainian)

.9 4.3 4.6

.4 ± 0.3 6.4 ± 0.1 3.1 ± 0.2

.2 ± 0.1 6.4 ± 0.1 3.2 ± 0.3

stem
± 2 39 ± 2 31 ± 1
± 2 51 ± 1 51 ± 1
± 1 10 ± 1 19 ± 1
± 3 100 ± 2 101 ± 2

em
± 1 36 ± 3 34 ± 2
± 1 50 ± 2 50 ± 1
± 1 12 ± 2 18 ± 1
± 2 98 ± 4 102 ± 2
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etermined in Ref. [16] and it contributed to 18–27%. A greater
onation of the phenolic Fe fraction (37–53%) was also found [17],
owever, in the cited work, besides the phenolic species, this frac-
ion could also contain anionic complexes of Fe with low molecular
eight organic acids present in wine.

The residual Fe groupings were established to be the less abun-
ant fraction in analyzed red wines. These species contributed to
0–19% of the total content of Fe and were presumed to be mainly
nionic and/or neutral complexes of Fe with organic acids of the
rimary origin, e.g., citric, oxalic, tartaric, malic, or secondary prod-
cts of alcoholic fermentation. This assumption can be approved
y results related to the anionic Fe species fraction separated and
etermined in wine using an anion exchanger Dowex 1-x8. As
eported, the donation of this fraction to the total Fe content was
ithin 2–19% [16].

Due to lack of a relevant reference material with specified
mounts of different operationally defined fractions of Fe, the qual-
ty and control of results of the fractionation analysis obtained
pplying the tandem Amberlite XAD-7HP–Dowex 50W-x8-200 col-
mn system was assured by their comparison with results achieved
sing the tandem Amberlite XAD-16–Dowex 50W-x8-200 column
ystem. The assessed fraction distribution of Fe in analyzed red
ines is given in Table 3. It can be seen that the results achieved

or both tandem column systems are very consistent. Addition-
lly, for both procedures percentage differences between sums of
e concentrations found in discriminated fractions and respective
otal dissolved Fe contents are within −3 to +2%. This proves the
alidity and reliability of the fractionation approach proposed and
escribed in the present study.

. Conclusions

It seems that retention of free metal cations by non-ionic
acroreticular hydrophobic Amberlite XAD adsorbing resins does

ot result from cation exchange at moieties of polar impurities hav-
ng exchange capacity. More likely, complexes of these metals with
nionic constituents of buffering solutions used for sample prepa-
ation are formed and sorbed on the resins. Therefore, the treatment
f resins with solutions of In(III) or Bi(III) salts described in the liter-
ture appears to be unnecessary. Only a careful selection of buffer-
ng solutions is required and this should consider possible interac-
ions between their constituents and investigated metal ions.

Fractionation procedures implementing SPE for the discrimina-
ion of Fe species in wine according to their charge, hydrophobicity

r stability seem to be very useful in examining the chemistry of
ine oxidation and its susceptibility to browning. Using different
olymeric sorbents these procedures can supply in a very conve-
ient manner practical information on the presence of inorganic
nd organically bound Fe species.

[
[
[

7 (2009) 1732–1738

The approach devised in the present study is based on the use of
andem column SPE. It is simpler than its ancestors and maintains
he original Fe speciation present in wine. This is very important
ecause any changes in the initial speciation of Fe made during the
ample treatment can increase the risk of errors in fractionation
atterns of Fe in wine. Due to lack of a relevant reference material,
he quality of the Fe partitioning approach devised was assured
y comparing results achieved when using two different adsorbing
esins in the SPE fractionation procedure.
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a b s t r a c t

Egg shell membrane is a novel, robust, microporous, cost effective, easily available organic support mate-
rial. In recent studies egg shell membranes were utilized as organic support for enzyme immobilization.
But low conjugation yield limits its application as good support for biotechnological industries. In present
study egg shell membrane was chemically treated to introduce free functional groups for covalent link-
age of proteins to increase its conjugation yield and stability of conjugate complex. Many enzymes were
tested for immobilization on modified egg shell membrane like oxalate oxidase, glucose oxidase, peroxi-
dase and lipase. A fifteen to sixteen fold increase in conjugation yield was observed when immobilization
was performed after chemical treatment in comparison to immobilization on native membrane with
slight change in specific activity of immobilized enzyme which ranges from 5% to 15%. Egg shell mem-
brane bound enzymes showed slight changes in their kinetic properties after immobilization. Egg shell
ipase
eroxidase
lucose oxidase

membrane bound oxalate oxidase shows detection limit of 1.5 �M when used for urinary oxalate deter-
mination. Egg shell membrane support shows no interference to enzyme activity and a good correlation
of 0.99 was observed with the values estimated using commercially available Sigma kit. The immobilized
oxalate oxidase, glucose oxidase, peroxidase and lipase were stable up to duration of 180 days and there
is respective loss of 10%, 13%, 24%, and 33% of initial activity. Overall result strengthens our view of using
chemically modified egg shell membrane as solid support for better immobilization of enzymes and can

nolog
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be used in various biotech

. Introduction

Chicken egg is one of most common food articles and utilized all
ver the globe. In egg, yolk is edible part and shell is thrown away as
aste. Egg shell is a complex stratified structure having outer layer
f calcified shell and inner layer of thin shell membranes. These
embranes retain albumen and prevent penetration of bacteria [1].

he egg shell membranes contain proteins as major constituents
ith small amounts of carbohydrates and lipids. Organic matter

f egg shell membrane contains two glycosaminoglycans including
yaluronic acid and chondroitin sulfate-dermatan sulfate copoly-
er, sialic acid etc. [2].
Nowadays egg shell membranes have been used for differ-
nt purposes. There are many distinctive properties associated
ith egg shell membrane like high porosity, antibacterial, anti-

nflammatory. Egg shell membrane comprises of high amount
f minerals and amino acids. Due to these properties egg shell

∗ Corresponding author. Tel.: +91 1262 292480 (O)/272012 (R);
ax: +91 1262 294640.
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ical applications.
© 2008 Elsevier B.V. All rights reserved.

embranes have multiple applications in therapeutic, nutraceu-
ical, metallurgy, bioremediation areas, either as such or after
rocessing. Along with this, due to large surface area, porous
tructure and non-interference to analyte, egg shell mem-
rane were chosen as good support for biosensor construction
3–8].

Due to often conflicting requirements of a good support, var-
ous organic/inorganic materials have been used as support for
mmobilization of enzyme. However, some common problems are
ssociated with all these supports, such as low stability, affinity
owards microbial attacks, involvement of various chemicals, cost
nd reusability etc. which leads to progressive replacement of these
upports [9–11].

The inert structure and presence of collagen and excess of min-
rals provide less free functional groups for enzymatic coupling. To
vercome these problems poly functional groups were adsorbed on
embrane surface to increase protein molecule coupling through
ross linking agent [6–8]. But adsorption is less stable process and
oncurrently leads to less stability of immobilized enzymes over the
upport surface [9,10,12]. Beside this, presence of hyaluronic acid
nd proteins, these membranes are always susceptible to microbial
ttack [2,13].
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In present study various model enzymes belonging to hydro-
ase, oxidoreductase family were used. Chemical treatment of egg
hell membrane leads to increases in conjugation yield by fifteen
o sixteen fold. When egg shell membrane bound oxalate oxidase
as used to determine urinary oxalate concentration, it showed
good correlation of 0.9982 with commercially available oxalate
etermination kit with minimum detection limit of 1.5 �M. These
esults indicate use of this modified membrane as excellent sup-
ort for immobilization of various enzymes and their application

n diagnostics, therapeutics etc.

. Materials and methods

.1. Reagents

Ammonia (l), nickel chloride, �-amylase, lipase and glucose
xidase from Sisco Research Laboratory (India), Horse radish per-
xidase (HOPD), oxalic acid, 4-aminophenazone, glutaraldehyde
rom Sigma, were used. Leghorn white egg was purchased from
ocal market. All other chemicals were of analytical reagent (AR)
rade. Oxalate oxidase was extracted and purified from sorghum
eaves [11]. Enzyme was purified and homogeneity was checked

ith poly-acrylamide gel electrophoresis.

.2. Pretreatment and activation of egg shell membrane

Egg shell membrane was carefully extracted from egg after
emoving egg yolk and outer calcified shell. Egg shell membranes
ere washed with distilled water to remove all residual particles.

gg shell membrane was cut in rectangular pieces of dimension
cm × 2 cm. A few pieces of membrane were washed again with
istilled water and transferred to cleaned test tube having reagent
(10 ml of liquid ammonia and 50 mg of nickel chloride). The mem-
ranes were incubated in reagent A for 5 h and after incubation
embranes were washed with distilled water to remove excess of

eagent A. These pretreated membranes were affixed onto one end
f virgin plastic strip (12 cm length × 1 cm diameter). Affixed egg
hell membrane was treated with reagent B (2.5% glutaraldehyde
n 0.1 M sodium phosphate buffer, pH 7.0) for 2 h at ambient tem-
erature (RT). Plastic strips having affixed membranes are removed
rom reagent B and washed many times with distilled water.

.3. Immobilization of enzymes

Enzyme samples for immobilization were prepared in 0.1 M
odium phosphate buffer (pH 7.0) by suspending calculated pro-
ein amount in given buffer. The activated egg membrane affixed
o plastic strip was incubated in enzyme solution and kept for
0 h at 4 ◦C in dark to allow coupling between enzyme and pre-
reated egg shell membrane. The strip was removed and washed

any times with buffer (0.1 M sodium phosphate buffer, pH 7.0) to
emove unbound enzyme to membrane. Protein concentration was
alculated in wash out solution to calculate conjugation yield. To
alculate protein concentration in wash out solution, whole buffer
olution (remaining enzyme solution after enzyme immobilization
nto activated egg shell membrane + buffer drained after washing
f egg shell membrane) was collected in sterile container and pro-
ein concentration was calculated in buffer as leftover protein in
olution after treatment. These values were used to calculate con-
ugation yield by using Eq. (1).
onjugation yield (protein immobilized/surface area)

→
(total protein (enzyme) in solution before treatment

−leftover protein in solution after treatment)

surface area (cm2)
(1)

e
c
i
i
t
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. Scanning electron microscopy (SEM)

Scanning electron microscopy of untreated, chemically acti-
ated and enzyme bound membranes was performed at AIIMS,
elhi (India).

. Enzyme assays

Enzymatic activities for free and immobilized enzyme were
hecked and change in specific activity was observed after enzyme
mmobilization. The assay of oxalate oxidase was carried out based
n the measurement of H2O2 [11,14]. Horse radish peroxidase assay
as based on Trinder’s colour reaction [16]. Activity of free lipase
as assayed according to Gotthiff Naher with modification [17,18].
ative glucose oxidase (GOD) was assay performed using glucose as

ubstrate [19]. The assay of egg shell membrane bound oxalate oxi-
ase, peroxidase, glucose oxidase and lipase was done as described
bove except that free enzymes were replaced by affixed egg shell
embrane bound enzymes and reaction buffer was increased by

.1 ml and the reaction mixture was incubated at shaking water
ath for continuous mixing of reagents.

. Kinetic properties of immobilized enzyme

Changes in kinetic parameters of immobilized oxalate oxidase,
eroxidase, glucose oxidase and lipase were observed and com-
ared with kinetic parameters of free enzyme. To validate various
hysiological parameters like optimum pH, temperature, incu-
ation period and substrate concentration, enzyme assays were
erformed. To determine the optimum pH of immobilized enzyme
he pH of reaction buffer was varied from pH 4.0 to 9.0 using dif-
erent buffer systems within their effective pH range like 0.05 M
odium succinate for pH 4.0–6.0, 0.05 M sodium phosphate for pH
.0–7.5 and 0.05 M Tris–Cl for pH 7.5–9.0. Similarly optimum tem-
erature of immobilized enzyme was observed after incubating
eaction mixture at different temperatures ranging from 25 ◦C to
5 ◦C at an interval of 5 ◦C. To study the effect of substrate con-
entration on the initial velocity of immobilized enzyme, assays
ere performed in gradient of substrate concentration ranging

rom 0.02 mM to 5 mM for oxalate oxidase, 0.1 mM to 10 mM for glu-
ose oxidase, 0.1 mM to 2 mM for peroxidase and 1 mM to 10 mM for
ipase. Immobilized oxalate oxidase was checked for interference by
Cl, NaCl, CaCl2, CuSO4, MgSO4, and MnCl4 salts [18,21].

. Urinary oxalate determination

Urine samples from patients suffering from hyperoxaluria and
idney stones were collected from PGIMS hospital Rohtak, India
nd processed immediately to check concentration of oxalic acid
11,15,19,20]. Results were evaluated using different statistical
arameters and correlation was observed between commercially
vailable colorimetric kits.

. Reuse of immobilized enzyme

To reuse the immobilized enzyme, egg shell membrane bound

nzyme was washed by dipping it in a series of 4–5 test tubes
ontaining 1 ml of 0.05 M sodium phosphate buffer pH 6.5. The
mmobilized enzyme was stored in same buffer at 4 ◦C when not
n use. Microbial growth was checked for native and chemically
reated membranes during the storage.
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. Results and discussion

Egg shell membrane is a complex porous structure made up of
roteins, glycolipids, carbohydrates and minerals [1]. Being an inert
upport, it had been used as a good support for biosensor construc-
ion [6–8]. Excess of collagen and minerals leads to lesser number
f functional groups for enzymatic coupling, thus low conjugation
ield [2]. This low conjugation yield limits use of egg shell mem-
rane in other biotechnological applications possessing paramount
roperty like high surface area, porous structure, inert nature etc.

In many studies, to come up with this problem, additives like
ovine serum albumin etc. have been used to induce more func-
ional groups for covalent linkage of biocatalysts [6–8]. But use of
hese additives sometimes affects stability of enzyme linkage to egg
hell membrane and limits their reusability. So in present study egg
hell membrane was chemically treated to induce free functional
roup on egg shell membrane components for enzymatic coupling.
his chemically modified egg shell membrane was later used for
mmobilization of various enzymes and successful immobilization
as shown.

. Treatment of egg shell membrane

As per earlier studies, good quantity of glycosaminoglycan like
yaluronic acid, chondroitin sulfate-dermatan sulfate copolymer
nd sialic acid was observed in egg shell membrane [1–3]. Chemical
tructures of these components comprise of a free keto/aldehyde
roup. In present study, egg shell membranes were treated with
mmonia in the presence of nickel as catalyst and induce free
mine group on its glycosaminoglycan components (Reactions (R1)
nd (R2)). Different conditions were tried for calculating optimized
oncentration of ammonia and nickel for egg shell membrane
ctivation. It was observed that higher concentration (>100 mg)
f nickel makes egg shell membrane pigmented and rigid. These
hanges due to increased concentration of nickel decrease conjuga-
ion yield of protein. Even when diluted solution of ammonia (50%
nd 70%) was used, it lowers conjugation yield (65% and 77% respec-
ively). Similarly other combinations like lower concentration of
ickel (>40 mg), increase/decrease in incubation temperature etc.

ead to decrease in conjugation yield. Finally it was observed that
hen egg shell membrane amination reaction takes place at room

emperature for 5 h in 10 ml anhydrous ammonia with 50 mg of
ickel, it results into optimal conjugation yield.

CHO + NH3
Ni2+
−→R–CH2NH2 + H2O (R1)

C O + NH
Ni2+
−→R CHNH + H O (R2)
2 3 2 2 2

ere R = glycosaminoglycan and sialic acid carbon ring structure
ssociated with free aldehyde and keto group in egg shell mem-
rane.

i
c
o
m
e

able 1
hange in conjugation yield of treated and untreated egg shell membrane with different

Conjugation yield (�g/cm2)

Lipase Peroxid

ntreated egg shell membrane 12.0 ± 0.7a 6.5 ±
reated egg shell membrane 183.5 ± 0.5 113.0 ±

a Standard deviation was calculated from triplicate values.
b Value were not determined for this parameter.
7 (2009) 1688–1693

0. Activation of chemically modified egg membrane

Chemically treated egg shell membrane was activated with
lutaraldehyde, a bifunctional cross linking agent for optimal
eaction [6,11,15,18]. During this step one aldehyde group of glu-
araldehyde reacts with chemically induced free amine group of
hell membrane components and other aldehyde groups remain
ree.

RCH2NH2
Chemically treated membrane

+ OHC–(CH2)4–CHO
Glutaraldehyde

→ RCH2N HC–(CH2)4–CHO
Activated membrane

(R3)

1. Immobilization of enzyme on activated egg membrane

Activated egg shell membrane was incubated with enzyme for
ovalent linkage of enzyme and activated support material. In
his process effective collision between aldehyde group of acti-
ated membrane and amine group of enzyme leads to covalent
oupling of enzyme to activated egg shell membrane (Reaction
R4)).

CH2–N CH–(CH2)4CHO
Activated membrane

+NH2–E
Enzyme

→ RCH2–N CH–(CH2)4CH N–E
Immobilized enzyme

(R4)

Conjugation yield was observed for various enzymes and
ompared with when immobilization was performed without
rior treatment of membrane (Table 1). A fifteen to sixteen fold
igher conjugation yield was observed when protein immobiliza-
ion was performed after membrane treatment in comparison to
hen immobilization was performed on native membrane. These

ncreases in conjugation yield also confirm introduction of more
unctional groups of egg shell membrane for glutaraldehyde cou-
ling and later on enzymatic coupling. Enzymatic assay were
erformed for immobilized enzyme to calculate change in specific
ctivity of enzyme after immobilization. There is slight change in
pecific activity of immobilized enzyme which ranges from 5% to
5%. This change in specific activity might be due to conformational
hange in enzyme structure which can lead to inactivation of few
nzyme molecules. There is only a slight loss of enzyme specific
ctivity which can be neglected at the cost of reusability of enzyme
fter enzyme immobilization.

1.1. Scanning electron microscopy (SEM) of egg membrane

The surfaces of egg shell membranes (i) chemically treated with
mmobilized oxalate oxidase (Fig. 1: 1a and 1b); (ii) untreated with

mmobilized oxalate oxidase (Fig. 1: 2a and 2b) and (iii) chemi-
ally treated without immobilized enzyme (Fig. 1: 3a and 3b) were
bserved under scanning electron microscope. A change in surface
orphology of support after immobilization process was a strong

vidence of oxalate oxidase immobilization. Similarly in the present

enzymes.

ase Glucose oxidase Oxalate oxidase

0.5 12.5 ± 0.5 NDb

0.37 200.0 ± 0.8 190 ± 1.8
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ig. 1. Scanning electron micrographs of chemically modified egg shell membrane
hell membrane with immobilized enzyme (2a and 2b). In figure micrograph a, b b
ith scale of 10 �m and b with 1 �m scale.

tudy Fig. 1: 1a and 1b showed sporadic globules of immobilized
xalalte oxidase on egg shell membrane components, fig. 2a and 2b
howed protein fibers along with sporadic globules of immobilized
xalate oxidase but in lesser amount as compared to Fig. 1: 1a and
b. Fig. 1: 3a and 3b showed egg shell membrane components with-
ut immobilized enzymes. Significant difference can be observed
n number of protein globules attached to egg shell membrane
omponents. These results strengthen the observation of better
mmobilization of enzyme on chemically treated egg membrane.

2. Change in kinetic parameters

Kinetic properties of immobilized enzymes were observed
nder different physiological conditions like change in temper-
ture, time of incubation, pH of reaction mixture etc. Enzyme
ndergoes minor changes in its kinetic properties after immobiliza-
ion which reveals stability of enzyme and non-interference from
gg shell membrane support (Table 2). Slight change in optimum
H of immobilized enzyme was observed in comparison to native
nzyme. The pH activity relationship of any given enzyme depends
n the acid base behavior of enzyme and substrate and many other
actors which are usually difficult to analyze quantitatively. A major
eason for alteration in optimum pH can also be due to change in
+ concentration in enzymatic microenvironment as loss of some

NH2 groups due to covalent coupling [11,12,14].

There is increase in optimum temperature for immobilized
nzymes as compared to native enzyme, which might be due to
low transfer of heat from surrounding to catalytic system due to
mmobilization support barrier. Because of this reason the temper-

o

b
e
i

mmobilized oxalate oxidase (1a and 1b) or without (3a and 3b) and untreated egg
to same sample shown at different parameters, figure a represents sample picture

ture of system and surrounding varies and catalytic system needs
lightly higher temperature of surrounding to maintain optimum
atalytic temperature in system. Change in optimum temperature
as also observed in many other immobilization based studies

12]. After immobilization of enzyme on egg shell membrane,
hange in Km and Vmax was observed. Km of oxalate oxidase was
lightly increased, while in case of other enzymes like peroxi-
ase, lipase and glucose oxidase there is slight decrease. Rate of
nzyme catalysis was measured in terms of Vmax. Either slight
ecrease (in case of glucose oxidase and peroxidase) or an increase
in case of lipase and oxalate oxidase) in Vmax was observed
Km and Vmax of enzyme depend upon many factors like sub-
trate affinity, change in microenvironment of enzyme after
mmobilization and product inhibition etc. Due to change in

icroenvironment of enzyme after immobilization, diffusibilities
f substrate and products were different from native enzyme so
hange in Km and catalytic efficiency were generally observed
11,12,15,16,19,20].

Immobilized enzyme was checked for interference with various
etal salt ions and metabolites like KCl, NaCl, CaCl2, CuSO4, MgSO4,
nCl4, glucose, urea, cholesterol and ascorbic acid which is major

nterference in various biological samples like blood plasma, urine
tc. The immobilized oxalate oxidase maintains its native activity
n the presence of interferents which reveals stable conformation

f immobilized enzyme (Table 3).

Only slight changes were observed in kinetic property of immo-
ilized enzyme in reference to native enzyme which reveals that
gg shell membrane proves a better and inert support for enzyme
mmobilization.
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Table 2
Change in kinetic parameter of immobilized enzyme in comparison to native enzyme.

Kinetic parameters Free oxalate
oxidase

Immobilized
oxalate oxidase

Free glucose
oxidase

Immobilized
glucose
oxidase

Free
peroxidase

Immobilized
peroxidase

Free lipase Immobilized
lipase

pH 5.0 6.5 5.5 5.5 7.0 5.5 7.5 7.0
Temperature (◦C) 37 40 37 40 25 40 35 40
Km (mM) 0.55 0.78 6.2 0.35 0.24 0.17 4.2 1.2
Vmax 0.285 �mol

H2O2/min/ml
1.1 �mol H2O2/min 0.12 �mol

H2O2/min/ml
0.11 �mol
H2O2/min

20.0 �mol
H2O2/min/ml

19.2 �mol
H2O2/min

0.0015 �mol
FFA/min/ml

3.6 �mol
FFA/min/ml

Table 3
Effect of different salts and metabolites on the activity of immobilized oxalate oxi-
dase onto chemically activated egg shell membrane.

Salt testeda Relative activity (%) of
immobilized oxalate oxidaseb

None 100
NaCl 100 ± 2
KCl 101 ± 3
CuSO4 138 ± 5
MgSO4 140 ± 4
CaCl2 87 ± 3
MnCl2 164 ± 6
Ascorbic acid 95 ± 2
Urea 93 ± 3
Glucose 98 ± 3
Cholesterol 88 ± 7

a Standard assay condition were used except for the addition of various salts
(10−2 M conc.), 0.10 mM of urea, 17 �mol/l of ascorbic acid, 0.9 mM of glucose and
2
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work proves that chemical modification of egg shell membrane
increases conjugation yield without significant change in immo-
.00 mM of cholesterol as indicated above.
b The value mentioned below is mean value of experiment performed in triplicate.

3. Urinary oxalate determination

Egg shell membrane bound oxalate oxidase was used for estima-
ion of oxalic acid concentration in urine samples. Pretreated urine
amples were checked for the presence of oxalic acid after replac-
ng substrate with 0.1 ml of urine sample. Chemically activated egg
hell membrane bound enzymes show linearity from 0.01 mM to
.5 mM with 90 ± 2% recovery of added oxalic acid in urine (10 mg/l
nd 20 mg/l) in reference to native egg shell membrane bound
nzyme showing linearity from 0.07 mM to 1.5 mM with 81 ± 3%
ecovery of added oxalic acid in urine (10 mg/l and 20 mg/l). The
unctioning range of immobilized oxalate oxidase lies in the same
ange as the oxalate concentration in healthy and patient blood
nd urine samples. Minimum detection limit of oxalic acid was
.5 �M, 10.0 �M when chemically activated egg shell membrane
mmobilized oxalate oxidase and native egg shell membrane bound
nzyme was used to estimate oxalic acid concentration. Minimum
etection limit of oxalic acid with chemically activated egg shell
embrane immobilized oxalate oxidase is lower than estimated in

ur earlier studies and comparable to other studies [11,15,19–21].
he oxalic acid concentration calculated using chemically activated
gg shell membrane immobilized oxalate oxidase was statistically
alidated and the value had 2.3% or 4.3% coefficient of variation with
r within batch samples. Value of oxalates calculated using egg shell
embrane immobilized oxalate oxidase was compared with com-
ercially available colorimetric kit and good correlation of 0.9982
as observed (Fig. 2). These results indicate its better use as diag-
ostic kit for estimation of oxalic acid concentration in biological
amples which is indicator of hyperoxaluria, pre-hyperoxaluria,

tages of kidney stone formation [11,19]. These results show that
gg shell membrane is an inert support and had no interference
ith enzyme activity.

b
c
s

ig. 2. Correlation between oxalate values determined in urine samples with immo-
ilized oxalate oxidase on egg shell membrane and commercially available kit.

3.1. Reuse of immobilized oxalate oxidase

The immobilized enzymes were checked for reusability and sta-
ility for long-term use as diagnostic kits or other applications.
he chemically activated egg shell membrane immobilized oxalate
xidase, glucose oxidase, peroxidase and lipase were checked for
tability up to the duration of 180 days and there is respective loss of
0%, 13%, 24%, and 33% of initial activity when reaction system was
ncubated in reaction buffer at 4 ◦C after enzymatic assay. In com-
arison of native egg shell membrane immobilized oxalate oxidase,
lucose oxidase, peroxidase and lipase were found stable only up to
he duration of 60 days as egg membrane starts decaying afterwards
n reaction buffer along with microbial growth which together
eads to loss of enzymatic activity. Reusability and stability analysis
eveals that chemically activated egg shell membrane can be used
s an inert, cheaper and stable support for various biotechnological
pplications.

4. Conclusion

In the present study egg shell membrane was modified chemi-
ally and used as a support for immobilizing a variety of enzymes.
esides its abundance and low cost, this support also possesses

good biocompatibility with excellent self life. The present
ilized enzyme activity. Along with increased conjugation yield,
hemically activated egg shell membrane bound oxalate oxidase
hows better stability, self life, reusability and lower detection
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imit as compared to native egg shell bound oxalate oxidase,
hen both immobilized systems were used for urinary oxalate
etermination. These observations increase its applicability as

mmobilization support. Egg shell membrane as an immobiliza-
ion support is very promising platform not only for developing
iagnostic kit, enzymatic pads and biosensors but also for other
iotechnological industries. These egg shell membranes can be
sed in inert drug delivery to intestine. Being porous in nature
gg shell membrane with immobilized oxidative enzymes can
lso be used for skin grafting and early recovery from burn and
njuries.
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a b s t r a c t

A high-performance liquid chromatographic method was proposed for the separation of relative
impurities in industrial 3-methylflavone-8-carboxylic acid (MFCA) and its intermediate methyl 3-
propionylsalicylate (MPS). Benzoic acid (BA), MPS, 6-chloro-3-methylflavone-8-carboxylic acid (MFCA-Cl)
and methyl 5-chloro-3-propionylsalicylate (MPS-Cl) in MFCA, and MPS-Cl in MPS were respectively quan-
tified by an external standard method. As results showed, the linearity of standard curves was excellent
with the relative coefficients of over 0.999 for all the detected components, and the intra- and inter-day
eywords:
igh-performance liquid chromatography

HPLC)
hromatographic fingerprints
-Methylflavone-8-carboxylic acid (MFCA)

precisions of impurities determination were satisfactory with the relative standard deviation of not more
than 8.0%. Under the selected experimental condition, the chromatographic fingerprints of MFCA and MPS
were drawn synthetically, and the transfer of impurities in the stepwise reactions of MFCA manufacture
was elucidated. The fingerprints have great potential in instructing the production of MFCA for industrial
use and in conducting the conversion of relative impurities.
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ethyl 3-propionylsalicylate (MPS)
elative impurities

. Introduction

3-Methylflavone-8-carboxylic acid (MFCA), a derivative of
avonoids, has smooth muscle relaxing activity and antispas-
odic effect due to its ability of inhibiting phosphodiesterase

nzyme [1–3]. It can increase bladder volume capacity and
ecrease micturition pressure [2], but the effect is low [4].
dditionally, it has relaxant effect on the prostatic tissues, so
potential use of it is suggested in benign prostatic obstruc-

ion [5]. In fact, MFCA is dominantly used as an intermediate
or the synthesis of a list of compounds with various pharma-
eutical functions. For example, a type of derivatives of MFCA,
ncluding dimethylaminoethyl 5-chloro-3-propionylsalicylate,

orpholinoethyl 5-bromo-3-propionlsalicylate, �-piperidinoethyl
-chloro-3-propionylsalicylate, and the like, have coronary vasodi-

ation activities by increasing the coronary blood flow. With
hese activities, the compounds find applications in treating
ngina and in preventing the paroxysm of myocardial infarc-

ion and are also usable as a remedial agent for treating the
ollakisuria anosognosia or as a diuretic having an activity of
elaxation for convulsion of smooth muscle of the low uri-
ary tract [6]. Another type of MFCA derivatives, including

∗ Corresponding author. Tel.: +86 25 83686075; fax: +86 25 83325180.
E-mail address: hzlian@nju.edu.cn (H.-Z. Lian).
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1�,2�,3�)-6N-[3-benzyl-3-azabicyclo[3.1.0]hexyl]-3-methyl-4-
xo-2-phenyl-4H-1-benzopyran-8-carboxamide, N-[3-benzyl-3-
zabicyclo[3.1.0]hexyl-1-(aminomethyl)-yl]-3-methyl-4-oxo-2-
henyl-4H-1-benzopyran-8-carboxamide, and the like, are able
o provide a protocol for treatment or prophylaxis of an animal
r a human suffering from a disease or disorder of the respiratory
ystems such as bronchial asthma, chronic obstructive pulmonary
isorders, pulmonary fibrosis, urinary system which induce such
rinary disorder as urinary incontinence, lower urinary tract
ystems, etc., and gastrointestinal system such as irritable bowel
yndrome, obesity, diabetes and gastrointestinal hyperkinesis
7].

The synthesis technologies of MFCA are different from each
ther due to various starting materials. Some impurities in MFCA
ave strong impact on downstream pharmaceuticals, so they must
e strictly controlled. However, the study of MFCA mainly focuses
n its preparation [8–10]. Although several methods including
adiometric assay [11], gas chromatography (GC) [12–14], high
erformance liquid chromatography (HPLC) [15–18] and capillary
lectrophoresis (CE) [19] have been reported for the determina-
ion of MFCA as medical metabolite in biological fluids, there has

een no report about the analysis of relative impurities in industrial
FCA up to date.
One typical process of preparing MFCA is started with methyl

-chloro-3-propionylsalicylate (MPS-Cl) with the synthesis route
s shown in Fig. 1, in which MPS-Cl is converted to MPS first.
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Fig. 1. Reaction of MFCA synthesis.

MPS-Cl is similar to methyl 3-propionylsalicylate (MPS) both in
tructure and in reactivity, so there will be side reactions accompa-
ied if there is unconverted MPS-Cl in MPS (Fig. 2).

It can be estimated that the potential impurities existing in final
FCA are MPS-Cl, MPS, methyl 3-methylflavone-8-carboxylate

MMFC), methyl 6-chloro-3-methylflavone-8-carboxylate (MMFC-
l), MFCA-Cl, etc. In addition, benzoic acid (BA) may also exist

n MFCA due to the hydrolyzation of remanent benzoyl chloride
PhCOCl) and sodium benzoate (PhCOONa). From the viewpoint
f chromatographic fingerprint of fine chemicals [20,21], the six
ompounds mentioned above constitute the basic “impurity group”
f MFCA for industrial use. The reason why it is called “basic” is
ecause the structure of some impurities is not clear. However,
his ambiguity does not embarrass the establishment of chromato-
raphic fingerprint [22]. In this impurity group, MFCA-Cl has the
orst influence on MFCA downriver products, so its residue must
e eliminated in the process of production. Obviously, if a sufficient
onversion of MPS-Cl to MPS is ensured, the content of MFCA-Cl in
FCA should be reduced greatly.
Considering the lack of specificity of radiometric assay, tedious

peration of methylation for GC analysis, and narrow linearity range
ccompanied with high detection limit of CE method, HPLC was
hosen at last for the MFCA and MPS analyses owing to its char-
cteristics of rapidness and sensitivity. By using HPLC, not only
he relative impurities in MFCA but also the relative impurities in

PS can be well separated and determined under the same chro-

atographic condition. In this experiment, the chromatographic

ngerprints of industrial MFCA and MPS were prepared contex-
ually, furthermore, the transformation of relative impurities in
he synthesis process of MFCA from MPS-Cl was also investi-
ated.

3

p
s

Fig. 2. Side-reaction in
(2009) 1573–1578

. Experimental

.1. Apparatus

Instrumentation for analysis was a Waters Alliance 2695 Sep-
rations Module equipped with a vacuum degasser, a quaternary
ump, an auto-sampler and a 996 UV–Vis photodiode-array detec-
or (PDA) (Waters, Milford, USA). The separation was controlled
nd the chromatograms were recorded with a Waters Empower
hromatography manager system.

.2. Chemicals

Reference substance (RS) of benzoic acid (99.5%) was purchased
rom Shanghai First Reagent Factory (Shanghai, China); RSs of

FCA, MPS, MPS-Cl and MFCA-Cl (all 99.0%) were provided by
ongjiang Chemical Factory (Taizhou, China); methanol and ace-

onitrile were both HPLC grade (Merck, Darmstadt, Germany).
erchloric acid (70–72%, guaranteed reagent) was obtained from
ianjin Third Reagent Factory (Tianjin, China). Wahaha purified
ater (Wahaha Group Ltd., Hangzhou, China) was used throughout

he experiment.

.3. Chromatographic conditions

HPLC separation was carried out on a Phenomenex Gemini C18
olumn (150 mm × 4.6 mm i.d., 5 �m) (Guangzhou Phenomenex
cientific Co., Ltd., Guangzhou, China). The column temperature
as maintained at 30 ◦C. An isocratic elution with acetonitrile,
ater and 0.1% (v%) perchloric acid (40:10:50, v/v/v) was employed

t a flow rate of 1.0 mL min−1. The injection volume was 10 �L. The
ffluent was monitored by PDA detector set at 240 nm.

.4. Procedure

MFCA sample solutions for relative impurity analysis were pre-
ared in triplicate by accurately weighing approximately 10.00 mg
FCA sample into 10 mL volumetric flasks, and adding methanol to
ake up to the mark after sonication for about 10 min. MPS sample

olutions for relative impurity analysis were prepared in triplicate
y accurately weighing approximately 20.00 mg MPS sample into
0 mL volumetric flasks, and adding methanol to make up to the
ark after sonication for about 10 min.

. Results and discussion

.1. Optimization of chromatographic conditions
.1.1. Mobile phase
Considering most analytes of interest are weakly acidic com-

ounds, perchloric acid was added into mobile phase in order to
uppress their dissociation. The proportion of 0.1% perchloric acid

MFCA synthesis.
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Fig. 3. Chromatograms of MFCA and its relative impurities under different mobile
phases. Column: Phenomenex Gemini C18, 150 mm × 4.6 mm i.d., 5 �m; column
temperature: 30 ◦C; mobile phase: (a) 50% CH3OH + 50% HClO4 (0.1%); (b) 45%
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H3OH + 5% H2O + 50% HClO4 (0.1%); (c) 40% CH3OH + 10% H2O + 50% HClO4 (0.1%);
d) 35% CH3OH + 15% H2O + 50% HClO4 (0.1%). Flow rate: 1.0 mL min−1; injection vol-
me: 10 �L; wavelength for UV detection: 240 nm. Peaks: 1—BA; 2—MFCA; 3—MPS;
—MFCA-Cl; I, II and III. Unknown impurities.

olution in mobile phase was kept at 50%, and the separation was
ptimized by changing the contents of methanol and water.

MFCA sample solution spiked with BA, MPS and MFCA-Cl RSs
as analyzed under four different mobile phases apart: mobile
hase 1 (methanol: 0.1% perchloric acid = 50:50, v/v), mobile phase
(methanol:water:0.1% perchloric acid = 45:5:50), mobile phase 3

methanol:water:0.1% perchloric acid = 40:10:50) and mobile phase
(methanol:water:0.1% perchloric acid = 35:15:50). Results indi-

ated that the retention times of all the analytes became longer
nd longer as the ratio of methanol declined gradually (Fig. 3).
sing mobile phase 1 to elute, it is apparent that the peaks of MPS

tR = 6.54 min) and unknown impurity II could not realize base-
ine separation; when mobile phase 2 was used, the peaks of BA
tR = 2.70 min) and unknown impurity I (tR = 3.18 min) almost over-
apped; under mobile phase 4, the peak of unknown impurity II
tR = 29.20 min) was covered by that of MFCA-Cl, and the peak
f unknown impurity III missed. However, all the components in
FCA sample solution could be well separated under mobile phase
with good peak shapes and moderate separation times. So mobile
hase 3 was chosen at last for the separation of MFCA and its related

mpurities.
Using the same procedure to analyze MPS sample solution
piked with MPS-Cl RS, the separation performance of MPS and its
mpurities eluted by the four different mobile phases mentioned
bove are shown in Fig. 4. The peaks of unknown impurity V and
mpurity VI were completely covered by the peak of MPS under

obile phase 1, and a little better separation between impurity V

c
s
c
o
s

ig. 4. Chromatograms of MPS and its relative impurities under different mobile
hases. Chromatographic conditions, including mobile phase of a, b, c and d, are the
ame as in Fig. 3. Peaks: 3—MPS; 5—MPS-Cl; IV, V and VI. Unknown impurities.

nd MPS was achieved under mobile phase 2 while the peak of
mpurity VI did not be observed either; when mobile phase 3 was
pplied, the separation effect improved significantly and almost
ll the related impurities in MPS could realize baseline separation;
lthough there was an even better separation between MPS and
nknown impurity VI under mobile phase 4, the peaks of unknown

mpurities IV and V before MPS peak were too near with each other,
nd the total separation time was too long. Therefore, in order to
mprove the separation efficiency and obtain a good separation
ffect, mobile phase 3 was chosen also for the separation of MPS
nd its related impurities. In that case the stepwise control anal-
sis during MFCA manufacture becomes more convenient. Under
he same HPLC condition, Figs. 3 and 4c make up the integrated
hromatogram of all the related substances falling on the impurity
roup of industrial MFCA.

.1.2. Detection wavelength
On-line PDA UV spectra (Fig. 5) show that, the maximum absorp-

ion of BA was at 226.3 and 271.5 nm; MFCA and MFCA-Cl had
imilar spectrum but with slightly different characteristic absorp-
ion at 240.5, 290.6 and 314.6 nm, and at 242.9, 296.6 and 324.2 nm,
espectively, and likewise, MPS and MPS-Cl had similar spectrum
ut with slightly different characteristic absorption at 324.2 and at
38.6 nm, respectively. The basic structures of MFCA-Cl and MPS-Cl
re similar to that of MFCA and MPS, respectively. However, MFCA-
l and MPS-Cl have one more -Cl on benzene, p electrons of Cl atom

an form p-� conjugated bond with � electrons of benzene ring,
o the UV absorption of MFCA-Cl and MPS-Cl displayed red shift
ompared with MFCA and MPS, respectively. Although the residue
f MFCA-Cl is very low in final MFCA industrial product, it has a
ignificant effect on downstream drugs of MFCA, so its content is
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Fig. 5. On-line UV spectra of BA (a), MFCA (b), MPS (c), MFCA-Cl (d) an

he most concerned. In spite that all the impurities of interest had
uite strong absorption at 220 nm, the absorption at this wave-
ength was near terminal absorption, which caused serious baseline
oise; whereas, BA, MPS and MPS-Cl also had rather strong absorp-
ion under 240 nm, and the signal-to-noise ratio was much higher
han that under 220 nm. So 240 nm was chosen as the detection
avelength throughout the experiment.

.2. Calibration curve and detection limit

Individual BA, MFCA, MPS, MFCA-Cl and MPS-Cl stock solutions

sed for calibration purpose were prepared by separately weigh-

ng 10.00 mg of RS into five 10 mL volumetric flasks and adding
ethanol to make up to the mark after 10 min sonication. Then

ransfer each stock solution 0.50 mL into a 10-mL volumetric flask,
ix and add methanol to the volume. Mixed standard solutions at

s
w
b
a
r

-Cl (e). Chromatographic conditions are the same as in Figs. 3 and 4c.

oncentration of 1.00 × 10−5 to 5.00 × 10−2 mg mL−1 each compo-
ent were prepared by serial dilution of the above mixed standard
olution with methanol.

Linearity of calibration curve was obtained from the regression
f peak area versus concentration of standard. The limit of detec-
ion (LOD) was defined as the concentration where the peak height
as three times the background (Table 1). Mixed standard solution
f 0.0005 mg mL−1 was injected five times consecutively, the peak
rea relative standard deviations (R.S.D.s) of MFCA, BA, MPS, MPS-Cl
nd MFCA-Cl were 1.2%, 2.6%, 5.4%, 1.3% and 1.1%, respectively.

It can be seen from the chromatogram of a mixed standard

olution (Fig. 6a) that, the retention times of MFCA-Cl and MPS-Cl
ere respectively longer than those of MFCA and MPS. That is
ecause, although –Cl has polarity, it is a hydrophobic group [23],
nd the p electrons on Cl atom can easily move to benzene ring and
esult in p–� conjugate, reducing the polarity and increasing the
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Table 1
Calibration curves and detection limits.

No. Component Linear equation r Linear range (mg mL−1) LOD (mg mL−1)

1 MFCA A = −9107.08 + 2.00E7C 0.9997 0.0001–0.50 0.00005
2 0.9999 0.00005–0.05 0.00005
3 0.9999 0.0001–0.50 0.00005
4 0.9999 0.0001–0.05 0.00005
5 1.0000 0.0002–0.05 0.00010
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Table 2
Determination of impurities in industrial MFCA and MPS.

Intra-day (n = 3) Inter-day (n = 3)

Content (R̄ ± U, %) R.S.D. (%) Content (R̄ ± U, %) R.S.D. (%)

Industrial MFCA
BA 0.0060 ± 0.0010 8.1 0.0058 ± 0.0006 5.1
MPS 0.1079 ± 0.0028 1.3 0.1029 ± 0.0103 5.0
MFCA-Cl 0.3408 ± 0.0048 0.7 0.3327 ± 0.0160 2.4

I

b
o

r

BA A = −137.05 + 1.78E7C
MPS A = 11.38 + 1.73E7C
MFCA-Cl A = 11.38 + 1.74E7C
MPS-Cl A = 326.89 + 1.48E7C

ydrophobicity of the whole compounds. In addition, the retention
imes of MPS and MPS-Cl were respectively longer than those of

FCA and MFCA-Cl, this is because the hydrophobicity of MPS and
PS-Cl containing –OH is much stronger than that of MFCA and
FCA-Cl containing –COOH.

.3. Analysis of relative impurities in MFCA and MPS

The first sample solutions of MFCA and MPS were repeatedly
njected five times apart (Fig. 6b and c). The peak area R.S.D.s

ere 5.3%, 1.7% and 0.7% for BA, MPS and MFCA-Cl in MFCA sam-
le solution, and 0.6% for MPS-Cl in MPS sample solution. The
riplicate analytical results of impurities (mean ± expanded uncer-
ainty, R̄ ± U) in MFCA and MPS industrial products, respectively,
ith intra- and inter-day precisions, are summarized in Table 2. In

ur experiment, we made the expanded uncertainty U, a symmet-
ic interval around the result R̄, be calculated from the formula:
= KS, where S is the standard deviation, and K = 2 was taken
or a probability imposed at the 95% confidence levels [24–26].
he value of R.S.D.s and the uncertainties for all the impurities
easured displayed a good precision of the established HPLC
ethod.

ig. 6. Chromatograms of mixed standard (a), MFCA sample (b) and MPS sample (c).
hromatographic conditions and peak numbers are the same as in Figs. 3 and 4c.
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MPS-Cl ND – ND –

ndustrial MPS
MPS-Cl 0.0363 ± 0.0018 2.5 0.0347 ± 0.0027 3.9

MFCA analyzed here was made from the MPS, so Fig. 6b com-
ined with Fig. 6c represents typical chromatographic fingerprints
f industrial MFCA and its former intermediate MPS.

To our best knowledge, there has been no document
eported for the MFCA analysis with high performance liquid
hromatography–mass spectrometry (HPLC–MS) up to now. So in
ur further research, an HPLC–MS method will be developed for the
alidation and measurement of the unknown impurities falling on
he chromatograms of industrial MFCA and MPS. In that case, the
hromatographic fingerprints of MFCA and MPS will become more
efined and can service better for MFCA production.

.4. Impurity transfer in the process of MFCA synthesis

The analytical results show that although the content of MPS-Cl
n MPS was only 0.0363%, the content of MFCA-Cl in MFCA was up
o 0.3327%. This is because the electron-withdrawing action of Cl
tom makes SN2 nucleophilic reaction activity of MPS-Cl is much
igher than that of MPS, therefore the rate of conversion of MPS-Cl

nto MFCA-Cl is much higher than that of MPS into MFCA. Corre-
pondingly, MFCA-Cl was not detected in another MFCA sample
ynthesized from MPS containing no MPS-Cl via the same route. It
s demonstrated that the transfer from MPS-Cl to MFCA-Cl would
e strengthened in the course of reaction. Therefore, the dechlo-
ination degree of MPS-Cl has an immediate effect on the residue
f MFCA-Cl in MFCA. We have previously pointed out that, for a
ulti-step reaction, even as the slowest unit reaction determines

he entire reaction speed, the unit reaction producing an impurity
ost difficult to remove determines the final product quality [20].

or the synthesis of MFCA, the dechlorination of MPS-Cl by hydro-
enation is easy to do, however, it is probably difficult to remove
FCA-Cl from MFCA. Meanwhile, from the economy angle, the later

nd the deeper the reaction proceeds, the more the cost will be.
herefore, the rate of transformation from MPS-Cl to MPS should
e furthest increased in order to improve the final product quality
nd decrease the economic input for production.

. Conclusion
The relative impurities in industrial MFCA and its intermediate
PS were successfully separated by using carefully optimized
PLC method. Under an identical chromatographic condition, both

he contents of BA, MPS, MFCA-Cl and MPS-Cl in MFCA, and the
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evelopment and validation of LC methods with visible detection using
re-column derivatization and mass detection for the assay of voglibose
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a b s t r a c t

Two sensitive and selective liquid chromatographic methods were developed for the assay of voglibose
(VB) and validated as per International Conference on Harmonization (ICH) guidelines. First method is
based on the pre-column derivatization of VB followed by visible detection (LC–VD) and second method
involves mass spectrometric detection (LC–MS). In LC–VD method, VB was derivatized with sodium
metaperiodate and 3-methyl-2-benzothiazolinone hydrazone hydrochloride monohydrate (MBTH). The
derivatized color product of VB (DCPVB) was run through Novapak C18 (300 × 3.9 mm, 4 �m) column
eywords:
ethod development

alidation
re-column derivatization
ass detection

ssay

using the mobile phase containing buffer (0.01 M mixture of sodium di hydrogen orthophosphate and
disodium hydrogen orthophosphate, pH 6.0) and acetonitrile in 35:65 v/v ratio. The eluted DCPVB was
monitored at 667 nm. The fixation of optimum conditions in LC–VD method is described. DCPVB struc-
ture was confirmed by mass spectral analysis. In LC–MS method, VB was passed through Venusil XBPPH
(150 × 4.6 mm, 5 �m) column using a 95:5 v/v mixture of 0.01% formic acid and methanol as mobile
phase. The assay concentrations of VB in pure form and in tablets for LC–VD and LC–MS methods are 25
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oglibose and 5 ng ml−1, respectivel

. Introduction

Voglibose (3,4-Dideoxy-4-[[2-hydroxy-1-(hydroxymethyl)et
yl]amino]-2-C-(hydroxy methyl)-d-epiinositol, VB) [1,2], is an
lpha-glucosidase inhibitor used for lowering post-prandial blood
lucose levels in people with diabetes mellitus. In literature
nly one article for the determination of VB was found [3]. This
rticle describes two liquid chromatographic methods one with
uorescence detection (LC–FD) using post-column derivatization
nd other with mass detection (LC–MS). Since VB does not have
hromophoric groups, post-column derivatization technique was
pted in LC–FD method. But this method requires high temperature
nd elutes VB at longer retention time. Hence, we have opted pre-
olumn derivatization technique with visible detection (LC–VD)
4,5] because for pre-column derivatization, no special equipment
s required, no restrictions on the reaction conditions like reaction

ime, reaction temperature, number of reagents etc. In addition,
mall volumes of reagents are sufficient for derivatization and the
erivatized products often permits easier selection of stationary
nd mobile phases than the original compounds. We have also
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eveloped a highly sensitive LC–MS method for the assay of VB.
oth the methods were validated as per ICH guidelines [6].

. Experimental

.1. Chemicals and reagents

Sodium di hydrogen orthophosphate, disodium hydrogen
rthophosphate, formic acid, HPLC grade acetonitrile and methanol
ere procured from Merck, India. 1% solution of sodium metaperio-
ate (Sigma–Aldrich Corporation, Bangalore, India) and 1% solution
f 3-methyl-2-benzothiazolinone hydrazone hydrochloride mono-
ydrate (MBTH, Sigma–Aldrich Corporation, Bangalore, India) were
repared in Milli Q water (Millipore, Bangalore, India).

.2. Sample preparation

One milligram per millilitre stock solution of VB was prepared
y dissolving 100 mg in 100 ml of Milli Q water. This solution is

urther diluted with Milli Q water to get the solutions with desired
oncentrations for validation. Tablet powder equivalent to 100 mg
f VB was dissolved in 50 ml of water and sonicated for 30 min.
his solution is filtered into a 100 ml volumetric flask and diluted
p to the mark with 100 ml of Milli Q water to get 1 mg ml−1 tablet
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Fig. 2. Total ion chromatogram of VB in SIM mode.
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peak tailing were observed. Then, it was planned to modify mobile
phase and hence, buffer (0.01 M mixture of sodium di hydrogen
orthophosphate and disodium hydrogen orthophosphate, pH 6.0)
and acetonitrile in 30:70 ratio was opted. In this condition, peak
tailing is reduced, but DCPVB eluted too early. Finally by altering the
Fig. 1. LC–VD chromatogram of DCPVB.

olution. This solution is further diluted with Milli Q water to get
he solutions with desired concentrations for specificity.

.3. LC–VD conditions

LC–VD analysis was carried out on Waters Alliance 2695
eparation module equipped with 2996 PDA detector (Waters
orporation, Milford, USA) and empower software. Novapak C18
300 × 3.9 mm, 4 �m, Waters Corporation, Milford, USA) column
nd 35:65 v/v mixture of buffer (0.01 M mixture of sodium di hydro-
en orthophosphate and disodium hydrogen orthophosphate, pH
.0) and acetonitrile were used as stationary and mobile phases,
espectively. The flow rate of the mobile phase was kept at
.0 ml min−1.

Aliquots of VB solutions (200, 225, 250, 275 and 300 ng ml−1)
ere prepared by diluting 1 mg ml−1 VB stock solution with water

nd taken into a series of 10 ml volumetric flasks. To these flaks,
.5 ml each of NaIO4 and MBTH solutions were added and kept
or 10 min. Then the solutions were made up to the mark with
ater and cyclomixed to get DCPVB solutions. The final concen-

ration of VB in the DCPVB solutions were 20.0, 22.5, 25.0, 27.5 and
0.0 ng ml−1. 100 �l of each DCPVB solution was injected and the
luted DCPVB at retention time ∼6.4 min was monitored at 667 nm
Fig. 1).

.4. LC–MS conditions

LC–MS analysis was carried out on Shimadzu LCMS-2010 EV
ystem (Shimadzu Corporation, Japan) having LCMS solution soft-
are in electro spray ionization (positive) mode. Selective ion
onitoring of VB was done. Interface, curve dissolvation line and

etector voltages are 4.4 kV, 0.0 V and 1.5 kV, respectively. Nebu-
ization gas flow is 1.5 l min−1. Interface, curve dissolvation line
nd heat block temperatures are 250, 230 and 200 ◦C, respectively.
enusil XBPPH (150 × 4.6 mm, 5 �m) column and a 95:5 v/v mix-

ure of 0.01% formic acid and methanol were used as stationary
nd mobile phases, respectively. The flow rate of the mobile phase
as 0.4 ml min−1. VB solutions (4.0, 4.5, 5.0, 5.5 and 6.0 ng ml−1)
ere prepared in a 50:50 v/v mixture of 0.01% formic acid and
ethanol. The total ion chromatogram of VB in SIM mode and its
ass spectrum are presented in Figs. 2 and 3, respectively.

. Results and discussion
.1. LC–VD method development

Initially, 250 ng ml−1 of VB was taken into a 10 ml volumetric
ask and 1 ml each of NaIO4 and MBTH solutions were added.
CPVB was developed within 2 min., then the total volume was

S
u

Fig. 3. Mass spectrum of VB.

ade up to the mark with water and the resulting solution was
sed for LC–VD method development. DCPVB was run through liter-
ture conditions [2] viz. Cosmosil 5NH2–MS column (150 × 4.6 mm,
�m) as stationary phase and a 2:1 v/v mixture of acetonitrile and
0 mM NaH2PO4 (pH 6.5) as mobile phase. DCPVB was not eluted

n this condition. Hence, the above column was replaced with
ovapak C18 (300 mm × 3.9 mm × 4 �m) column and the same
obile phase was maintained with a flow rate of 1.0 ml min−1.
CPVB was eluted in this condition, but blank interference and
cheme 1. Formation of derivatized colored product of VB through oxidation prod-
ct.
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Fig. 4. Mass spectrum of OPVB.
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system (Waters 2695 Alliance liquid chromatograph coupled with
quattro micro mass spectrometer with MassLynx software, Waters
Corporation, Milford, USA). Analysis was done in electro spray ion-
ization (positive) mode and the mass spectrum of OPVB (Fig. 4)

Table 1
Analytical data of proposed methods.

Parameter LC–VD LC–MS

Linear range (ng ml−1) 20–30 4–6
Slope 1721 1002
Fig. 5. Mass s

obile phase ratio as 35:65 v/v, adequate retention time (∼6.4 min)
as obtained. PDA detector showed 667 nm as the appropriate
ave length for the monitoring of DCPVB. Room temperature was

ound to be adequate for the analysis. After LC–VD method devel-
pment, the completeness of the DCPVB formation was studied.
aximum detector response was observed with 1.5 ml each of
aIO4 and MBTH solutions. Maximum color intensity of DCPVB
as obtained with in 10 min. and stable up to 120 min. Hence, it

s recommended to derivatize VB freshly with 1.5 ml each of NaIO4
nd MBTH reagents and run DCPVB through HPLC system between
0–120 min. of its preparation.

.2. Chemistry of colored species formed in LC–VD method
DCPVB forms in two steps [7–9] as represented in Scheme 1. In
he first step, VB undergoes oxidation with sodium metaperiodate
nd forms its oxidation product (OPVB). VB (Mw = 267) contains
even alcoholic groups among which three are primary, three are
econdary and one is tertiary in nature. The three primary alcohols

I
C
R
I

m of DCPVB.

ere oxidized to aldehydes and three secondary alcohols to ketones
y sodium metaperiodate. The tertiary alcohol was not oxidized.
ence, there is a loss of 12 hydrogens and hence the molecular
eight of proposed OPVB is 255. This was confirmed by LC–MS/MS
ntercept 2108 1516
orrelation coefficient 0.9998 0.9999
epeatability# 0.53 0.72

ntermediate precision# 1.72 1.08

# %RSD of six determinations at assay level.
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Table 2
Accuracy and specificity of proposed methods.

Parameter LV–VD method (assay ± %RSD) LC–MS method (assay ± %RSD)
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[

[
[
[
[
[

20 ng ml−1 25 ng ml−1

ccuracy from VB pure substance 99.4 ± 0.91 99.5 ± 0.65
pecificity from VB tablets 98.5 ± 1.12 98.9 ± 1.34

howed m/z value as 256 (M + 1). In the second step, since aldehy-
es and ketones couples with primary amines to form schiff bases
ith the loss of water molecules, OPVB coupled with MBTH reagent

nd formed DCPVB. The mass spectrum of DCPVB (Fig. 5) taken
n LC–MS/MS system in atmospheric pressure chemical ionization
positive) mode showed m/z value as 1223 (M + 1) and confirmed
he structure of DCPVB.

.3. Validation of LC–VD and LC–MS methods

The proposed LC–VD and LC–MS methods for the assay of VB
ere validated as per ICH guidelines [6] in terms of linearity, pre-

ision, accuracy, specificity and robustness. Linearity test solutions
or the proposed methods were prepared in the range of 80–120% of
5 and 5 ng/ml of VB test concentration for LC–VD and LC–MS meth-
ds, respectively (20.0, 22.5, 25.0, 27.5 and 30.0 ng ml−1 for LC–VD,
.0, 4.5, 5.0, 5.5 and 6.0 ng ml−1 for LC–MS method). Calibration
urves were drawn by plotting the peak areas versus concentrations
f VB and linear least squares analysis data is presented in Table 1.
recision was evaluated in terms of repeatability and intermediate
recision. Repeatability of the methods was checked by injecting
ix VB assay preparations (25 ng ml−1 for LC–VD and 5 ng ml−1 for
C–MS method) on the same day. The intermediate precision of the
ethods was also verified by applying same procedure on six differ-

nt days using a different analyst. The low %RSD values presented in
able 1 indicate the good precision of the method. The accuracy of
he proposed methods were evaluated by assaying VB by both the

ethods at three concentrations (20, 25 and 30 ng/ml for LC–VD
nd 4, 5 and 6 ng ml−1 for LC–MS method). Each assay was carried
ut three times. The low %RSD values for three assays at all the
oncentrations (Table 2) show the best accuracy of the proposed
ethods. Specificity of the methods is determined in terms of peak

urity. In LC–VD method, photodiode array detector ensured the
omogeneity and purity of VB peak. LC–MS shows m/z value of VB
eak as 268 (M + 1) that matches with its molecular weight (267)
nd indicates the specificity of the method. Since the specificity
s the ability to assess the analyte in the presence of components
hich may be expected to be present, the assays were carried out
sing their tablets at three concentrations (20, 25 and 30 ng/ml for
C–VD and 4, 5, 6 ng ml−1 for LC–MS method). Each assay was car-
ied out three times. The low %RSD values for three assays at all the
oncentrations from their tablets (Table 2) also indicate the speci-

[

[

[

30 ng ml−1 4 ng ml−1 5 ng ml−1 6 ng ml−1

99.3 ± 0.98 99.6 ± 0.18 99.1 ± 0.17 99.2 ± 0.22
98.8 ± 1.52 98.4 ± 1.76 98.8 ± 1.56 98.9 ± 1.52

city of the proposed methods. Robustness of the methods was
hecked by altering chromatographic conditions deliberately. The
ow rate of the mobile phase was altered by 0.2 units in LC–VD and
.1 unit in LC–MS method. The effect of column temperature on
etention time was studied at 25 and 30 ◦C instead of 28 ◦C (room
emperature). All the other mobile phase components were held
onstant. These deliberate modifications do not show significant
ffect on the chromatographic performance indicating the robust-
ess of the methods. In LC–MS method, VB was stable up to 7 h in

ts mobile phase and hence it is suggested to complete the analysis
efore 7 h of sample preparation.

. Conclusions

This article describes validated LC–VD and LC–MS methods for
he assay of voglibose. In LC–VD method, the pre-column deriva-
ization process is simple, requires minute quantities of reagents,
o temperature is required, color product forms within 10 min. and
table up to 6 h. LC–MS method is more sensitive because it can
ssay VB at 5 ng ml−1 concentration. Hence, the present methods
an successfully be applied for the assay of voglibose in pure form
nd tablets, which is non chromophoric in nature.
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valuation of the arsenic binding capacity of plant proteins under
onditions of protein extraction for gel electrophoretic analysis
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eywords:
rotein extraction

a b s t r a c t

As prerequisite for the investigation of arsenic-binding proteins in plants, the general influence of differ-
ent extraction parameters on the binding behaviour of arsenic to the plant protein pool was investigated.
The concentration of the extraction buffer affected the extraction yield both for proteins and for arsenic
revealing an optimal buffer concentration of 5 mM Tris/HCl, pH 8. The addition of 1 or 2% (w/v) SDS to
the extraction buffer produced a two- to threefold enhancement of the total protein extraction yield but
strongly suppressed the simultaneous extraction of arsenic from 80 ± 8% extraction yield obtained without
SDS to 48 ± 2% in presence of 2% (w/v) SDS. The arsenic binding capacity of the protein fraction obtained
lant samples
rsenic-binding proteins
el electrophoresis
tomic spectrometry

after extraction with Tris buffer and protein precipitation by trichloroacetic acid in acetone was estimated
to be 1.4 ± 0.6% independently on the original spiking concentration of arsenic provided in the form of
monomethylarsonate to the extracts. Due to the low total protein concentrations of the plant extracts that
varied in the range from 75 to 412 �g mL−1 depending on the extraction parameters, high arsenic con-
centrations of 263–1001 mg (kg protein mass)−1 resulted for spiking concentrations of 10 mg As L−1. The
optimized protein isolation procedure was applied to plants grown under arsenic exposure and revealed

apac

o
t
m

t
t
a
t
t
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t
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t

s

a similar arsenic binding c

. Introduction

Toxic effects of arsenic are ascribed to its interaction with bio-
hemical pathways, enzymes, and other biomolecules. In plants,
rsenic is taken up from contaminated soils and waters via the roots
s further translocated to shoots and leaves [1]. Whereas some plant
pecies are damaged, other kinds of plants show an elevated arsenic
olerance and hyperaccumulate this toxic metalloid [2,3]. Analyti-
al approaches are mainly focused on soluble arsenic species [1,4].
heir possible bindings to biomolecules dissociate during extrac-
ion or chromatographic separation. The binding of arsenic to the
ripeptide glutathione and to special thiol-rich polypeptides called
hytochelatins was demonstrated in plant extracts [5–7] but their
nalysis is difficult due to limited stability. Arsenic-bindings to
igh molecular weight compounds such as proteins were found

n model solutions [8,9]. However, owing to the fact that many
lant enzymes have free thiol groups which can react with arsenic,

tudies concerning the analysis of arsenic-binding proteins in real
lant samples are missing probably due to the difficulty in sample
reparation and conservation of the bindings. A first approach con-
erning this topic was performed by the analysis of the distribution

∗ Corresponding author. Tel.: +49 3731 393255; fax: +49 3731 393666.
E-mail address: Anne-Christine.Schmidt@chemie.tu-freiberg.de (A.-C. Schmidt).
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ity as for the spiked protein extracts.
© 2008 Elsevier B.V. All rights reserved.

f arsenic species between the fractions of soluble proteins, struc-
ure proteins, and non-proteins of arsenic-accumulating plants by

eans of a fractionated sample preparation procedure [10].
One- and two-dimensional gel electrophoresis are a powerful

ool for the analysis of protein patterns of biological samples con-
aining a complex mixture of differently sized proteins. Moreover,
subsequent determination of metals or other heteroelements in

he separated protein bands by means of laser ablation induc-
ively coupled plasma mass spectrometry (LA-ICPMS) or X-ray
pectroscopic techniques provide the possibility to detect metal-
r metalloid–protein complexes [11,12]. Because sample prepara-
ion is considered to be the most crucial step for protein analysis
y gel electrophoretic separations and very little is known about its
nfluence on the stability of arsenic–protein bindings, it is necessary
o investigate the effects of these various parameters.

In contrast to animal or bacterial samples, plant tissues repre-
ent a challenging sample type for protein isolation and analysis
ecause they contain plenty of substances such as phenolic com-
ounds, carbohydrates, organic acids, lipids, and terpenes that

nterfere with the gel electrophoretic separation of proteins [13,14].

herefore, purification steps such as protein precipitation are nec-
ssary to remove non-protein contaminants. Furthermore, protein
recipitation serves as a very effective preconcentration step for
roteins from diluted protein sources such as plant materials.
ecause trichloroacetic acid (TCA) in acetone has been proven as
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n efficient precipitating agent for purification of plant proteins
or subsequent gel electrophoretic separation [15–17] this type of
recipitation was also applied in the current study. A further advan-
age of the TCA/acetone precipitation consists in the immediate
nactivation of proteolytic and other modifying enzymes that are
eleased from broken cells during extraction [18]. However, in some
ases a washing of the protein precipitate is necessary prior to gel
lectrophoresis to remove co-precipitated contaminants [14].

To search for real arsenoproteins in biological samples, the
xploration of the behaviour of arsenic during extraction, pre-
ipitation, and purification of proteins for gel electrophoresis
ecomes obligatory. In the present investigations, the arsenic bind-

ng capacity of plant proteins extracted under different conditions
as determined exemplary of a biologically important arsenic

ompound, monomethylarsonic acid (MMA(V)). This methylated
rsenic species is assumed to be produced from inorganic arsen-
te during biomethylation and was also found in plants grown on
rsenic-enriched substrates [19,20]. Further, due to their strong tox-
city, monomethylarsonate salts were used as herbicides [21]. The
nfluences of different parameters varied during sample prepara-
ion on the extraction efficiencies obtained both for total arsenic
nd for total protein as well as on gel electrophoretic separations
f the extracted plant proteins were evaluated. After optimization
f the sample preparation procedure by means of arsenic spiking
xperiments, the optimized extraction parameters were applied to
lants cultivated under arsenic exposure in order to quantify the
raction of accumulated arsenic that was associated to proteins.

. Experimental

.1. Plant material

Leaf and stalk material from simply cultivable nasturtium plants
Tropeaolum majus L.) served as protein source for the preparation
f protein extracts. In addition to control plants grown on humus
oil characterized by a background arsenic level of <5 mg kg−1 dry
ass, some plants were cultivated under arsenic exposure during
weeks after an initial arsenic-free germination and growth phase
f 4 weeks. The arsenic compound monomethylarsonate (MMA(V),
btained in the form of monosodium acid methane arsonate sesqui-
ydrate from Chem Service, West Chester, PA, USA) was applied to
he soil used for plant cultivation twice per week in 100 mL portions
ontaining 5 mg arsenic. The plants were harvested and divided into
eaves and stalks, and stored frozen at −20 ◦C.

.2. Preparation of the extraction media

The solid buffer substances tris(hydroxymethyl)aminomethane
Tris, p.a., from Merck, Darmstadt, Germany) and ammonium
cetate (HPLC grade, from J.T. Baker B.V., Deventer, Holland) used
or the extraction experiments were dissolved in deionized water
o prepare 100 mM buffer stock solutions. To vary the pH for the
xtraction media, the pH value of the buffer solutions was adjusted
ith 2 M HCl (prepared from 32% HCl, p.a., Sigma–Aldrich, Stein-
eim, Germany) or with 100% acetic acid (p.a., Merck, Darmstadt,
ermany), respectively, and controlled by a pH electrode (HI 9321
icroprocessor pH meter, HANNA instruments, Kehl am Rhein, Ger-
any). Different buffer concentrations were prepared by dilution

f these stock solutions with deionized water.

The reducing agent dithiothreitol (DTT, 1 M stock solution in

ater from Sigma–Aldrich) was added to the extraction buffer sys-
em to a final concentration of 50 mM. Further extraction buffer
dditives were the protease inhibitor phenylmethylsulfonyl fluo-
ide (PMSF, 0.1 M stock solution in ethanol from Sigma–Aldrich)

2
c

a

77 (2009) 1830–1836 1831

t a concentration of 2 mM in the final extracts and 10 mg of the
dsorbens for polyphenolic compounds polyvinylpolypyrrolidone
PVPP, from Sigma–Aldrich) in an extract volume of 10 mL. The con-
entration of the tenside sodium dodecyl sulfate (SDS, ≥98% from
igma–Aldrich) in the extraction buffer was varied between 0, 0.5,
, and 2% (w/v).

.3. Combined protein and arsenic extraction protocol for plant
issues

The flow-chart of the entire extraction and purification protocol
s pointed out in Fig. 1. The extractions were performed in 30 mL
olypropylene centrifuge tubes (Nalge Nunc International Corpora-
ion, Rochester, NY, USA). For the centrifugation steps the AvantiTM
entrifuge J-30I (Beckmann Coulter, Fullerton, CA, USA) was used.
he ultrasound treatments were carried out in a water bath. For
ome samples, the final protein pellet was washed with 4 mL 90%
v/v) ethanol containing 2 mM DTT for 2 h, and centrifuged again
t 10,000 × g and 4 ◦C for 10 min. The precipitating agent acetone
as purchased in p.a. quality from Merck, Darmstadt, Germany, and

richloroacetic acid (TCA, ≥99.5%) from Sigma–Aldrich, Steinheim,
ermany.

.4. Microwave digestion of extraction residues and protein
ellets

The filtration and centrifugation residues arising from the
xtraction procedure as well as the precipitated protein pellets
Fig. 1) were mineralized by means of microwave digestion with
mL 65% HNO3 and 1 mL 30% H2O2 (both in suprapur quality from
erck, Darmstadt, Germany) in 20 mL Teflon vessels using the fol-

owing program (Microwave system Start 1500, MLS, Leutkirch,
ermany): step 1: 3 min heating to 85 ◦C at a power of 700 W;
tep 2: 5 min heating to 145 ◦C at a power of 1000 W; step 3: 3 min
eating to 210 ◦C at 1000 W; step 4: 15 min maintaining the tem-
erature at 210 ◦C and the power at 1000 W; step 5: cooling to 20 ◦C
or 20 min at 0 W. The resulting digests were filled up to 8 mL with
eionized water. Three blank samples containing 3 mL HNO3 and
mL H2O2 were processed as the other samples.

.5. Protein quantification by the Bradford assay

For preparation of the Bradford reagent, 50.7 mg Coomassie
rilliant Blue G-250 (from Sigma–Aldrich) were dissolved in a mix-
ure of 25 mL 95% (v/v) ethanol (p.a., from Merck) and 50 mL 85%
w/v) orthophosphoric acid (ultra, Sigma–Aldrich). This solution
as filled up with deionized water to a final volume of 500 mL

nd filtrated to remove insoluble dye particles. 200 �L of the dye
eagent solution were mixed with 800 �L aqueous sample solu-
ion and incubated for 10 min. A calibration line was compiled
y measuring the UV absorption at 595 nm for six different con-
entrations of bovine serum albumine (BSA, 200 mg mL−1 stock
olution in water from Sigma–Aldrich) using a photometer (Ultro-
pec 1000, Pharmacia Biotech). The linear range was estimated to
.1 to 4.0 �g mL−1 (r = 0.984). The leaf protein extracts were diluted
:100, 1:50, or 1:10 with water in order to produce absorption val-
es that were consistent with this calibration range. The absorption
alue of a mixture of 200 �L dye reagent and 800 �L deionized
ater was subtracted as blank value from all BSA and sample values.
.6. ICP-OES and HG–ETA-AAS for determination of total arsenic
ontents

The total arsenic contents in the raw protein extracts as well
s in the microwave digests of the extraction residues and of the
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Fig. 1. Flow chart for the protein isolation protocol developed

recipitated protein pellets were determined using inductively
oupled plasma optical emission spectrometry (ICP-OES, iCAP
500 device, Thermo Electron, Dreieich, Germany). The sample
as infused at a flow rate of 2 mL min−1 into a concentric nebulizer

Mira Mist) associated to a glass cyclone spray chamber. The
mission of As was measured axially in the argon plasma torch at
he wavelengths 189.0, 193.7, and 228.8 nm.

Since a high load of organic solvent extinguishes the plasma
orch of an ICP, the arsenic contents in the ethanolic wash solu-
ions were measured using atomic absorption spectrometry with
ydride generation and electrothermal atomization (HG–ETA-AAS).
he samples were pre-reduced with ascorbic acid and potassium
odide for 1 h. To form volatile hydrides of the arsenic compounds,
aBH4/HCl was added. A combination of a FIAS 400 for hydride
eneration in the flow injection mode and an atomic absorption

pectrometer (ZL 4100, PerkinElmer) with an electrothermal atom-
zer was used. The hydrides were enriched in a graphite furnace
permanently modified with Pd). The absorption intensity of As
as measured at 193.7 nm. An external calibration in the solvent

thanol was performed.

t
M
w
(
s

e estimation of the arsenic binding capacity of plant proteins.

The arsenic concentrations of the respective buffer and reagent
olutions were subtracted from the arsenic contents of the samples
s blank values.

.7. SDS-PAGE

The protein pellets obtained after TCA/acetone precipitation
f the leaf protein extracts were re-solubilized in SDS-PAGE
ample buffer prepared according to Lämmli [22] (62.5 mM
ris/HCl buffer, pH 6.8, 2% (w/v) SDS, 5% (v/v) �-mercaptoethanol
≥98%, electrophoresis grade, Sigma–Aldrich), 20% (v/v) glycerol
≥99%, Sigma–Aldrich), 0.1% (w/v) bromophenol blue (sodium
alt, Sigma–Aldrich), in deionized water) to reach final protein
oncentrations of 5 �g �L−1. After denaturation at 95 ◦C for 5 min,
rotein amounts of 25–100 �g were loaded onto 20× 20 cm gels in

he Protean II XL electrophoresis cell (Bio-Rad Laboratories GmbH,

ünchen, Germany). The running buffer for the electrophoresis
as 25 mM Tris/HCl buffer, pH 8.3, with 192 mM glycine and 0.1%

w/v) SDS. A current of 13 and 18 mA was regulated in a 2 cm long
tacking gel (5% T), and in the 0.75-mm thick separating gel (15% T),
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espectively, using the Power PacTM Basic power supply (Biorad).
he gels were transferred into the staining solution (0.1% (w/v)
oomassie Brilliant Blue G 250, 0.77 M (NH4)2SO4, and 2% H3PO4
ixed with the fixation agent 100% methanol in the volume ratio

:1), shaken over night and destained with deionized water by
haking.

. Results and discussion

.1. Effect of different extraction parameters on the extracted
rotein concentration

At first, the proteins were extracted from the plant tissue using
n aqueous extraction buffer in order to gain a protein-containing
olution for spiking and incubation with arsenic. For this purpose a
eakly alkaline Tris/HCl buffer was chosen that is a widespread
uffer for biological samples and a running buffer for gel elec-
rophoretic protein separations.

Among the parameters varied for the buffer solution, the buffer
oncentration had an influence on the extraction yield (Fig. 2). 5
nd 10 mM Tris buffer, pH 8, caused a more efficient protein extrac-
ion from plants exposed to arsenic during their growth period
ompared to 1 and 25 mM buffer. From leaves considerably higher
mounts of protein could be extracted than from stalks. A Tris buffer
oncentration of 5 mM was chosen instead of 10 mM in order to
inimize the salt load of the samples for SDS-PAGE. Moreover,

he 5 mM buffer caused a higher extraction yield for arsenic (see
elow, Fig. 3). The pH value of the Tris buffer system that was var-

ed between 6.8, 8.0, and 9.0, did not affect the protein extraction
ield. With all these buffer solutions the fraction of water-soluble,
ytosolic proteins was extracted. A significant enhancement of the
xtracted protein concentration was caused by the addition of the
urfactant sodium dodecyl sulfate (SDS) to the aqueous Tris buffer
ystem (Table 1). Whereas a mass concentration of 0.5% SDS was not
ufficient to solve higher amounts of proteins from the leaf mate-
ial, 1% and 2% (w/v) SDS led to a more than twofold and more
han threefold increase, respectively, of the protein yield compared
o the extraction without SDS addition. SDS exhibits a particular
xtraction capability for hydrophobic membrane proteins which
re not soluble in aqueous solutions [23]. Thereby, its extraction
fficiency is larger than for other types of surfactants such as DoTAB

r SB 3–12 [24].

Because plant extracts are characterized by high concentrations
f phenolic substances which interfere with the gel electrophoresis
ue to modification of proteins as well as by high protease activities,
protease inhibitor, phenylmethylsulfonyl fluoride (PMSF), and

ig. 2. Effect of Tris buffer concentration on the extracted protein concentration
rom homogenized leaves and stalks of Tropaeolum majus grown under MMA(V)
xposure. Average values with standard deviations for three independent samples
re given.

r
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t
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ig. 3. Dependence of the extraction yield obtained for arsenic from leaves and
talks of Tropaeolum majus cultivated under MMA(V) exposure on the concentra-
ion of the extraction buffer. Average values with standard deviations for three
ndependent samples are given.

n adsorbent for phenolic compounds, polyvinylpolypyrrolidone
PVPP), were added to the protein extract solutions. These addi-
ives did not influence the extracted protein amounts estimated by
he Bradford assay (Table 1).

In order to test a further buffer type which provides another pH
ilieu, ammonium actetate adjusted to pH 4.0 was compared to the

ris/HCl system, pH 8.0, regarding the extraction yield obtained for
roteins from control plants and plants cultivated under MMA(V)
xposition. Similar protein amounts were solved from the plants
y both buffer types. No substantial differences to the control
lants were observed for the protein concentrations extracted from
rsenic exposed plants.

The Bradford assay used for the determination of protein con-
entrations in the current study has become widely accepted for
rotein quantification in biological samples due to its sensitiv-

ty and uncomplicated feasibility. Nevertheless, the Bradford assay
rovides semi-quantitative data particularly for complex samples
ince the dye binding varies depending on the kind of proteins.
urther, the surfactant SDS which was a constituent of some of the
amples listed in Table 1, interferes with the protein quantifica-
ion. But no better alternatives are currently available for protein
uantification in biological samples, because other protein assays
hich are based on Cu(II) reduction are widely more susceptible to

educing agents like DTT [25] which was present in all samples.
.2. Extraction yield for arsenic under different parameters
ptimized for protein extraction

The influence of the parameters optimized for the extraction of
roteins from leaf and stalk tissue on the simultaneous extraction

able 1
ffect of different buffer additives on the extracted protein concentrations from
eaves of Tropaeolum majus.

uffer additives Extracted protein concentration
�g mL−1 leaf extract mg g−1 fresh leaf tissue

149 ± 37 0.5 ± 0.1
mM PMSF 127 ± 6.1 0.4 ± 0.02
mM PMSF, 1 g L−1 PVPP 133 ± 13 0.4 ± 0.04
mM PMSF, 1 g L−1 PVPP,
0.5% (w/v) SDS

116 ± 23 0.4 ± 0.07

mM PMSF, 1 g L−1 PVPP,
1% (w/v) SDS

273 ± 40 0.9 ± 0.1

mM PMSF, 1 g L−1 PVPP,
2% (w/v) SDS

412 ± 130 1.3 ± 0.4

% (w/v) SDS 309 ± 24 1.1 ± 0.09

0 mL of 5 mM Tris/HCl buffer solution at pH 8.0 with 50 mM DTT was used as extrac-
ion buffer for 3 g fresh leaf material. Average concentrations from n = 3–6 parallel
amples are listed.
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f arsenic was examined. Whereas a 10 mM Tris buffer provided the
ighest extraction yield for proteins (compare Fig. 2), the extraction
fficiency for arsenic from leaves decreased linearly with increasing
uffer concentration from 82% down to 71% (Fig. 3). As mentioned
bove (Section 3.1), the 5 mM Tris buffer system was chosen as the
est compromise for a simultaneous extraction of arsenic and pro-
eins from leaves. For stalks, higher arsenic yields resulted in the
xtracts both with 5 and 10 mM Tris buffer than with 1 and 25 mM
uffer concentrations. Altogether, high extraction efficiencies were
btained with the Tris/HCl buffer systems ranging between 75 and
0%, so that it can be assumed that the main part of the arsenic accu-
ulated in the plant tissues is present in the protein extract and

an possibly bind to proteins. For comparison, 78.3 ± 6.9% (n = 40)
f the total arsenic accumulated in leaves of the same plants culti-
ated under MMA(V) exposure were extracted with 10 mM sodium
hosphate buffer, pH 7.0, giving a similar extraction yield as with
he 10 mM Tris buffer. In another study dealing with the anal-
sis of cadmium-binding proteins, the extraction efficiency for
d obtained by a HEPES-NaOH buffer, pH 7.6, that was used for
he extraction of proteins from spinach leaves, was evaluated to
3–100% [26].

With the addition of 2% (w/v) SDS to the extraction buffer sys-
em the extraction yield for arsenic declined to 47.5 ± 2.3% (n = 3)

n case of 5 mM Tris buffer and to 43.4 ± 1.7% (n = 3) in case of
mM acetate buffer. Presumably, the micelles formed by the sur-

actant in the solution phase exclude the hydrophilic, polar arsenic
ompounds. However, the protein-associated arsenic should not be
xcluded.

o
m
t
p
t

ig. 4. Influence of the extraction conditions on the arsenic concentration in the precip
recipitation. Variation of extraction conditions: two different extraction buffers and pH v
mounts of arsenic to the extract before protein precipitation. Extraction with 5 mM Tris
77 (2009) 1830–1836

The leaves exhibited a total arsenic content of 21.5 ± 0.5 mg kg−1

resh mass (n = 5). In contrast, the control plants were characterized
y a background arsenic level of 0.3 ± 0.1 mg kg−1 fresh leaf mass
n = 4). The arsenic species distribution of the plants exposed to

MA(V) was investigated recently [20]. The analysis of leaf extracts
evealed that As(III), MMA(V) and another unknown metabolite,
ossibly MMA(III), dominated to 20, 21, and 59%, respectively, the
otal water-extractable arsenic species content in the cells.

.3. Determination of the arsenic binding capacity of protein
xtracts spiked with monomethylarsonate under the influence of
aried extraction parameters

In order to determine the binding capacity of proteins extracted
rom leaf cells under varying extraction conditions, different
mounts of arsenic species were added to the raw protein extract.
n order to simulate native conditions, a reducing environment
as maintained in the extracts by adding the reducing agent DTT.

n addition to the prevention of protein aggregation by disulfide
onds, the reducing agent provides binding sites for arsenic in the
orm of free thiol groups of proteins which are susceptible to oxida-
ion under non-physiological oxidative conditions. A fundamental
mpact of the presence of a reducing agent in the sample solution

n arsenic bindings to sulfur-containing proteins was observed in
ass spectrometric studies [9]. Further, a non-denaturing extrac-

ion buffer system was chosen and all extraction, incubation, and
recipitation steps were performed at 4 ◦C. The final results of
he arsenic spiking experiments are pointed out by the arsenic

itated protein fraction. (a) Addition of 10 mg As L−1 extract volume before protein
alues, addition of PMSF, PVPP, and different amounts of SDS (b) Addition of different
buffer at different pH values.
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Table 2
Portions of arsenic found in the protein fraction after precipitation related to the original arsenic amount added to the raw protein extract under different extraction conditions.

Arsenic spiking concentration in
the raw extract (mg L−1)

Extraction buffer Extraction additives Arsenic portion in the protein
precipitate (% of spiked amount)

10 5 mM Tris/HCl, pH 8.0 PMSF 2.1 ± 0.3
10 5 mM Tris/HCl, pH 8.0 PMSF + PVPP 1.8 ± 0.06
10 5 mM Tris/HCl, pH 8.0 PMSF + PVPP + 0.5%SDS 0.63 ± 0.09
10 5 mM Tris/HCl, pH 8.0 PMSF + PVPP + 1%SDS 1.2 ± 0.28
10 5 mM Tris/HCl, pH 8.0 PMSF + PVPP + 2%SDS 1.8 ± 0.15
10 5 mM Tris/HCl, pH 8.0 2%SDS 2.4 ± 0.5
10 5 mM acetate, pH 4.0 2%SDS 1.0 ± 0.42
10 10 mM acetate, pH 4.0 2%SDS 1.1 ± 0.36

100 5 mM Tris/HCl, pH 6.8 – 0.7 ± 0.3
100 5 mM Tris/HCl, pH 8.0 – 1.04 ± 0.26
1
2
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00 5 mM Tris/HCl, pH 9.0
50 5 mM Tris/HCl, pH 8.0

verage values with standard deviations for n = 3–5 parallel prepared samples are li

oncentrations found in the protein fraction after TCA/acetone pre-
ipitation (Fig. 4). Despite of same arsenic amounts added to the
aw protein extract, the arsenic concentrations in the protein pre-
ipitates vary depending on the extraction conditions (Fig. 4a). The
nhancement of the protein extraction by rising additions of SDS to
he extraction buffer (see Table 1) was accompanied by decreased
rsenic concentrations in the protein precipitates compared to
DS-free samples. This behaviour can be possibly ascribed to the
asking of potential arsenic-binding proteins in the SDS micelles

s well as to a denaturation of the proteins resulting in a spatial
hielding of potential arsenic-binding sites. Besides, other types
f proteins were extracted using SDS than with aqueous buffer
ystems. An opposed effect emerged with rising SDS concentra-
ion probably due to the strong enhancement of extracted protein
mounts.

With increasing arsenic spiking concentrations in the origi-
al extracts the arsenic concentrations in the protein precipitates

ncreased (Fig. 4 b). However, the ratio of the arsenic fraction associ-
ted to the protein precipitate to the initially spiked arsenic amount
emained nearly constant. An average value for this ratio expressed
n % values in Table 2 of 1.37 ± 0.55% (n = 12) resulted for all varied
xtraction parameters and of 1.39 ± 0.51% (n = 6) for all extrac-
ion experiments performed without SDS. These findings suggest
binding equilibrium (Eq. (1)) between free arsenic in the solu-

ion phase and protein-bound arsenic that is controlled by varied
xtraction parameters to a small degree (Table 2).

nbound As +
∑

protein � protein-bound As (1)

he underlying reaction mechanisms can only be presumed
ecause pool data are obtained with the current analytical proce-
ure. The most likely reaction type should be based on the affinity
f trivalent arsenic to sulfur (Eq. (2)). However, also other types
f binding could be involved such as non-covalent associations or
hemi- or physisorption to the surface of the protein precipitate.

Protein–SH + R3−nAs(OH)n � R3−nAs(S–Protein)n + nH2O (2)

ith n�3 and R = organic residue with an As–C bond.
The portion of arsenic found in the final protein precipitate

eems to be low related to the initially spiked arsenic amount.
owever, related to the absolute protein mass of the extracts high
rsenic concentrations in the range from 263 to 1001 mg kg−1 result
epending on the sample type for original spiking concentrations

f 10 mg As L−1.

In order to purify the protein pellet from non-protein impurities,
washing step was performed with 4 mL ethanol. In the final wash

olutions, arsenic concentrations of 0.016 ± 0.0031 mg L−1 (n = 6)
ere detected. This corresponds to an arsenic loss of 5.7 ± 1.3%

m
v
p
t
a

– 1.2 ± 0.22
– 1.4 ± 0.1

n = 6) that is resolved from the protein pellet by the washing
tep. The quality of the 1D gel electrophoretic separation was not
mproved by this wash operation. In contrast, the protein bands

ere considerably weaker presumably due to a partial protein loss
uring washing.

.4. Determination of the arsenic binding capacity of leaf proteins
rom plants cultivated under MMA(V) exposure

For the investigation of the arsenic binding capacity of leaf pro-
eins from plants grown under MMA(V) exposure those parameters
hat proved to be most effective for the extraction of proteins in the
receding experiments (Section 3.1) were employed. Due to the
resence of 2% (w/v) SDS in the extractant solution both hydrophilic
ater-soluble proteins and hydrophobic membrane proteins were

olved from the leaf tissue. In contrast to the protein samples
piked with arsenic after completing the extraction (Section 3.3),
he assumed arsenoproteins were already formed in the cells before
he extraction process. Therefore, the discussed SDS based inhibi-
ion of the arsenic–protein binding should not play a role.

The arsenic concentrations in the leaf extracts used for the sub-
equent protein precipitation amounted to 5.4 ± 1.1 mg L−1 (n = 3)
n case of Tris buffer (pH 8) extraction and to 4.1 ± 0.3 mg L−1 (n = 3)
n case of acetate buffer (pH 4) extraction. Based on these pro-
ein extracts, 0.82 ± 0.03% (n = 3) and 0.61 ± 0.13% (n = 3) of the
otal arsenic quantity present in the original Tris or acetate buffer
xtracts, respectively, were recovered in the protein precipitates.
hese low relative values correspond to high arsenic concentra-
ions related to the protein mass of the extracts: 323.3 ± 2.9 mg kg−1

n = 3) for the Tris buffer extractions and 129.0 ± 23.5 mg kg−1

n = 3) for the acetate buffer extractions.
From these results a similar protein binding capacity can be

educed for leaves of plants cultivated under MMA(V) exposure
nd for leaf extracts of control plants that were spiked with MMA(V)
efore protein precipitation.

.5. SDS-PAGE of extracted leaf proteins

The sample preparation scheme (Fig. 1) that was optimized
egarding arsenic and protein extraction is suited for SDS-PAGE of
omplex plant protein samples with elevated as well as with back-
round arsenic levels and provides a high reproducibility (Fig. 5).
n studies dealing with the analysis of metal-binding proteins or
etalloproteins the precipitation step was omitted in order to pre-
ent metal dissociation. Unfortunately, this non-denaturing sample
reparation leads to a strongly reduced number of protein bands in
he 1D-PAGE [26,27]. This was also observed in our study. A direct
pplication of the raw buffer extracts onto the gels delivered no
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ig. 5. SDS-PAGE results for leaf protein extracts obtained with 5 mM Tris/HCl buffer,
H 8/50 mM DTT and protein precipitation with 10% (w/v) TCA/2 mM DTT in acetone.

valuable protein separation. The precipitation of proteins by TCA
n acetone produced a significant improvement of the 1D-GE results
oth regarding number and intensity of different protein bands. The
ontrast between the protein bands and the background staining
as also considerably improved because the protein precipitation

erves as an efficient purification step. A danger for dissociation
f non-covalent or coordinative arsenic–protein bindings, which
re relied on a definite three-dimensional protein structure, can
e assumed to occur during the denaturing protein precipitation.
owever, covalent arsenic bindings proposed in Eq. (2) should not
e affected.

. Conclusion

The discussed experiments demonstrate the influencing factors
hat must be considered during the whole sample preparation pro-
edure for the analysis of arsenic-binding proteins in plants.

The arsenic binding capacity of the total leaf protein pool was
etermined after protein extraction and precipitation for arsenic
piking experiments of the raw protein extracts as well as for plants
rown under arsenic exposure. It can be concluded that, on average,
nly 1% of the original arsenic amount in the raw protein extract

s recovered in the precipitated protein fraction after TCA/acetone
reatment. However, related to the total protein mass, high arsenic
oncentrations in the upper mg kg−1 range result. Despite of higher
rotein concentrations in the extract after addition of SDS, the bind-

ng capacity of the protein precipitate for arsenic was not elevated.

[
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In the future, alternative protein extraction protocols such as
henol-based strategies and alternative precipitation agents such
s TCA in water or ammonium sulfate should be tested with regard
o their influence on the arsenic–protein associations. In addition to

MA(V) other arsenic species should be included and kinetic bind-
ng studies should be performed. The stability of arsenic–protein
indings under the particular conditions of the SDS-PAGE should be
xamined using arsenic-binding standard proteins such as thiore-
oxin. In order to extend the separation performance of the gel
lectrophoresis, an isoelectric focusing step should be conducted
efore SDS-PAGE in terms of a two-dimensional approach.
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a b s t r a c t

Tellurium nanotubes have been grown by physical vapor deposition under inert environment at atmo-
spheric pressure as well as under vacuum conditions. Different techniques such as scanning electron
microscopy (SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD) and optical absorp-
tion have been utilized for characterization of grown structures. Films prepared using both types of
tellurium nanotubes were characterized for sensitivity to oxidizing and reducing gases and it was found
vailable online 17 October 2008
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that the relative response to gases depends on the microstructure. Nanotubes prepared at atmospheric
pressure (of argon) showed high sensitivity and better selectivity to chlorine gas. Impedance spectroscopy
studies showed that the response to chlorine is mainly contributed by grain boundaries and is therefore
enhanced for nanotubes prepared under argon atmosphere.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Investigations on the growth and characteristics of quasi one-
imensional structures (Q1D) are important as they provide

nherently enhanced integration density of devices, have novel
hysical effects due to reduced dimensionality and have high sur-

ace to volume ratio desirable for some applications [1]. A variety of
norganic materials including elemental and compound semicon-
uctors have been synthesized in various nano-forms [2]. Tellurium

s a low band gap semiconductor and is useful for various applica-
ions such as optical recording, thin film transistors, strain sensitive
evices, infrared detectors, gas sensors and thermoelectric devices
3,4]. Due to anisotropic crystal structure, Te is amenable to the
rowth of one-dimensional nanostructures as nanowires and nan-
tubes.

In earlier studies, we have investigated pure Te thin films as
oom temperature gas sensors for H2S, NH3 and NO [5–7]. However,

here are no reports on application of Te nanostructures as gas sen-
ors or Te thin films for detection of chlorine gas. Chlorine is a widely
sed chemical in many industrial processes and is very harmful
hen emitted into environment. It may be detected by sophisti-
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ated techniques as gas chromatography, chemical detecting tubes
nd electrochemical sensors [8–10]. Sensors based on semiconduc-
or oxides such as In2O3 and WO3 have also been employed for
he detection of this gas but most of them require elevated tem-
eratures for operation [11,12]. Patil and Patil have reported room
emperature detection of Cl2 gas at high concentrations (300 ppm)
sing CuO modified ZnO [13]. In a recent report, Sb-doped, SnO2
lms with nanoporous structure have been employed for room
emperature chlorine sensing [14]. As tellurium thin films have
een shown to detect many reducing and oxidizing gases at room
emperature [5–7], it is desirable to explore Te nanostructures for
ensitivity to chlorine.

In most of the studies reported in the literature, nanostructures
f Te have been grown by solution routes such as reduction of TeO2
r orthotelluric acid by hydrazine and oxidation of NaHTe in the
resence of surfactants [15–18]. Nanostructures have also been pre-
ared by hydrothermal and solvothermal processes. Few groups
ave reported the growth of Te nanostructures by vapor phase tech-
iques. Geng et al. [19] have synthesized Te nanobelts from Al2Te3

n a furnace under Ar gas flow. Mohanty et al. [20] have synthe-

ized Te nanotubes with triangular cross-section and some with
exagonal cross-section by evaporation of Te in a tubular furnace

n the presence of Ar gas at intermediate pressure of 1–1.5 Torr and
eposition temperature of 150–200 ◦C. They reported the growth
f nanowires and nanorods in case of Si (1 1 1) and sapphire (0 0 1)
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ig. 1. SEM images of typical (a) type-I sample—Te nanotubes grown in furnace, (b)
nd HRTEM images of type-III sample. Inset of (a) shows TEM of a type-I nanotube.

ubstrate, respectively [21]. Metraux and Grobéty [22] have grown
e nanostructures on Si (1 1 1) substrate and aluminium foil by
eating Te in an induction furnace (in the presence of magnetic
eld). They observed formation of nanotubes on both substrates
nder argon ambient at 1 mbar pressure. However, at 10−7 mbar,
he formation of nanowires on aluminium foil and platelets on
i (1 1 1) was observed. Interestingly, when the depositions were
arried out in a high vacuum coating unit (thus without the assis-
ance of magnetic field) the formation of dendritic Te filaments
as observed which led to the inference that the presence of
agnetic field is primarily responsible for the observed growth

ehavior. Recently Wang et al. [23] reported the growth of ultra-
ide Te nanobelts by vapor deposition in a horizontal quartz tube

t evaporation temperature of 350 ◦C under vacuum conditions.
imilarly, Chen et al. [24] have fabricated Te nanowires of dif-
erent orientations, on NaNO2 floccules by vacuum deposition at
0−5 mbar. Thus we find that diverse Te nanostructures have been
btained by tuning the growth conditions. As the microstructure
f materials affects their functionality [25], we expect suitable Te
anostructures to show selective response for detection of desired
ases.

Here, we report the growth of Te nanotubes at atmospheric pres-
ure in a horizontal quartz tube and under high vacuum conditions.
he gas sensing characteristics of these nanostructures were inves-
igated and Te nanotubes prepared under atmospheric pressure
ere found to detect chlorine gas at room temperature at very low

oncentration of 0.5 ppm. Impedance spectroscopy studies showed
hat the response to chlorine is mainly due to resistance changes at
rain boundaries.
. Experimental

Growth of Te nanostructures was carried out at atmospheric
ressure as well as under vacuum conditions. At atmospheric pres-

d
a
e
u
d

II sample—Te micro-rods and (c) type-III sample—Te nanotubes on silicon. (d) TEM

ure, the growth was carried out under argon atmosphere in a
ubular furnace as described earlier [26]. Briefly, Te powder was
oaded in an alumina boat and placed in a 1-m long quartz tube. The
urnace temperature was raised to 550 ◦C in presence of Ar gas flow
150 cm3/min) and maintained at this temperature for 2 h. Te nan-
tubes were found to deposit on quartz tube in the direction of gas
ow at temperature of 30–50 ◦C. Micro-rods (whiskers) of Te were

ound to grow in the high temperature (350–400 ◦C) zone of the
urnace. Similar deposits were also obtained on different substrates
laced in the tube.

In the case of synthesis carried out by thermal evaporation under
acuum, high purity Te powder was loaded in a molybdenum boat.
he depositions on Si (1 1 1) substrates (maintained at 100 ◦C) were
arried out under vacuum of 2 × 10−5 mbar at a rate of 10 Å/s main-
ained using a quartz crystal thickness monitor.

Microstructure of the grown Te was studied by scanning electron
icroscopy (SEM) using TESCAN make VEGA MV2300T/40 system.

he chemical composition was obtained by energy dispersive X-
ay (EDX) analysis, while structural information was obtained by
-ray diffraction (XRD) spectra obtained by employing Cu K� radi-
tion. TEM analysis was carried out using JEOL 2010 UHR system
nd the images were recorded using a 20× Gatan camera. For TEM,
owder of Te nanostructures grown in furnace and scraped powder
rom silicon substrates in case of Te grown in high vacuum were
tilized. Powders were dispersed in propanol by ultrasonication
nd a drop of this solution was placed on carbon-coated Cu grid.
he impedance spectroscopy measurements were carried out using
UTOLAB make potentiostat–galvanostat (model PGSTAT 302).

For study of gas sensitivity, Te grown in horizontal furnace was

ispersed in ethanol to make a suspension, which was painted on
glass plate (called type-I sample) with two pre-deposited gold

lectrodes and thick film gold contacts were made on individ-
al whiskers of tellurium (called type-II samples). In case of Te
eposited on Si (1 1 1) substrates under vacuum (called type-III



S. Sen et al. / Talanta 77 (

F
#

s
t
w
d
a
t
A
a
fi

t
t
e
i

S

g
c
f
a
r
o

3

a
m
(
t
a

r
w
t
p
t
a
c
1

p
c
t
(
(
q
(
t
H
o
t
d
M
o
v

F
t
I
f
f
a
s
i
b
i
p
o
I
T
d

t
s
p
(
o
n
c
o
g
t
s
l
a
T
a
t

p
a

ig. 2. XRD spectra of: (a) type-I, (b) type-II and (c) type-III samples (peak marked
corresponds to SiO2).

amples), Au electrodes were thermally evaporated on nanostruc-
ured Te film. Electrical contacts were made by soldering silver
ires to the gold pads, using indium solder. The sensitivity towards
ifferent gases was determined by measuring the resistance in
tmosphere and on exposure to different gases using Keithley mul-
imeter. The measurement setup has been described elsewhere [5].
ll the sensitivity measurements were carried out at room temper-
ture. Sensitivity to some of the gases was also studied using Te thin
lms deposited on alumina substrates (called type-IV samples).

On exposure to oxidizing gases such as NO and Cl2 the resis-
ance of all the samples was found to decrease while on exposure
o reducing gases such as H2S and NH3, the resistance increased, as
xpected for p-type nature of Te. The response (S) to different gases
s defined by

=
∣∣∣∣ (Ra − Rg)

Ra

∣∣∣∣
where Ra and Rg are the resistances of the sensors in air and

as, respectively. It may be noted a factor of 4 change in resistance
orresponds to S = 3 for a reducing gas (where Rg > Ra) and S = 0.75
or an oxidizing gas (where Ra > Rg). The response time is defined
s the time taken to attain 90% of the change in resistance and the
ecovery time is the time taken by the sensors to return back to 10%
f its original resistance.

. Results and discussion

SEM and TEM micrographs of various samples are shown in Fig. 1

nd corresponding X-ray diffraction spectra are shown in Fig. 2. SEM
icrograph of low temperature deposit at atmospheric pressure

type-I samples) showed presence of nanotubes (Fig. 1a). Inset of
his figure shows the TEM image of a single nanotube. Detailed char-
cterization and growth mechanism of these nanotubes has been
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eported earlier [26]. The tubes had outer diameter of 100–500 nm,
all thickness of ∼10 nm and maximum length up to 3 �m. All the

ubes were found to be hexagonal in shape and their size was inde-
endent of the nature of the substrate. Deposits in quartz tube at
emperatures of 350–400 ◦C were found to consist of Te micro-rods
s shown in Fig. 1b (type–II samples). The whiskers had a hexagonal
ross-section with a diameter of 2–4 �m and length ranging from
to 10 mm.

Depositions under vacuum were carried out at a substrate tem-
erature of 100 ◦C, as films at this temperature were found to be
rystalline in earlier studies [6]. Si (1 1 1) substrates were used due
o their good lattice matching with Te [22]. SEM of these samples
type-III) showed growth of nanotubes with diameter of 70–150 nm
Fig. 1c). The size distribution of the nanotubes was found to be
uite narrow in this case as compared to type-I samples. TEM image
Fig. 1d) showed that the nanotubes had prong-like structure with
ubes showing split at the end as reported in earlier study [26]. The
RTEM image at the tip of these prongs showed the lattice spacing
f ∼0.2 nm corresponding to the (0 0 3) direction of Te, confirming
he growth direction to be along c-axis. Our result of nanotubes
eposition under vacuum conditions is in contrast with that of
etraux and Grobéty [22] who have not observed the formation

f Te nanostructures when depositions were performed in a high
acuum coating unit.

X-ray diffraction spectra of different structures are shown in
ig. 2. Powder diffraction spectra were measured for type-I and
ype-II samples and grazing angle XRD was obtained for type-
II samples due to their thin film nature. All of the samples are
ound to be single crystalline Te. All the peaks could be indexed
or the hexagonal structure of tellurium with, space group P3121
nd lattice parameters of a = b = 4.49 and c = 5.9 Å. This shows that
amples are high quality Te crystals without any impurity phase. It
s seen that relative intensity of (1 0 0) peak in whiskers (spectrum
) is quite large compared to sample of type-I (spectrum a). This

s because these are c-axis oriented whiskers of large size and lie
arallel to the substrate during XRD. In case of spectra (c) we also
bserve a peak corresponding to SiO2 as these Te nanotubes (type-
II sample) have been grown on Si substrate with thin oxide layer.
he variation in relative intensities of peaks in three spectra arises
ue to different orientations of crystallites.

Because of the anisotropic nature of Te lattice, it shows tendency
o from 1D structures with Te adatoms having greater tendency of
ticking along c-axis. In case of growth in furnace at atmospheric
ressure, formation of nanowires and nanotubes by vapor–solid
VS) mechanisms has been described earlier [26]. In this case we
bserve nanotubes at temperature of 30–50 ◦C irrespective of the
ature of the substrate. However this temperature is not suffi-
ient for epitaxial growth of Te on a given substrate. In the case
f vacuum deposition at 100 ◦C, the growth of crystalline Te is
overned by surface kinetics as Te adatoms gain sufficient energy
o occupy favorable lattice sites on the substrate. For Si (1 1 1)
ubstrate, 3asurface Si(1 1 1) = 2abulk Te (where asurface and abulk are
attice parameters on surface of silicon and bulk crystalline Te) with
mismatch of only ∼0.9%. This leads to preferential nucleation of

e (0 0 1) parallel to Si (1 1 1) [22]. The Te adatoms continue to find
nd attach themselves to the energetically favorable sites leading
o the formation of oriented tubes.

Optical absorption spectra and photoluminescence studies
rovide information about defects in semiconductors. UV–vis
bsorption spectra were recorded for different samples and the

esults are shown in Fig. 3. The value of optical band gap was esti-
ated using Mott and Davis model for direct allowed transitions in

emiconductors using equation:

(�)h� = B(h� − Egap)m/2
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ig. 3. Optical absorption spectra of: (a) type-I (b) type-II and (c) type-III samples.

here ˛ is the absorption coefficient, Egap is the optical band gap, h�
s the energy of incident photon, B is a constant and m = 1 for direct
ransitions. To determine the band gap, we have plotted (˛h�)2 as
unction of (h�). The absorption in the 3–6 eV region for Te has
een attributed to transitions from bonding to antibonding states
27,28]. Band gap for type-I nanotubes is seen to be less than that of
hiskers (type-II) and type-III nanotubes indicating larger number

f defects or states in the gap for type-I samples. The defects in the
tructure are important as they may contribute to interaction with
ases but have disadvantage of reducing mobility of carriers. Thus
t is expected that type-I samples may act as better sensor material
ue to increased defects.

Response of different samples was studied for many gases and
able 1 gives typical response to H2S, NH3, NO and Cl2 gases. It is
ound that (a) response of whiskers to all gases is quite small com-
ared to other samples, (b) both whiskers and thin films have better
esponse to H2S in comparison to Cl2 and NO and (c) type-I samples
ave maximum sensitivity for detection of Cl2. Small response of
hiskers is understandable as these have much smaller surface area

ompared to other samples. To understand the better sensitivity
f nanotubes to chlorine, we have performed impedance spec-
roscopy measurements on type-I and type-III samples on exposure
o 4 ppm of chlorine and H2S gases and the results are shown in
ig. 4. The impedance spectra have been analyzed using equivalent
ircuit as shown in Fig. 4(c). It consists of two RC networks con-
isting of RBulk and CBulk for intragrain region and RGrain and CGrain
or grain boundary region. R0 is additional frequency independent
esistance. Values of various parameters obtained from impedance
pectra (before and after exposure to gases) are given in Table 2 for

wo types of samples. Type-I samples show only grain boundary
ontribution. This is understandable as these have been prepared
y dispersion of nanotubes in solution and coating on substrates
hat yield very poor grain to grain connectivity. Type-III samples

able 1
ypical response of different Te samples to H2S, NH3, NO and Cl2 gases at concen-
ration of 8 ppm.

as Response to gases for samples of type

I (nanotubes) II (whiskers) III (nanotubes) IV (thin films)

2S 0.33 0.087 0.18 1.85
H3 0.0204 0.009 0.026 0.1
l2 0.75 0.043 0.43 0.57
O 0.47 0.009 0.27 0.30

F
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t

s
t
c
O
r

ig. 4. Impedance spectra before and after exposure to 4 ppm of Cl2 and H2S gases
t room temperature for typical (a) type-I and (b) type-III samples. The scattered
oints show experimental data and the solid lines represent fitting obtained with
he values given in Table 2. (c) Shows the equivalent circuit used for analysis.

how both intragrain and intergrain (grain boundary) contribu-

ions and it is found that grain boundary region has much higher
ontribution in response to Cl2 in comparison to intragrain region.
n the other hand, contributions of intragrain and grain boundary

egions towards response to H2S are similar. A similar and in fact,
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Table 2
Parameters obtained by fitting of impedance spectroscopy data to equivalent circuit for type-I and type-III samples. Parameters have been measured before and during
exposure to H2S and Cl2 gases at 4 ppm concentration.

Parameter Type-I sample (atm. pressure) Type-III sample (vacuum deposited)

Unexposed Cl2 exposed H2S exposed Unexposed Cl2 exposed H2S exposed

R0 (�) 7770 5300 8600 10 10 10
R 400 390 440
C 2.21 × 10−8 2.147 × 10−8 2 × 10−8

R 0 370 176 500
C 10−7 8.6 × 10−8 1.45 × 10−7 6.63 × 10−8

o
m
g
s
fi
s

f
c
r
a
F
t
t

F
t
c

Bulk (�) –
Bulk (F) –
Grain (�) 8200 3150 11,40
Grain (F) 1.29 × 10−7 1.01 × 10−6 1.16 ×

ften higher contribution of intragrain region to H2S is in agree-
ent with earlier studies on thin films [5]. A higher contribution of

rain boundary region towards response to chlorine explains better
ensitivity of nanotube samples to this gas in comparison to thin
lm and whisker samples. This also explains best response of type-I
amples to chlorine.

As type-I samples have good response to chlorine, these were
urther studied. Response of a typical sensor to chlorine at 2 ppm
oncentration is shown in Fig. 5(a). A response time of 30 s and

ecovery time of 2 h is observed for a typical sample. Response of
nother film to chlorine at different concentrations is shown in
ig. 5(b). The recovery time is found to increase with concentra-
ion of Cl2 however, the resistance of the film is found to recover
o its base resistance even when exposed to 8 ppm of gas indicat-

ig. 5. (a) Response of a type-I sensor to 2 ppm chlorine. Inset gives expanded view
o show saturation at 2 ppm. (b) Response and recovery characteristics for different
oncentrations of Cl2 gas for another type-I sample.
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ig. 6. Response of a typical type-I sample to H2S, NO, Cl2, acetone, NH3, CO and CH4

ases at 4 ppm and H2 at 2% concentration.

ng a reversible change on exposure to chlorine gas. Investigations
o reduce recovery time are being carried out. Response of a typi-
al type-I sample to many oxidizing and reducing gases is shown
n Fig. 6. It is observed that these samples are quite selective for
esponse to chlorine.

The mechanism of response of Te to oxidizing or reducing gas has
een reported in earlier studies [4]. Te is a p-type semiconductor
nd adsorption of oxygen (in normal air) leads to trapping of elec-
rons and therefore introduction of holes in the lattice. This reduces
he resistance. The resistance in further reduced on adsorption to
xidizing gases that trap electrons (such as Cl2), and increased on
xposure to reducing gases that remove the adsorbed oxygen.

. Conclusion

The growth of Te nanotubes has been carried out via a one-
tep physical vapor deposition process at atmospheric pressure as
ell as under high vacuum conditions. Te nanotubes grown under

tmospheric conditions in a horizontal furnace showed high sensi-
ivity towards Cl2 gas at room temperature. It is found that chlorine
as larger influence on grain boundary resistance compared to

ntragrain resistance leading to better response of nanostructure
aterials.
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a b s t r a c t

A digital image-based flame emission spectrometric (DIB-FES) method for the quantitative chemical anal-
ysis is proposed here for the first time. The DIB-FES method employs a webcam to capture the digital
images which are associated to a radiation emitted by the analyte into an air-butane flame. Since the
detection by webcam is based on the RGB (red–green–blue) colour system, a novel mathematical model
was developed in order to build DIB-FES analytical curves and estimate figures of merit for the proposed
method. In this approach, each image is retrieved in the three R, G and B individual components and their
values were used to define a position vector in RGB three-dimensional space. The norm of this vector
is then adopted as the RGB-based value (analytical response) and it has revealed to be linearly related
to the analyte concentration. The feasibility of the DIB-FES method is illustrated in three applications
ed–green–blue colour system

lame emission spectrometry
lkaline metal determination
harmaceutical formulations
ater analysis

involving the determination of lithium, sodium and calcium in anti-depressive drug, physiological serum
and water, respectively. In comparison with the traditional flame emission spectrometry (trad-FES), no
statistic difference has been observed between the results by applying the paired t-test at the 95% confi-
dence level. However, the DIB-FES method has offered the largest sensitivities and precision, as well as the
smallest limits of detection and quantification for the three analytes. These advantageous characteristics
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are attributed to the trivar

. Introduction

Recently, Maleki et al. [1] and Gaião et al. [2] have exploited
he potential of digital images to carry out quantitative chemi-
al analyses. Such digital images have been obtained with up to
4 bits (16.7 million colours) by using the RGB (red–green–blue)
olour system [3,4]. In their first work [1], the authors have used
he digital images for simultaneous determination of Al (III) and
e (III) in alloys using the chrome azurol S (CAS) as chromogenic
eagent. In this case, a neural network model based on the RGB val-
es obtained from the digital images captured from the Al (III)–CAS
nd Fe (III)–CAS complexes was built. Gaião et al. [2] have used
igital images obtained from a webcam to develop a novel dig-

tal image-based (DIB) titration method, which was successfully
pplied to the determination of total alkalinity in mineral and tap

aters.

In the works mentioned above, the digital images present the
olour of the emergent radiation, which is a complementary colour
f the absorbed radiation by the absorbent molecular species. Thus,

∗ Corresponding author. Fax: +55 83 3216 7438.
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ature of the detection by webcam.
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he digital images are indirectly associated to the molecular absorp-
ion phenomenon that provides the basis to the well-known UV–Vis
pectrometry [5]. However, the literature does not show the use of
igital images to perform chemical analysis based on flame emis-
ion.

In this paper, a digital image-based flame emission spectromet-
ic (DIB-FES) method for quantitative chemical analysis is proposed.
he DIB-FES method also employs, as elsewhere [2], a webcam to
apture the digital images, but now they are associated to a radi-
tion emitted by the analytes into an air–butane flame [5]. Since
he detection by webcam is based on the RGB colour system, a
ovel mathematical approach was developed in order to build lin-
ar analytical curves and estimate figures of merit for the DIB-FES
ethod. Three applications involving different matrices and ana-

ytes were carried out in order to demonstrate the feasibility and
otentiality of the proposed methodology. The first one involves the
etermination of lithium in an anti-depressive drug, which is nowa-
ays a relevant problem from a public sanitation point of view. The

econd application concerns the sodium determination in physio-
ogical serum, which is a universally adopted solution to provide
odium ions to the human organism. The third application con-
ists in the water analysis involving the determination of calcium,
hich has as function to improve the flocculation and coagulation
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Nomenclature

C concentration of the analyte (mg L−1)
I intensity of emission (arbitrary units)
k constant of proportionality (arbitrary units)
LOD limit of detection (mg L−1)
LOQ limit of quantification (mg L−1)
R̄s, Ḡs, and B̄s average value of the red, green and blue com-

ponent of the sample solution (arbitrary units)
R̄b, Ḡb, and B̄b average value of the red, green and blue com-

ponent of the blank solution (arbitrary units)
R̄s−b, Ḡs−b, and B̄s−b differences between average values of

the red, green and blue components of the stan-
dard/sample solution and blank solution (arbitrary
units)

||v|| norm of a vector v in the RGB tridimensional space
(arbitrary units)

||vb|| norm of the vector associated to blank solution
(arbitrary units)

sR̄, sḠ , and sB̄ standard deviation of the average values of the
red, green and blue components of the vector asso-
ciated to blank solution (arbitrary units)

sb standard deviation of the norm of the vector associ-
ated to blank solution (arbitrary units)

v1, v2, v3, v4, and v5 vector associated to first, second,
third, fourth, and fifth standard solution respec-
tively (arbitrary units)
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Fig. 1.

A model NK-2004 Digimed flame photometer was used for the
FES measurements. This instrument was operated according to rec-
ommendations of the manufacturer for the maximum sensitivity
with an air–butane flame.
˛ intersection of the analytical curve
ˇ slope of the analytical curve

fficiency in water treatment plants. For comparison purposes, all
entioned analytes were determined by using the traditional flame

mission spectrometry (also named flame photometry) [5]. It is
orth noting that in all applications carried out in this work, all the

amples chosen do not present spectral interference and/or matrix
ffect.

. Experimental

.1. Reagents, samples, and solutions

Stock solutions of 1000 mg L−1 Li+, Na+ and Ca2+ were prepared
rom their previously dried carbonate salts by means of dissolution
ith HCl 1:1 (v/v). The stock solution of 10.0 g L−1 La3+ was prepared

rom its previously dried chloride salt at 110 ◦C. The working stan-
ard solutions of Li+ (6.0–30.0 mg L−1), Na+ (1.8–9.0 mg L−1) and
a2+ (10.0–50.0 mg L−1) were prepared by suitable dilutions from
heir respective stock solutions.

The water samples were acquired from a local water treatment
lant. Aliquots of the stock solution of La3+ were added to the water
amples and Ca2+ working standard solutions in order to minimize
he decreasing in the calcium emission signal. After dilution, these
olutions presented 1.0 g L−1 La3+.

Six brands of an anti-depressive drug with a nominal content
f 300 mg Li2CO3 were purchased from local drugstores. For each

rand, a portion of 10 tablets was grinded in a mortar to yield a
ne powder. An appropriate amount of the powder (400–450 mg)
as dissolved in 25 mL of 0.1 mol L−1 HCl solution, shaking the
ixture with a magnetic stirring for 10 min. Afterwards, a fil-

ration to remove the insoluble particles was performed, and
F
f
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he resulting solution was diluted to a final volume of 1 L with
ater.

Six samples of physiological serum with a nominal concentra-
ion of 0.90% (w/v) NaCl were also purchased in a local drugstore.

Before the analysis, all samples were suitably diluted with water
n order to interpolate the analytical signals in a linear response
ange.

Chemicals of analytical grade and water recently distilled-
eionized by a Milli-Q (Millipore) system were used throughout
he work.

.2. Apparatus

A schematic diagram and a photograph of the analytical sys-
em assembled for digital images acquisition are shown in Fig. 1. It
omprises a model Instant Creative Webcam [6], which was con-
ected to an universal serial bus (USB) inlet of a Pentium III 650 MHz
icrocomputer (PC). In order to avoid interferences of the ambient

ight, the webcam was coupled to a cardboard tube with approxi-
ately 4.0 cm of internal diameter and 13.0 cm of length. The other

dge of the tube was coupled to a small window of the photome-
er chimney. This tube was finally placed into a black wood box
ith approximately 20.0 cm × 16.0 cm × 11.0 cm, as illustrated in
ig. 1. Schematic diagram (a) and photograph (b) of the analytical system assembled
or acquisition of the digital images. For further details, see the text.
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LOD = 3sb

ˇ
(5)

and
ig. 2. Digital image with n × m pixels obtained from one of the calibration solutions.
1, x2, y1 and y2 are coordinates that delimit the flame region more adequate for
nalytical treatment.

.3. Digital image acquisition and region selection for data
reatment

The webcam was configured to capture 24-bits digital
mages (16.7 million colours) at rate of 34 images s−1 and
52 pixels × 288 pixels of spatial resolution [6]. Nevertheless, the
egion selected for data treatment, which is delimited in the image
llustrated in Fig. 2, is a matrix with 25 pixels × 25 pixels (where
2 − x1 = 25 and y2 − y1 = 25). The images were captured and stored
s “bmp” format files by means of the software written in Kylix
version 3.0).

The region of the flame in Fig. 2, named interconal area [5], is
ocalized approximately 2.5 cm above the bottom of the flame. This
rea is commonly used for emission measurements in the trad-FES,
ecause it presents a thermal equilibrium and it is often rich in free
toms. Such region has revealed to be appropriated to build the
IB-FES analytical curves.

In order to delimit the region for data treatment (Fig. 2), the
ser selects such region only in the first digital image by using the
ouse. After that, the software automatically uses the same coor-

inates of the delimited region for all digital images (calibration
olutions and samples). Right after that, the software performs the
can of the pixels (column-by-column) on the delimited region of
ach image. Then, it retrieves the values of the R, G and B individ-
al components from each pixel. Thereafter, the software calculates
he R̄, Ḡ and B̄ average values of all pixels. These values are used to
ocalize a point in the RGB three-dimensional space and to define

position vector v (see Fig. 4) associated to a digital image from
ach calibration solution or sample. The norm “|| ||” of the vec-
or v is adopted as the RGB-based value for building the analytical
urves by using the mathematical approach described in the next
ection.

.4. RGB-based value, analytical curve and figures of merit

A mathematical approach aiming at a linear relationship
etween the proposed RGB-based value and analyte concentration

s developed as follows.
The norm “|| ||” of the vector v is calculated as
v‖ =
√

R̄2
s−b

+ Ḡ2
s−b

+ B̄2
s−b

(1)

here R̄s−b, Ḡs−b and B̄s−b are the results of the difference between
he R̄s, Ḡs and B̄s average values of all pixels from delimited region

L

w
a
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Fig. 2) in digital images from the calibration solutions or samples
nd R̄b, Ḡb and B̄b from the blank.

By assuming that the number of photons that reaches the photo-
ransducer of the webcam is proportional to the emission intensity
f the source (I) and that the relationship between “I” and the ana-

yte concentration (C) for a specific concentration range is linear,
he following equation is valid:

v‖ = kC (2)

Thereafter, Eq. (2) describes, as experimentally attested in
resent work (see Fig. 5), a linear relationship between the vec-
or norm ||v|| and the concentration of the analyte. As mentioned
n previous section, ||v|| is the RGB-based value here employed to
uild DIB-FES analytical curves. Moreover, the vectors associated
o the digital images from each analyte should be positioned onto a
ame support line in the RGB three-dimensional space (see Fig. 4).

The fitted regression models were checked by using analysis of
ariance (ANOVA). After that, the analytical performance of the DIB-
ES method was assessed using the sensitivity, limit of detection
LOD), limit of quantification (LOQ) and relative standard devia-
ion (R.S.D.). These figures of merit were also compared with those
stimated to evaluate the performance of the trad-FES method.

The values of some figures of merit were obtained according
o the IUPAC recommendations reported elsewhere [7,8]. How-
ver, the standard deviation of the blank (sb), LOD and LOQ were
stimated for the DIB-FES method by using a novel approach pro-
osed in this work. This treatment is necessary by considering
hat the analytical response is now associated to a vector norm
ased on three experimental variables, namely the R, G and B com-
onents. For this purpose, the mathematical approach described
elow should be adopted.

According to Eq. (1), the vector norm ||vb|| associated to the
igital image from the blank is given by

vb‖ =
√

R̄2
b

+ Ḡ2
b

+ B̄2
b

(3)

here R̄b, Ḡb and B̄b are the average values of all pixels from delim-
ted region (Fig. 2) in the digital images from the blank.

Since ||vb|| is based on three variables, the associated standard
eviation (sb) should be estimated by using the expression below,
hich is derived employing error propagation equations described

lsewhere [9]

b =

√
(R̄bsR̄)

2 + (ḠbsḠ)
2 + (B̄bsB̄)

2

R̄2
b

+ Ḡ2
b

+ B̄2
b

(4)

here sR̄, sḠ and sB̄ are the standard deviations associated to the
¯ b, Ḡb and B̄b values resulting of the digital images from the blank,
espectively.

Finally, LOD and LOQ are calculated by using the sb value esti-
ated by Eq. (4) and the following expressions:
OQ = 10sb

ˇ
(6)

here “ˇ” is the slope from the analytical curve based on Eq. (2)
nd estimated by linear least-squares regression fitting.
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ig. 3. Digital images captured during the flame emission from lithium (a), sodium
b), and calcium (c) in calibration solutions used to build DIB-FES analytical curves.

. Results and discussion

.1. Digital images and emission phenomenon

In Fig. 3 are illustrated the digital images associated to the radi-
tion emitted by lithium (a), sodium (b), and calcium (c) from five
alibration solutions with different concentrations. The first image

f the sequences is associated to background radiation emitted
hen the blank solution is aspirated by the photometer (Fig. 1).

As can be seen in Fig. 3a, the images present the red primary
olour (remarkably the images 5 and 6) for which the intensity

T
a
t
s

Fig. 5. DIB-FES (dashed line) and trad-FES (dotted line) analytical
ig. 4. The norm of the vectors v1–v5 of each calibration solution and the values of
¯ s−b , Ḡs−b and B̄s−b for digital images from lithium (a), sodium (b) and calcium (c).

aises as the Li+ concentration in calibration solutions increases.
his radiation corresponds to the resonance lines (duplet) observed

round 671 nm in the spectrum of the lithium, which result from
he electronic transition from a 2p excited state to the 2s ground
tate [5].

curves and residual plots for the three determined analytes.
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Table 1
Analysis of variance for the fit of a linear model (Y = ˛ + ˇX) of the analytical curves
(Fig. 5).

Analyte Degrees of freedom Mean square (MS)

DIB-FES trad-FES

Lithium 1a 1.45 × 104 16.57
13b 8.50 × 10−4 3.26 × 10−6

3c 1.16 × 10−3 3.44 × 10−6

10d 7.58 × 10−4 3.20 × 10−6

Sodium 1a 7.47 × 104 5.20
13b 4.12 × 10−4 4.43 × 10−6

3c 3.84 × 10−4 4.34 × 10−6

10d 4.20 × 10−4 4.47 × 10−6

Calcium 1a 2.69 × 104 6.78
13b 5.81 × 10−4 1.20 × 10−5

3c 8.06 × 10−4 1.57 × 10−5

10d 5.13 × 10−4 1.09 × 10−5

a Regression.
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b Residual.
c Lack of fit.
d Pure error.

The images in Fig. 3b present the yellow secondary colour, which
esults from a balanced mixture of the primary colours red + green
2–4]. Such yellow light outcomes from the electronic transition
rom the 3p excited state to 3s ground state, yielding the reso-
ance lines (D duplet) at 589.6 and 589.0 nm in sodium spectrum
5].

Regarding the images shown in Fig. 3c, it can be seen that
hey present an orange tertiary colour resulting from the mixture
ed + green with a larger contribution of red colour. This colour is
ssociated to the emission band from the CaOH species produced
n an air–butane flame [5].

In all cases (Fig. 3a–c) the intensity of the colour raises as
he analyte concentration in calibration solutions increases. As a
esult, an increasing concentration of the emitting species yields a
roportional increase in the photons amount reaching the photo-
ransducer of the webcam.

.2. Relationships between ||v|| and R̄s−b, Ḡs−b and B̄s−b values

Fig. 4a reveals that the vectors v1–v5, associated respectively to
ach digital image from Li+ calibration solutions, are localized onto
same straight line whose direction coincides with the R̄s−b axis. It
eans that there is no significant differences between the Ḡs and

¯ s values and Ḡb and B̄b, that is, the values of Ḡs−b and B̄s−b are close
o zero. In case of the sodium (Fig. 4b), R̄s and Ḡs values present
quivalent contributions for the norm of the vectors v1–v5 and, con-

¯
equently, these vectors are lie on bisectrix line between Rs−b and
¯

s−b axis. In Fig. 4c is shown that R̄s and Ḡs values associated to digi-
al images from the Ca2+ calibration solutions also contribute for the
ector norm, but in this case, present different proportions. Thus,
he straight line onto which the vectors v1–v5 are localized presents

r
i
t
[

able 2
inear regression parameters, LOD and LOQ of the DIB-FES and trad-FES methods.

nalyte Regression parameters (Y = ˛ + ˇX)

˛ ˇ

DIB-FES trad-FES DIB-FES trad-FE

ithium 0.07751 −0.03276 3.66879 0.1238
odium 0.01750 −0.09190 27.71650 0.23130
alcium −0.03100 −0.06417 2.99590 0.0475
77 (2009) 1584–1589

direction closer to the R̄s−b axis due to the larger contribution of
his component.

.3. Analytical curves, analysis of variance and performance of
he DIB-FES method

Fig. 5 shows the DIB-FES and trad-FES analytical curves obtained
n the determination of lithium, sodium and calcium in anti-
epressive drug, physiological serum and water, respectively.
or both techniques, a linear behaviour between the analytical
esponses and analyte concentrations for all analytes was observed.
uch inference based on a visual inspection can be confirmed by
eans of the results of ANOVA shown in Table 1 and model resid-

al plots presented in Fig. 5. According to the recommendations
ound elsewhere [10], the F-test for lack of fit should be applied too.
or this purpose, the experimental design should also contemplate
enuine repeated measurements at least in one of the concentra-
ions levels. In the present work, the analytical curves were built on
he basis of three repeated measurements in five levels. Thus, the
alues of pure errors were calculated by using the mean squares
MS) shown in Table 1.

In all cases, values of MSlack of fit/MSpure error and MSregression/
Sresidual are smaller and much higher than the value of the point

f F-distribution at the 95% confidence level and corresponding
egrees of freedom, respectively. As a result, no evidence of lack of
t for the linear models is observed, and the linear regressions are
ighly significant. In order to corroborate this conclusion, an analy-
is of the residual plots (Fig. 5) was also performed. It can be noticed
random distribution of the residuals around zero for all analytes.

Since the DIB-FES and trad-FES analytical curves do not present
ack of fit according to ANOVA test, the figures of merit were esti-

ated for both methods and the results are present in Table 2. As
an be seen, the DIB-FES method yielded analytical curves with the
argest slopes for all analytes. Consequently, the proposed method
as a higher sensitivity than those presented by the trad-FES tech-
ique. This advantageous characteristic may be attributed to the
rivariate detection of the webcam, yielding analytical responses
ith larger sensitivities. The DIB-FES method also presented bet-

er performance in terms of the figures of merit LOD and LOQ. For
his purpose, 20 digital images from the blank of each analyte were
cquired and used to calculate sR̄, sḠ and sB̄, as well as the value of sb.

.4. Analytical determinations

As presented in Table 3, DIB-FES and trad-FES methods have
ielded similar results in the determination of the three ana-
ytes. In fact, it was not verified statistic difference between the
esults by applying the paired t-test at the 95% confidence level.
evealed by the smaller values of overall R.S.D. (n = 5). This sat-
sfactory precision may be ascribed to the multivariate nature of
he monitored signal in RGB image-based analytical determinations
2,11].

Values of merit figures (×10−1)

LOD (mg L−1) LOQ (mg L−1)

S DIB-FES trad-FES DIB-FES trad-FES

5 0.9 2.8 3.1 9.3
0.4 0.8 1.5 3.0

4 1.0 2.6 3.2 8.5
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Table 3
Contents of lithium, sodium and calcium determined by the DIB-FES and trad-FES
methods.

Samples Analytical method

DIB-FES trad-FES

Anti-depressive Li2CO3 (mg)
(1) 299.8 ± 0.6 299.5 ± 1.1
(2) 300.0 ± 0.4 300.0 ± 1.4
(3) 299.0 ± 0.5 299.1 ± 1.3
(4) 299.2 ± 0.6 299.8 ± 1.2
(5) 299.5 ± 0.4 298.9 ± 1.5
(6) 299.4 ± 0.3 299.6 ± 1.6

Overall R.S.D. 0.5 1.4

Physiologic serum NaCl (% w/v)
(1) 0.88 ± 0.04 0.89 ± 0.07
(2) 0.89 ± 0.02 0.88 ± 0.06
(3) 0.89 ± 0.02 0.90 ± 0.05
(4) 0.89 ± 0.03 0.89 ± 0.06
(5) 0.88 ± 0.05 0.89 ± 0.07
(6) 0.90 ± 0.01 0.89 ± 0.06

Overall R.S.D. 0.02 0.06

Water Free CaO (in g L−1)
(1) 25.0 ± 0.2 24.9 ± 1.5
(2) 25.2 ± 0.2 25.2 ± 1.7
(3) 24.7 ± 0.1 24.9 ± 1.6
(4) 24.8 ± 0.2 24.5 ± 1.0
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[10] N.R. Draper, H. Smith, Applied Regression Analysis, 3rd ed., Wiley, NY, 1998.
(5) 25.0 ± 0.3 25.1 ± 1.2
(6) 24.8 ± 0.2 24.7 ± 1.6

verall R.S.D. 0.2 1.4

. Conclusions

In this paper is presented the use of digital images obtained
ith a webcam as a novel detection technique in flame emission

pectrometry for implementing quantitative chemical analyses. A
imple mathematical model based on RGB colour system and vector
orm concept was proposed to build linear analytical curves, as well
s to estimate figures of merit of DIB-FES method. This novel treat-
ent is justified considering that the analytical response is now

ssociated to a vector norm based on three experimental variables,

amely the R, G and B components.

The proposed DIB-FES method was successfully applied to the
etermination of lithium, sodium and calcium in anti-depressive
rug, physiological serum and water, respectively. In all the appli-
ations, LOD, LOQ, precision and sensitivity were better than those

[

[
[
[
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btained from the trad-FES analysis. In case of lithium determina-
ion, the proposed method presented values of LOD and LOQ much
maller than those obtained through the method recently reported
n the literature [12].

By using an inexpensive webcam as analytical detector, the pro-
osed strategy offers an promising alternative to traditional flame
mission photometry. In addition, since it can dispense a wave-
ength selector, this characteristic could be exploited to reduce the
ost and simplify the instrumentation for flame emission methods.
n the other hand, the absence of wavelength selector makes the
nalytical response from the webcam more susceptible to spectral
nterference and/or matrix effect, especially in analytical deter-

inations involving complex matrices. Such drawbacks may be
vercome by using multivariate calibration methods [11]. In this
ontext, the feasibility for the use of the Generalized Standard
ddition Method (GSAM) [13,14] is presently under investiga-

ion.
Finally, besides the advantages associated to the low cost and

he better figures of merit mentioned above, the main advantages of
sing a webcam as analytical detector compared with the trad-FES
re a larger sensitivity due to trivariate nature of the detection and
patial-resolution-related characteristic inherent to digital images.
his last advantage will be explored in future works.
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a b s t r a c t

A series of diimine ligands (DLs) have been synthesized and evaluated for their non-enzymatic
chemiluminescence (CL) enhancement of isoluminol or luminol-containing compounds. Of the DLs,
N,N’-bis(m-hydroxylbenzylidene)propylenediamine (DL 10) was found to greatly enhance their CLs
approximately 40 folds for isoluminol, 10 folds for luminol and 6 folds for a luminol-containing
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eywords:
hemiluminescence enhancer
nhancer
soluminol

polymer. The CL enhancement of the compounds was observed in the presence of CH3CN, H2O2, tetra-n-
propylammonium hydroxide (TPA), and Fe (III) ion. The possible mechanism of this CL enhancement was
discussed on the basis of the chelate formation of the ligand and the metal ions.

© 2008 Elsevier B.V. All rights reserved.
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uminol
uminol-containing polymer

. Introduction

The use of chemiluminescent reagents in immunoassay and
NA-hybridization assay has gained its popularity since no iso-

opic labeling is required. Besides, it offers a rapid assay with
ood sensitivity and selectivity for analytes [1]. The most well-
nown chemiluminescence (CL) detection system is based on the
nzymatic system coupled with enzyme-labeled horseradish per-
xidase (HRP) or alkaline phosphatase (ALP) [2–4]. However, these
ssays are limited by the instability of enzymes [5,6]. Therefore, the
on-enzymatic assay for CL detection with extremely high sensi-
ivity is highly required. In order to increase the sensitivity of the
on-enzymatic assay, an effective CL enhancer is desirable in the
L reaction. The presence of CL enhancers is beneficial to the CL
eaction as they increase the intensity of light emission and pro-
ong the emission [7]. In the last decade, several CL enhancers
ave been developed for the enzymatic CL reaction, mainly in
RP assays. These CL enhancers are based on the phenol deriva-
ive, e.g. lophine and its derivatives, phenylboronic acid derivatives,
-hydroxybenzothiazole and phenol derivatives [8–12]. Recently,
ui and co-workers [13] extensively studied a number of phe-
ol compounds for the non-enzymatic CL enhancement in the

∗ Corresponding author. Tel.: +81 95 819 2438; fax: +81 95 819 2438.
E-mail address: ms-ai@nagasaki-u.ac.jp (M. Kai).
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uminol–KIO4–H2O2 system. However, these CL enhancers only
wice enhanced the CL of luminol.

Recently, we have developed sensitive macromolecular probes
or the CL detection of proteins on a solid-phase membrane
14]. The probe exhibits strong CL depending on the number
f luminol moieties that are incorporated into the macromolec-
lar dextran backbone. Therefore more suitable CL enhancers
or this macromolecular probe are necessary in order to further
ncrease the sensitivity of this non-enzymatic CL detection system.
his paper describes the development of a novel solid-phase CL
nhancer based on diimine ligands (DL) for the luminol-containing
ompound. A newly synthesized diimine ligand (DL 10), N,N’-bis(m-
ydroxybenzylidene)propylenediamine, was found to significantly
nhance the CL of isoluminol, luminol and luminol-containing
extran-based polymer. The CL enhancement by this DL was due
o the complexation between DL 10 and Fe (III) which is cru-
ial for the primary oxidation of isoluminol or luminol moiety
Fig. 1).

. Experimental
.1. Reagents and apparatus

Tetra-n-propylammonium hydroxide (TPA, 1.0 M solution in
ater) was purchased from Sigma–Aldrich, USA. FeCl3, luminol,

soluminol, several diamines and benzaldehydes were obtained
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ig. 1. The presented diagram for the CL enhancement of luminol-containing com-
ounds by DL 10.

rom TCI Co., Japan. Dextran (MW approximately 2 × 106) was
btained from Amersham Biosciences, UK. Biotin-AC5-hydrazide
as obtained from Dojindo, Japan. Sodium borohydride and sodium
eriodate were obtained from Wako Chemicals, Japan. All chemi-
als were of analytical grade reagents and were used as received
ithout further purification. The water was prepared using MILLI-
Q (Millipore Corp., USA). All organic solvents (acetonitrile and
imethyl sulfoxide) were freshly dried over 4 Å molecular sieves.
lasswares for the synthesis of diimine ligand were flame-dried
nd cooled under nitrogen atmosphere before use. The gel liquid
hromatography (GLC) was carried out using a TSK gel T2000SW
olumn (Tosoh, Japan). Elemental analysis for the synthesized
ompound was analyzed by Tokyo Chemical Industry, Japan. CL
easurements were performed with a BLR-201 luminescence

eader (Aloka, Japan). The detection of CL imaging was achieved
sing a Lumino CCD AE-6930 densitograph (Atto Co., Japan) and
he data were processed by a computer running Densitome-
er Analyst version 4.0 software. For NMR experiments, residual
roton signals from the deuteriated solvents were used as ref-
rences of chloroform (1H 7.25 ppm, 13C 77 ppm) and DMSO (1H
.50 ppm).

.2. Synthesis of N,N’-bis(m-hydroxylbenzylidene)
ropylenediammine (DL 10)

3-Hydroxybenzaldehyde (1.06 mL, 10 mmol) and distilled water
30 mL) were added into a 250 mL bottom flask at room temper-
ture. 1,3-Propylenediamine (0.44 mL, 5 mmol) was subsequently
dded in one portion and the flask was kept at room temperature
ith vigorous stirring for 6 h. The yellow precipitate was filtered

ff affording the crude compound which was the recrystallized
ith methanol to afford DL 10 as yellow crystals (1.29 g, 92%); mp

0 ◦C; 1H NMR (400 MHz, CDCl3) ı (ppm) 2.09 (2H, quintet, J 6.8 Hz,
CH2CH2CH2N), 3.69 (4H, t, J 6.8, NCH2CH2CH2N), 6.76 (2H, dd, J
.0 and 9.80, ArCH), 6.95 (2H, d, J 7.25, ArCH), 7.22 (2H, s, ArCH),
.51 (2H, dd, J 7.80 and 8.0, ArCH), 8.22 (2H, s, CH N), 9.55 (2H,
, OH), 8.22 (2H, s, 2 × CH N); 13C NMR (75 MHz, CDCl3) ı 31.7
CH2), 59.1 (CH3), 124.9 (ArCH), 129.4 (ArCH), 131.7 (ArCH), 135.0
ArCH), 160.0 (C N); HRMS m/z (ESI) calc. for C17H18N2O2 [M++Na]
82.1368, found 282.1674. Other DLs were synthesized according
o the above procedure.

.3. Synthesis of luminol-containing dextran-based polymer

Dextran (MW approximately 2 × 106) 400 mg was dissolved
n H2O (80 mL), followed by the precipitation with 300 mL of
ethanol. The precipitated dextran was re-dissolved in 60 mL of
istilled water before reacting with sodium periodate (317 mg,
.48 mmol). The oxidation of dextran was monitored by UV-
pectrophotometer at the wavelength at 310 nm. After 30%
xidation, the oxidized dextran was precipitated with 400 mL of

o
a
c
D
T

7 (2009) 1761–1766

ethanol, and then dissolved in 80 mL of DMSO. To this reac-
ion mixture, biotin-AC5-hydrazide (30 mg, 0.08 mmol) was added
nd allowed to stir at room temperature for 3 h. Glacial acetic
cid (16 mL) and luminol (240 mg, 1.35 mmol) were subsequently
dded into the reaction mixture and left stirring at 60 ◦C overnight.
he modified dextran was precipitated with 300 mL of methanol
ollowed by dissolving the modified dextran in ethylene glycol
30 mL). Sodium borohydride (870 mg, 23 mmol) was subsequently
dded into the reaction mixture and left stirring at room temper-
ture for 4 h. The resultant biotin and luminol-containing dextran
as precipitated with 300 mL of methanol. The precipitate was dis-

olved in 10 mL of Milli-Q water followed by re-precipitation with
00 mL of methanol. The dextran-based polymeric CL compound
as then dried in vacuo and its purity was checked by gel liquid

hromatography.

.4. Procedure of liquid-phase CL detection of isoluminol or
uminol enhanced by DLs

Chemiluminescent reactions were carried out in 10 mm ×
5 mm disposable culture tubes. After the addition of 30 �L of
.0 �M isoluminol or luminol in CH3CN, 90 �L of 1.0 M TPA in H2O,
0 �L of CH3CN, 30 �L of 10 mM DLs in H2O, 20 �L of 8.8 M H2O2 in
2O, 30 �L of 10 mM FeCl3 in H2O into the tube, the tube was imme-
iately placed in a luminescence reader. The signal of all reactions
as displayed and integrated for 1.0 min. The kinetics of the CL reac-

ion was monitored on a recorder connected to the luminescence
eader.

.5. CL Imaging of luminol-containing dextran-based polymer
nhanced by DL 10 on a nylon membrane

Three different amounts of dextran-based polymeric CL com-
ounds (500, 250 and 130 ng) were spotted directly on a nylon
embrane and dried in vacuo for 10 min. The nylon membrane was

hen washed with 2 mL of 100% methanol at 37 ◦C for 10 min before
rying the membrane in vacuo. The membrane was then immersed

nto a CL emitting reagents (300 �L of CH3CN, 700 �L of 1.0 M TPA
n H2O, and 50 �L of 10 mM DL 10 in H2O) for 10 s. Then, 50 �L of
.8 M H2O2 and 50 �L of 10 mM FeCl3 were added into the emit-
ing solution and left standing for 10 s before the CL detection for
.0 min with CCD camera.

. Results and discussion

.1. Characteristics of DLs

Recently, we have developed a non-enzymatic CL detection of
luminol-containing dextran-based polymer on a nylon mem-

rane in which TPA, CH3CN, H2O2 and FeCl3 were employed in the
L-reaction system [14]. Attempting to enhance the CL of isolumi-
ol and luminol employing a classical CL enhancer, p-iodophenol,

ed to no enhancement in our reaction system. This enhancer is
ost effective for the enzymatic CL reaction with HRP and luminol.

herefore, binding of p-iodophenol into the HRP pocket might be
ne of the responsibilities for the CL enhancement.

During the course of study, we found that DL 1 exhibited weak CL
nhancement of isoluminol. Encouraging by this finding, a number

f DLs were prepared for the investigation of their CL enhancing
bility. Isoluminol and luminol were chosen as representative CL
ompounds and used for subsequent optimized experiments. Ten
Ls were obtained with good to excellent yields (75–92%) (Table 1).
hese DLs could be soluble at 10 mM concentration in water.
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Table 1
Synthetic scheme and yields of DLs.

.

Diimine ligand (DL) Structure Yield (%)a Diimine ligand (DL) Structure Yield (%)a

DL 1 75 DL 6 86

DL 2 90 DL 7 82

DL 3 84 DL 8 87

DL 4 78 DL 9 90

DL 5 79 DL 10 92
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the CL reactions were initiated immediately within 3 s and reached
the maximum after 30 s and declined slowly to the baseline after
50 s. In the absence of Fe (III), the CL reaction initiated after 3 s and
reached the maximum after 150 s, although its CL intensity was
a Isolated yield.

.2. The effect of DL concentration for the CL enhancement of
soluminol

The different concentrations of various DLs were investigated
Fig. 2). Of investigated concentrations, 10 mM DL 10 exhibited the
trongest CL enhancement of isoluminol. After the optimization of
e (III) concentrations, 10 mM Fe (III) gave the strongest CL enhance-
ent of isoluminol. Increasing concentration of DLs resulted in

ignificant decrease of CL intensity. This may imply the interruption
f the catalytic oxidation of isoluminol. The concentration between
L 10 and Fe (III) at 1:1 ratio was optimal since at this ratio the
ighest CL enhancement of isoluminol was observed. Therefore,
his ratio was chosen for further experiments.

.3. Kinetic profiles of CL emission of isoluminol in the presence
nd absence of DL 10
The CL emission-time profiles of the reactions were investigated
Fig. 3). The CL signals of the reactions were shown to be rapidly
mitted in the presence of Fe (III), although the CL signals were
uch weaker in the absence of DL 10. In the presence of Fe (III),

F
r

ig. 2. The effect of DL concentration on the CL enhancement of isoluminol. The CL
eaction was performed according to the procedure of the Section 2.4.
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ig. 3. Time-course for CL emission of isoluminol in the presence of DL 10 and/or
eCl3. The CL reaction was performed according to the procedure of the Section 2.4,
nd for non-addition of the reagents, their solvents were used.

uch lower. It was clear that DL 10 significantly enhanced the CL
f isoluminol.

.4. A screening of DLs for the CL enhancement of isoluminol and
uminol

Various DLs (10 mM) were further screened for the CL enhance-
ent of either isoluminol or luminol (5.0 �M each) under the
ptimized conditions (Fig. 4). Of all ligands screened, DLs 9 and 10
trongly enhanced both CL of isoluminol and luminol. The degree
f enhancement for isoluminol in the presence of DL 10 was 40 fold
igher than that without DL 10. Other DLs moderately enhanced
oth CL of isoluminol and luminol.

ig. 4. Screening of DLs for the CL enhancement of (a) isoluminol and (b) luminol.
he CL reaction was performed according to the procedure of the Section 2.4, and
or non-addition of the reagents, their solvents were used.
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ig. 5. The effect of various metal ions on the CL enhancement of isoluminol with
L 10. The CL reaction was performed according to the procedure of the Section 2.4,
nd for non-addition of the reagents, their solvents were used.

.5. Metal screening for the CL enhancement of isoluminol by DL
0

The CL of (iso)luminol is known to be efficiently catalyzed in the
resence of metal ions [15]. Therefore, the effect of various metal

ons (10 mM each) on the CL enhancement of isoluminol was inves-
igated in our reaction system (Fig. 5). Of these metal ions screened,
e (III) was the best metal catalyst for the CL emission of isoluminol
n the presence of DL 10. Although in the presence of Ni (II) or Cu
II) ion, the strong CL emission was obtained, the CL enhancement
f isoluminol was less degree as compared with Fe (III) catalyst.

.6. Proposed mechanism for CL enhancement of isoluminol and
uminol by DL 10

At this stage, the mechanism for the CL enhancement of
iso)luminol by DL 10 is still not conclusive, since the crystal of
he diimine and Fe (III) complex could not be obtained to anal-
se its structure with an X-ray diffraction instrument. However,
he complex between Fe (III) and DL 10 might effectively enhance
he catalysis of the generation of hydroxyl or hydroxyl-like rad-
cals which are important species for the primary oxidation of
iso)luminol. This primary oxidation of (iso)luminol may be a cru-
ial step contributing to the CL enhancement of the proposed
ystem. If the complexation between Fe (III) and DL is one of the
mportant factors for the overall CL enhancement of the proposed
ystem, DLs 4 and 10 should exhibit similar degree of CL enhance-
ent since these DLs are isomers. However, DL 10 exhibited with
higher degree of CL enhancement of both isoluminol and lumi-
ol. The differences of these DLs are i) the position of the hydroxyl
roup (ortho- and meta-positions for DLs 4 and 10, respectively).

As shown in Fig. 6, the energy-optimized modeling indicated
hat the bond length between chelated Fe (III) and nitrogen atom
s 1.738 Å for DL 4 and 1.875 Å for DL 10. The bond length between
e (III) and oxygen atom is 1.905 Å and 2.029 Å for DLs 4 and 10,
espectively. It indicated that DL 10 provides a bigger room to
ccommodate Fe (III) than DL 4. This spacious room for Fe (III)
ccommodation might be responsible for facilitating the proper
onformation of DL to perform a stable complexation between Fe
III). This might be an important factor responsible for the over-
ll CL enhancement of the proposed system. The effect of spacer
roup of diimine moiety was more pronounced for DLs 3 and 9

ompared to DLs 4 and 10. The methylene spacer reduces the bond
ength between the nitrogen or oxygen atoms and the chelated Fe
III) which lead to the shrinkage of the spacer for Fe (III) accom-

odation. In addition to the position of the hydroxyl group, the
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Fig. 6. Energy-optimized structures o

Fig. 7. Non-enzymatic CL enhancement (a) with and (b) without DL 10 for the
imaging detection of a luminol-containing dextran-based polymer. The polymer (ca.
2,500,000 Da containing ca. 3000 units of luminol in the molecule) was spotted at
500, 250 and 130 ng on a nylon membrane.
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f DLs 4 and 10 chelating Fe (III).

ength of the spacer group was also an important factor for the CL
nhancement of the proposed system.

.7. CL enhancement of a luminol-containing compound by DL 10

Finally, DL 10 was employed for the CL enhancement of a
uminol-containing dextran-based polymer on a nylon membrane
Fig. 7). In the presence of DL 10, the CL of the dextran-based poly-

eric compound was enhanced six-fold higher as compared with
he absence of DL 10. The reason that less degree of CL enhance-

ent was observed may be due to the less exposure of luminol
nits buried inside the dextran-based macromolecular structure
o the CL emitting reagents. In this detection system, a maximum
L emission should be detected within 5 min for flashing-CL mode
dapted to a CCD camera. Therefore, a high concentration of H2O2
n the presence of a strongly alkaline organic base was required in
rder to emit the CL fast on the membrane. During this solid-phase
L reaction, a yellow precipitation was observed which might be
e(OH)3 after the addition of FeCl3 without DL 10. However, this
recipitation did not occur in the presence of DL 10 because of the
helation of the metal ion with the diimine.

. Conclusions

In conclusion, DL 10 has been first time synthesized and
valuated for its CL enhancement of the (iso)luminol-containing
ompounds. The possible mechanism for the CL enhancement by
L 10 is proposed on the basis of the complex formation between
e (III) and the ligand. This complex might be responsible for the
rimary oxidation of (iso)luminol residues in the compound which

s crucial for the CL enhancement of the present system. The flex-
ble spacer of the propylene group in DL 10 might also provide a
etter conformation of DL 10 to accommodate Fe (III) ion. This find-

ng permits to use the ligand as an enhancer for the sensitive and
on-enzymatic CL detection of luminol-containing compounds.
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a b s t r a c t

The synthesis and absorption/fluorescence properties of two novel intramolecular charge transfer (ICT)
compounds of (fluorene-2-yl)-(9-ethylcarbazole-3-yl) ketene and 1-phenyl-3-(fluorenone-2-yl)-5-(9-
ethylcarbazole-3-yl)-2-pyrazoline were reported. The primary structure of the target compounds was
characterized by IR and 1H NMR. The systems contained a fluorenone or a propenon group as an electron
acceptor (A) and an N-ethylcarbazole and a pyrazoline group as electron donors (D). From the emissive
eywords:
arbazole
luorene
yrazoline
ynthesis

properties it was concluded that the electronic coupling between D and A was sufficient to allow charge
transfer in these molecules. The ICT maximal emission displayed a large wavelength shift and Stokes
shifts increased in response to the increase of the solvent polarity. The highly solvatochromic properties
made the two compounds of great interest as new classes of fluorescent probes, electroluminescent and
electrofax materials.
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luorescence
ntramolecular charge transfer (ICT)

. Introduction

The intramolecular charge transfer (ICT) compound is one kind
f the most important molecule materials, which is functional-
zed by electron-donating (D) and electron-accepting (A) groups
hrough a �-conjugated linker. The molecules with D–�–A struc-
ures have attracted increasing attention since they can serve
s electroactive and photoactive materials in molecular electron-
cs, such as biochemical fluorescent technology [1-4], efficient
onlinear optical (NLO) [5-7], electrogenerated chemilumines-
ence [8-11], organic light-emitting diodes (OLEDs) [12-14] and
olar cells [15-18]. Carbazole is known not only as an efficient
hort-wavelength emitter but also as a strong electron-donating
hromophore. The conjugative coupling with electron-accepting
oieties through a �-spacer results in a charge transfer band

aused by the intramolecular D–A interactions. To utilize these
haracteristics in practical optoelectronic materials, many conju-

ated carbazole polymers have been prepared and the properties
ere extensively investigated [19,20]. Pyrazoline and its deriva-

ives are formed by benzeno-hydrazone cyclization, and they have
atoms which attain conjugation by donating electron. So they
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ave higher hole-transport efficiency and some photoelectron char-
cteristics [21]. Fluorene and its derivatives, as blue luminescent
aterials with wide energy gap and high luminescence efficiency,

ave drawn much attention of materials chemists and device physi-
ists [10,22]. Chalcone and its derivatives are the products of aldol
ross-condensation between aromatic aldehydes and ketones and
heir molecular structures have great flexibility allowing them bind
o different receptors [23]. So if the strong electron-donor (D) of
arbazole/pyrazoline moieties and strong electron-acceptor (A) of
uorenone/chalcone moieties are synthesized in one molecule, it
ould bring excellent efficiency.

Based on this target, two novel ICT fluorescent dyes were
ynthesized which were (fluorene-2-yl)-(9-ethylcarbazole-3-yl)
etene (compound c) and 1-phenyl-3-(fluorenone-2-yl)-5-(9-
thylcarbazole-3-yl)-2-pyrazoline (compound e). The general
outes for the synthesis of compounds a–e were shown in Scheme 1.
-Ethyl-carbazole moiety was linked to fluorenone by pyrazoline

ing to form compound e and combined with fluorene by propenon
roup to form compound c. Their structures were characterized
y IR, 1H NMR and fluorescence spectra. In order to correlate

he polarity influence of the solvent on the absorption maxima
nd fluorescence emission wavelengths, the polarity parameters
sed well expressed local interactions between the solute and the
olvent, i.e., the ET (30) (defined by Reichardt) [24,25] and �f fol-
owing the Lippert–Mataga equation [26,27] which indicated that
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Scheme 1. General routes for the synthesis of compounds a–e.
(1.1) Synthesis of 9-ethyl-3-formylcarbazole (compound a).
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(1.2) Synthesis of 2-acetyl fluorene (compound b).
(1.3) Synthesis of (fluorene-2-yl)-(9-ethylcarbazol-3-yl)-ketene (compound c).
(1.4) Synthesis of 1-phenyl-3-(fluorene-2-yl)-5-(9-ethylcarbazole-3-yl)-2-pyrazol
(1.5) Synthesis of 1-phenyl-3-(fluorenone-2-yl)-5-(9-ethylcarbazole-3-yl)-2-pyraz

he emission wavelength of the compounds was red-shifted and
he Stokes shifts increased with the increase of solvent polarity.
xperiments showed that the long-wavelength (LW) emission of
he two dyes could be quenched by protic solvents. In addition,
he fluorescence quantum yields of the dyes were obtained and
he fluorescence quantum yield of compound e was larger than
ompound c.

. Experimental

.1. Materials and methods

.1.1. Apparatus and reagents

Melting points were determined on x-5 melting point detec-

or. IR spectra were recorded with an FTIR 1730. 1H NMR spectra
ere obtained on a Bruker 300 MHz instrument. The absorption

nd fluorescence spectrum were recorded on TU-1901 dual-beam
V–visible spectrophotometer (Beijing Purkinje General Instru-

2

o
n

mpound d).
(compound e).

ent Co., Ltd., Beijing, China) equipped with 1.0 cm quartz cells
nd Cary Eclipse spectrofluorometer (Varian, USA) equipped with
150 W xenon lamp source and 1.0 cm quartz cell.

All the reagents were purchased from Beijing Chemical Plant
ithout further purification prior to use.

.1.2. Procedures
The synthesis of compounds was described in Section 2.2, and

he general routes were shown in Scheme 1. All spectral experi-
ents were carried out at 20–25 ◦C. Excitation and emission slits
idth were both set at 5 nm.

.2. Synthesis and characterization
.2.1. Synthesis of N-ethylcarbazole (Scheme 1.1)
According to the method from ref. [28], 5 g of carbazole, 9.3 g

f diethyl sulfate and 65 ml of acetone were blended into a three-
ecked flask with a mechanical stirrer, and the solution changed
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fluorenone, but the final product was 2-carboxyl-fluorenone. This
was probably due to fluorenone being the strong electron acceptor,
S. Song et al. / Talan

rom colourless to red brown. Then the solution which was obtained
rom 4.5 g of NaOH and 3 ml of distilled water was added in and
he colour of the solution changed from red brown into white, at
ast into soil yellow. After stirring rapidly for 15 min, the reaction

ixture was poured into a beaker containing 600–700 ml distilled
ater, white precipitate appeared. After being placed statically and
ltered, the product was recrystallized from anhydrous ethanol,
nd 4.38 g of white fine needle-like crystals were obtained. The
ield was 75.1%, and the melting point was 72–74 ◦C, which was
onsistent with literature values [28].

.2.2. Synthesis of 9-ethyl-3-formylcarbazole (compound a)
Scheme 1.1)

10 g of N-ethylcarbazole, 100 ml of chlorobenzene and 15 ml of
imethyl formamide dried off with anhydrous magnesium sulfate
ere blended into a 250 ml four-necked flask equipped with a stir-

er. Then 10 ml of phosphorus oxychloride was added dropwise
nd it was stirred at 65–70 ◦C for 5 h. It was obtained a yellow
olid adhered to the flask inner wall. After addition of adequate
mount of distilled water, all solid was dissolved yielding a dark
lue solution. Some dark blue oil was obtained after steam distilla-
ion and was solidified by adding petroleum ether. The product was
ecrystallized from anhydrous ethanol, and 8.3 g of yellow granular
olid was obtained. The yield was 72.4%, and the melting point was
6–88 ◦C.

IR (KBr) cm−1: 3040, �C–H (carbazole); 2950, �C–H (–CH2CH3);
850, 2750, �C–H (–CHO); 1715, �C O (–CHO); 1590, 1490, �C C
carbazole); 1450, 1390, ıC–H (–CH2CH3); 1147, ıC–N (carbazole);
00–700, ıC–H (carbazole).

1H NMR (CDCl3) ı(ppm): 1.5 (3H, –CH3), 4.4 (2H, –CH2–), 7.3–8.7
7H, carbazole–), 10.1 (1H, –CHO).

.2.3. Synthesis of 2-acetyl fluorene (compounds b) (Scheme 1.2)
2 g of fluorene and 25 ml of carbon disulfide were added in a

hree-necked flask equipped with a mechanical stirrer, stirring until
uorene was dissolved, 3.2 g of anhydrous aluminum chloride was
dded in. Keeping the carbon disulfide refluxing slowly, 1.3 g of
cetic anhydride was added drop-by-drop. Then the reaction was
ept 1 h in 46–47 ◦C water bath. After filtration, the precipitate was
ransferred to a beaker and 40 ml of carbon disulfide was added,
tirred for 10 min (to dissolve the fluorene which did not react and
ther impurities) and filtration was done. 20 ml of dilute hydrochlo-
ic acid solution (100 g water: 4 g concentrated hydrochloric acid)
as added in and fully stirred, then the first hydrolysis was cou-
led with the second hydrolysis. Then a light orange solid (2.1 g)
as obtained by water washing and drying after filtration, the yield
as 84%, and the melting point was 124–126 ◦C.

IR (KBr) cm−1: 3010, 2972, ıC–H (fluorene); 1679, �C O (–COCH3);
606, 1566, �C C (fluorene); 1421, 1400, ıC–H (–COCH3); 1292, 1265,
228, ıC–H (–CH2–, fluorene); 854,771,738, ıC–H (fluorene).

1H NMR (CDCl3) ı(ppm): 2.65–2.64 (3H, –COCH3), 4.00–3.88
2H, the –CH2– of fluorene), 7.2–7.9 (7H, fluorene)

.2.4. Synthesis of (fluorene-2-yl)-(9-ethylcarbazol-3-yl)-ketene
compound c) (Scheme 1.3)

1.1 g of N-ethyl-3-formyl carbazole, 1 g of 2-acetyl fluorene and
0 ml of ethanol were added in 250 ml conical flask, and the solu-
ion was obtained by stirring at room temperature. Then 10% NaOH
queous solution (3 ml) was dropped in. The reaction was kept for
4 h at room temperature. The solid was obtained after filtration,

nd the product was recrystallized from anhydrous ethanol after
ashed by distilled water. The golden yellow powder (0.8 g) was
btained. The yield was 43%, and the melting point was 176–178 ◦C.

IR (KBr) cm−1: 3421, 2972, ıC–H (fluorine– skeleton, carbazole–
keleton, –CH CH–); 1678, 1606, �C C (fluorine– skeleton,

a
r
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d
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arbazole– skeleton, –CH CH–); 1577, �C O (–CO–); 1490, 1471,
C–H (–CH2CH3).

1H NMR (CDCl3) ı(ppm): 1.5 (3H, –CH3), 4.4–4.3 (2H, –CH2–),
.5–2.2 (2H, the –CH2– of fluorene), 3.9–3.7(2H, –CH CH–), 7.1–8.1
14H, fluorine– skeleton, carbazole– skeleton), ethanol solvent
eaks were also observed.

.2.5. Synthesis of
-phenyl-3-(fluoren-2-yl)-5-(9-ethylcarbazole-3-yl)-2-pyrazoline
compound d) (Scheme 1.4)

0.2 g (fluorene-2-yl)-5-(N-ethylcarbazole-3-yl) ketene was dis-
olved in 10 ml of ether glycol, and the reactive system was kept
efluxing. Then 0.2 ml of phenylhydrazine and 0.2 ml of concen-
rated hydrochloric acid were dropped in, and the reaction was kept
or 8 h. Appropriate distilled water was added to cool the reactive
ystem to room temperature. After being placed statically, filtrated
nd dried, 0.2 g brown solid powder was obtained. The yield was
3%, and the melting point was 150 ◦C.

IR (KBr) cm−1: 3411, 2871, ıC–H (fluorine– skeleton, carbazole–
keleton); 1676, 1598, �C C (fluorine– skeleton, carbazole– skele-
on); 1560, �C N (pyrazoline ring); 1490, 1458, ıC–H (–CH2CH3);
330, 1232, ıC–H (pyrazoline ring, –CH2–, –CH–); 1124, ıC–N
carbazole– skeleton); 806, 746, 694, ıC–H (fluorine– skeleton,
arbazole– skeleton). From the IR spectra of compounds c and d, it
ould be seen that the 1577 cm−1 carbonyl absorption peaks in com-
ound d disappeared apparently, and the intensity of 1676 cm−1

ouble bond absorption peak weakened, all these proved that pyra-
oline ring had been formed.

1H NMR (CDCl3) ı(ppm): 1.3 (3H, –CH3), 4.3–3.9 (2H, –CH2–),
.7–2.6 (2H, the –CH2– of fluorene), 2.3–2.0 (2H, the –CH2– of pyra-
oline ring), 3.5 (1H, the –CH of pyrazoline ring), 7.1–8.0 (19H,
henyl, fluorine– skeleton, carbazole– skeleton).

.2.6. Synthesis of 1-phenyl-3-(fluorenone-2-yl)-5-(9-
thylcarbazole-3-yl)-2-pyrazoline (compound e)
Scheme 1.5)

0.2 g precursors of target compounds were dissolved in 5 ml
cetic acid, and 0.9 g sodium dichromate was added in. The sys-
em was kept refluxing and 0.8 ml acetic anhydride was dropped in.
he reaction was kept for 10 h. The solution changed into green, and
ppropriate distilled water was added to cool the reactive system to
oom temperature. After being placed statically, filtrated and dried,
he khaki solid powder 0.1 g was obtained. The product was recrys-
allized from anhydrous ethanol after washed by distilled water.
he yield was 48%, and the melting point was 192 ◦C.

IR (KBr) cm−1: Comparing the IR spectra, other characteristic
eaks have the same profile as in IR spectra of compound d, but
hey were shifted to longer wavelengths.

1H NMR (DMSO) ı(ppm): 1.057 (3H, –CH3), 2.0–1.9 (2H, –CH2–),
.7–3.4 (2H, the –CH2– of pyrazoline ring), 7.4–8.1 (19H, phenyl,
uorene– skeleton, carbazole– skeleton).

.2.7. Note
We conceived that the fluorene-group of product c was oxi-

ated into fluorenone-group. Two synthesis routes were used: first,
uorenone acetylation reaction was adopted to obtain 2-acety-
nd acetylation reaction could not be pursued. Second, the fluo-
ene moiety was oxidated directly to fluorenone after the formation
f compound c, also without success, which may be because the
ouble bond on propenon group was oxidated more easily than
uorene.
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Table 1
Maximum excitation and emission wavelengths of five compounds a–e in chloro-
form solvent.

Compounds Excitation (nm) Emission (nm)

a 259 336
b 262 417
c
d
e

3

3
c

t
t
r

3

i
m
p
i

F
S
(

420 498
373 503
347 515

. Results and discussions

.1. The maximum excitation and emission spectra of five
ompounds in CHCl3

With the increase of the conjugate system, the maximum exci-
ation and emission wavelengths of compounds a–e were shifted
o longer wavelengths. The spectra data of five compounds in chlo-
oform were listed in Table 1.

.2. Effect of solvent on the absorption spectra
Typical absorption spectra of compounds c and e were shown
n Fig. 1, and all spectra were normalized with respect to the peak

aximum. In Fig. 1a, all the electronic absorption spectra of com-
ound c presented two main bands, whose maxima were located

n the between 250 and 300 nm, and larger than 300 nm. The short-

ig. 1. UV–vis absorption spectra of compounds c (a) and e (b) in different solvents.
olvents: (a): (1) H2O, (2) CCl4, (3) CHCl3, (4) methanol, (5) DMSO; (b): (1) CHCl3,
2) CHCl4, (3) methanol, (4) DMSO.

F
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w
t
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t
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d
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h
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t
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s
c
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c
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r

ig. 2. The emission spectra of compounds c (a) and e (b). Solvents: (a): (1) DMF, (2)
cetonitrile, (3) THF, (4) ethanol, (5) DMSO, (6) CHCl3; (b): (1) acetone, (2) butanone,
3) methanol, (4) diethyl ether, (5) DMSO, (6) THF.

avelength bands were attributed to the �–�* transitions whereas
he long-wavelength bands were attributed to ICT transitions.
he short-wavelength bands and long-wavelength bands exhib-
ted bathochromic firstly then hypsochromic with the increase of
he solvent polarity. Normally, the bathochromic shift occurs when
he dipole moment of the probe increases during the electronic
ransition (i.e., the ground-state dipole moment �g < excited-state
ipole moment �e), and the excited state was formed in a sol-
ent cage of already partly oriented solvent molecules [24]. The
ypsochromic shift perhaps indicated the effects of hydrogen-
onding. The absorption of long-wavelength bands increased first
hen decreased as solvents polarity increased and the absorption
trength completely disappeared in the water indicating that polar
olvent can quench ICT fluorescence. The absorption spectrum of
ompound e (Fig. 1b) displayed negligible solvatochromism with
he increase of the solvent polarity. But the long-wavelength bands
ere not observed perhaps due to absence of the ICT phenomenon

n ground state of compound e. The comparison of c and e illumi-
ated the ICT was easier in compound c.

.3. Effect of solvent on the fluorescence emission spectra
Following the absorption experiments, steady-state fluores-
ence spectra of compounds c and e were obtained in different
olvents. A total of 11 organic solvents were tested, and some
epresentative emission spectra were shown in Fig. 2. The peak
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term (�f) involving ε and n is called the orientation polarizability,
which only accounts for the spectral shifts due to the reorientation
of the solvent molecules. Therefore, the Lippert–Mataga relation is
based on the assumption that the energy difference is only pro-
portional to the solvent orientation polarizability (known as the
Scheme 2. ICT proc

aximum shifted to red as the solvent polarity increased. Com-
ound c had two fluorescence peaks farther from each other than
ompound e in the excited state. Fig. 2a presented fluorescence
pectra of compounds c in various solvents and the excitation wave-
ength was at 293 nm. Perhaps the conjugated double bonds at the
inyl of the molecules inhibited the rotation of the separate chro-
ophores at excited state, making the charge transfer between

toms in the plane way to form dual-fluorescence. Compound e
howed the doubled fluorescence possibly because there was single
ond between the separate chromophores which made it possible
hat the chromophore rotate surrounding the single bond. The ICT
t excited state of compound e was complete charge transfer-twist
ntramolecular charge transfer (TICT), so the emission wavelengths
f dual-fluorescence were nearer than that of compound c. The
tructure of compounds c and e were shown in Scheme 2. The
lectrons were expected to be delocalized between the nitrogen
toms of the carbazole-like/pyrazoline ring and the oxygen of the
uorenone-like ring. In addition, hydrogen-bonding between the
olvent and nitrogen/oxygen atoms of compounds may induce
lectron redistribution. This might be the reason that emission
avelength shifted to longer wavelength in all protic solvents with

trong hydrogen-bonding ability.

.4. General solvent effect and the Lippert–Mataga relation

ICT molecules are sensitive to changes in the external environ-
ent which produces the dramatic fluorescence spectral changes

29,30]. The position of the peak maximum (�f) for each fluores-
ence spectrum was plotted against the solvent polarity parameter
T (30) in Fig. 3. Fig. 3 showed that the maximum emission shifted
rom 481 to 553 nm in compound c and from 500 to 527 nm in
ompound e with the increase of the solvent polarity parameter.
t confirmed that the solvent polarity affected the fluorescence of
ompounds c and e.

To better understand the solvent polarity effect, the
ippert–Mataga relation was applied. This relation has been
idely used to correlate the energy difference between absorption

h�a) and emission (h�f), also known as Stokes’ shift, with solvent
olarity represented by �f. This relation was given in Eq. (1). It

nvolves both the dielectric constant and the refractive index (n) of
he solvents [27,31]:
a − �f = 2(�E − �G)2

hca3
�f + constant (1)

n Eq. (1), �a and �f are the wavenumbers (cm−1) corresponding
o the absorption and the emission, respectively, h is Planck’s con-

F
p
(
(

compound e (2.2).

tant, c is the speed of light, and a is the radius of the solvent cavity
n which the fluorophore resides. For an elongated shape of the

olecule, a is usually estimated as 40% of its longest axis [32]. The
ig. 3. The emission maximum vs. the solvent polarity parameter ET (30) of com-
ounds c (a) and e (b). The numbers refer to the solvents: (1) CCl4, (2) diethyl ether,
3) THF, (4) chloroform, (5) butanone, (6) acetone, (7) DMF, (8) DMSO, (9) acetonitrile,
10) ethanol, (11) methanol.
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ig. 4. Stokes shifts as a function of solvent orientation polarizability (�f) of com-
ounds c (a) and e (b). The numbers refer to the solvents: (1) CCl4, (2) diethyl ether,
3) THF, (4) chloroform, (5) butanone, (6) acetone, (7) DMF, (8) DMSO, (9) acetonitrile,
10) ethanol, (11) methanol.

eneral solvent effect). Inability of Stokes’ shift to increase linearly
ith �f usually implies that specific solvent effects are involved.

f = ε − 1
2ε + 1

− n2 − 1
2n2 + 1

(2)

ig. 4 showed the Lippert–Mataga plots of compounds c and e in
1 organic solvents. The estimation from the Lippert–Mataga equa-
ion is based on the assumption that the photophysical properties
f compounds c and e can be described by the theory of general
olvent effect; hence, it may not hold if specific solvent effects
re involved. Actually, Stokes’ shifts of compound c observed for
olvents ethanol, methanol and water did not follow the trend
Fig. 4a) because hydroxyl group (OH) existed in these solvents
nd it had strong ability to form hydrogen-bonding. Stokes’ shifts
f compound e followed a linear trend in solvents with a polarity
�f) larger than 0.21, however, they did not show significant dif-
erence when the polarity was smaller than 0.21. This suggested
hat the solvent polarity might not be the only factor affecting
he spectral shifts. Specific solvent effects including hydrogen-
onding, acid–base chemistry, and charge transfer interactions
an also result in nonlinear Lippert–Mataga plots. As mentioned

efore, compounds c and e can form hydrogen bonds with the
olvent, and it can transfer electrons between them (Scheme 2).
his complicated the interpretation of how the solvent affected the
bsorption and emission spectra of compounds c and e. From the
ippert–Mataga equation, the slope of this line yields the dipole

r
(
C
v

(2009) 1707–1714

oment difference between the ground and excited states (��),
ccording to [27,31],

lope = 2(��)2

hca3
(3)

The estimated dipole moment differences were 2.68 D (debye)
f compound c and 41.19 D of compound e respectively based on the
ssumption that the Onsager cavity radius a equals 3.24 and 4.68 Å
espectively, which were 40% of the optimized distance between
he two farthest atoms of the molecule in the direction of charge
eparation [27,33]. Such a large dipole moment difference usually
ndicated the occurrence of ICT induced by the solvent after exci-
ation [33-38]. Scheme 2 described the mechanism by which the
CT occurred. In most cases, solvent polarity is believed to be the
ffect driving an ICT, but for compounds c and e, another important
actors, hydrogen-bonding, should be considered as well. Most sol-
ents used in this study can form hydrogen bonds with compounds
and e. Alcohols with a hydroxyl group (OH), in addition to their

arge solvent polarity, may favor the occurrence of an ICT and result
n the large dipole moment difference. For compound e, in the less
olar region (�f < 0.21), the Stokes shifts were almost the same.
owever, sameness is probably a coincidence because an ICT should
ot occur in the nonpolar solvents where no hydrogen bonds can
e formed with compound.

.5. Quenching of ICT fluorescence by protic solvent

In protic solvents, the intensity of the long-wavelength emission
ecreased from alcohol to water. In fact, the LW band completely
isappeared in water, which limited their applicability as a polarity
robe in such solvents. In order to prove that the solvent polarity

s the source of this effect, the quenching of compounds c and e in
MSO (�f = 0.263) by water (�f = 0.32) was measured (see Fig. 5).

Fig. 5a exhibited that the fluorescence intensity of the LW emis-
ion band decreased as the water concentration increased. The
ecreased fluorescence intensity was also accompanied by a red-
hift of the emission maximum. The fluorescence spectra shifted
o longer wavelength by 33 nm in the presence of 17.2 M water in
MSO. In Fig. 5b, no change in fluorescence wavelengths could be
etected on addition of water during this quenching, which was
onsistent with a slight change in polarity. In Fig. 5 insert, F0/F was
lotted vs. the concentration of water (mol/L). From these S–V plots,
sv values of 0.08 and 0.36 L mol−1 were calculated which indicated
hat e was more sensitive to polarity than c.

.6. Influence of structure and solvent on the fluorescence
uantum yields

The fluorescence quantum yields Yf of compounds c and e in
olvents of different polarity were obtained using the following
elation [35].

fu = Yfs
FuAsn2

u

FsAun2
s

(4)

here F represents the corrected fluorescence peak area, A the
bsorbance at the excitation wavelength, n the refractive index of
he solvent used, Yf the fluorescence quantum efficiency and the
ubscripts “s” and “u” refer to the standard and unknown respec-
ively, and resorcinolphthalein dissolved in 0.1 M NaOH solution
as used as the standard.
Although the compounds were not highly fluorescent, the fluo-
escence quantum yields depended strongly on the solvent polarity
refer to Table 2). Fluorescence quantum yields decreased from
Cl4 to butanone then increased with the increase of the sol-
ent polarity, because the region of highly polar solvents such as
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Fig. 5. Fluorescence spectra of compounds c (a) and e (b) in DMSO containing various
%
(
(
fl

a
m
o
t
I
t
a
t
m
b
c

T
F

S

C
D
T
C
B
A
D
A
E
M

fl
f
w
w
y
s
c
N
w
e
r
w
a
l
e
T
a
fl
l
w
D

4

o
r
c
fl
s
t
s
b
r

v
c
p
g

A

C
P

R

(v/v) of water. The concentration of water % (v/v): (a): (1) 0, (2) 2.4, (3) 4.8, (4) 9.1,
5) 13.0, (6) 16.7, (7) 20.0, (8) 23.1, (9) 25.9, (10) 28.6, (11) 31.0; (b): (1) 0, (2) 0.50,
3) 0.99, (4) 1.48, (5) 1.96, (6) 2.34, (7) 2.91, (8) 4.31, (9) 5.6, (10) 7.83. (Insert) plot of
uorescence F0/F vs. concentration of water (mol/L).

cetonitrile and ethanol can form hydrogen bond. There are two
echanisms for substituted chalcones involved during the course

f increasing solvent polarity. One mechanism is the increase in
he fluorescence quantum yield with a suitable enhancement of
CT: the so-called “negative solvatokinetic effect”. Several sugges-
ions, such as “biradicaloid charge transfer”, “proximity effect”
nd “conformational changes”, have been proposed to explain

he behavior of the “negative solvatokinetic effect”. The other

echanism is a reduction in the fluorescence quantum yield
y strong ICT: the so-called “positive solvatokinetic effect”. For
ompounds c and e, both the mechanisms had effects on their

able 2
luorescence quantum yields of compounds c and e in different solvents.

olvents Compound c Compound e

arbon tetrachloride 0.049 0.588
iethyl ether 0.050 0.149
etrahydrofuran 0.028 0.197
hloroform 0.008 0.0062
utanone 0.006 0.052
cetone 0.034 0.122
MSO 0.083 0.164
cetonitrile 0.055 0.044
thanol 0.122 0.278
ethanol 0.020 0.032

[
[
[

[

[

[

(2009) 1707–1714 1713

uorescence quantum yields. As the solvent polarity increased,
rom carbon tetrachloride to butanone, the fluorescence behavior
as controlled by the second mechanism. However, in solvents
ith polarity larger than butanone, the fluorescence quantum

ields increased. The phenomenon can be explained by molecule
tructure. The charge transfer mechanism of pyrazoline was the
ompetition between N1 → N2 → C3 conjugate charge transfer and
1 → C5 non-conjugate charge transfer. N1 atom of pyrazoline ring
as donating-electron source of charge transfer. And replace moi-

ty of linking C3 was electron acceptor which was affected by the
eplace moiety of C5. The substituent in the 5-position of pyrazoline
as donating-electron moiety, which enhanced donating-electron

bility of its 1-position. So the quantum yield of compound e was
arger. In the compound c, fluorene moiety (A) has linked with 9-
thylcarbazole moiety (D) by conjugate bound of chalcone group.
wo moieties (A and D) were situated in the same plane. It was
conjugate intramolecular electron-transfer compound showing
uorescence. In the compound e, 9-ethylcarbazole moiety (D) had

inked in C5 position, although the space with conjugate section
as farther, but D was vertical to A, so the distance between A and
was shortened and this was beneficial to its fluorescence.

. Conclusions

This study reports the synthesis and photophysical properties
f two novel ICT fluorescent compounds both containing fluo-
ene and carbazole groups. The primary structures of the two
ompounds have been characterized by IR and 1H NMR, and the
uorescence spectra studies together with correlation of spectro-
copic properties with various solvent polarity parameters revealed
hat compound e was more sensitive to solvent polarity due to
tronger ICT process than compound c. Such A–�–D systems might
e used as excellent optoelectronics materials and sensitive fluo-
escent probe.

Though fluorescence quantum yields of compound e were not
ery high, it may be used to probe its microenvironment in biologi-
al systems of interest. Future work directed to use e as fluorescence
robe for HSA is anticipated to be promising. Similar work is pro-
ressing in our laboratory, and the results will be released soon.
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a b s t r a c t

A new method for separation/preconcentration of trace amounts of Cr, Cu and Pb in environmental samples
by magnetic solid-phase extraction (SPE) with Bismuthiol-II-immobilized magnetic nanoparticles and
their determination by ICP-OES has been developed. The separation of the target analytes from the aqueous
solution containing the target analytes and Bismuthiol-II-immobilized magnetic nanoparticles was simply
achieved by applying external magnetic field. Optimal experimental conditions including pH, sample
volume, eluent concentration and volume and co-existing ions have been studied and established. Under
eywords:
eparation/preconcentration
r, Cu and Pb
nvironmental samples
agnetic nanoparticles

ismuthiol-II

the optimal experimental conditions, the detection limits for Cr, Cu and Pb with enrichment factors of 96,
95 and 87 were found to be 0.043, 0.058 and 0.085 ng mL−1 and their relative standard deviations (R.S.D.s)
were 3.5%, 4.6% and 3.7% (n = 5, C = 2 ng mL−1), respectively. The method was validated with certified
reference material (GBW50009-88) of environmental water sample and the analytical results coincided
well with the certified values. Furthermore, the method was successfully applied to the determination
of target analytes in river and lake water samples. Compared with established methods, the proposed
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CP-OES method is characterized w

. Introduction

Both chromium and copper are essential elements and have an
mportant role in the glucose, lipid and protein metabolism [1–2],

hile lead is an extremely toxic element. Lead has been used at least
ince biblical times in a variety of products in inorganic form, while
ts impact as a major environmental pollutant was recognized until
he last century [3]. Therefore, the determination of trace amounts
f Cr, Cu and Pb in environmental water is of great significance from
he public health and environmental point of view.

In recent years, continuous progress has been made in analytical
nstrumentation; however, direct determination of trace metal ions
n environmental samples is difficult sometimes due to various fac-
ors, particularly their low concentrations and matrix effects. Under
hese circumstances, in order to determine trace levels of Cr, Cu
nd Pb, a separation and enrichment step prior to their determina-

ions could be a good choice. Several methods have been proposed
or separation and preconcentration of trace Cr, Cu and Pb includ-
ng: cloud point extraction [4], precipitation/co-precipitation [5],
iquid–liquid extraction [6], and solid-phase extraction (SPE) [7].

∗ Corresponding author. Fax: +86 27 68754067.
E-mail address: binhu@whu.edu.cn (B. Hu).
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igh enrichment factor, fast separation and low detection limits.
© 2008 Elsevier B.V. All rights reserved.

mong these techniques, SPE procedures, either off- or on-line,
re considered superior to other procedures for their simplic-
ty, consumption of small volumes of organic solvent, and ability
o achieve a higher enrichment factor. It is commonly acknowl-
dged that the adsorption materials play a very important role in
PE, because adsorption materials determine the analytical sen-
itivity, precision and selectivity in SPE techniques. The current
esearches in SPE are mainly focused on the development of new
orbents. To date, many adsorbents, such as active carbon [8], cel-
ulose [9], nanometer-sized materials [10], egg-shell membrane
11] and modified silica beads [12,13], have been employed in
PE. To improve the selectivity, these adsorbents are normally
odified by attaching organic and inorganic molecules to their

urface.
Nanometer-sized materials have attracted substantial interest

n the scientific community because of their special properties
14,15]. The size range of nanoparticles is from 1 to almost 100 nm,
hich falls between the classical fields of chemistry and solid-state
hysics. The relatively large surface area and highly active surface

ites of nanoparticles enable them to have a wide range of potential
pplications, including shape-selective catalysis [16], chromato-
raphic separations [17], sorption of metal ions [18], enzyme
ncapsulation [19], DNA transfection [20], and drug delivery [21].
agnetic nanoparticles, as a new kind of nanometer-sized mate-
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ial, are widely used in the fields of biotechnology and biomedicine
or applications such as cell labeling and separation [22], magnetic
esonance imaging (MRI) (as a contrast agent) [23], enzyme and
rotein separations[24], targeted drug delivery [25], and magnetic

errofluids hyperthermia [26]. These particles are superparamag-
etic, which means that they are attracted to a magnetic field, but
etain no residual magnetism after the field is removed. There-
ore, suspended superparamagnetic particles adhered to the target
an be removed very quickly from a matrix using a magnetic field,
ut they do not agglomerate after removal of the field. Hu et al.
27] employed magnetic Fe2O3 nanoparticles as adsorption mate-
ial for the removal and recovery of Cr(VI) from wastewater, and
he adsorption capacity was found to be very high. However, it
hould be pointed out that pure inorganic nanoparticles (such as
e3O4 and Fe2O3) can easily form large aggregates, which may alter
heir magnetic properties [24]. Moreover, these nanometer-sized

etal oxides are not target-selective and are unsuitable for samples
ith complicated matrices [28]. The modification of these magnetic
anoparticles with a suitable coating has been proven to be one of
he most efficient ways [29].

As a reagent commonly used in spectrophotometry, Bismuthiol
an form stable complex with Cd, Cu and Pb under special con-
itions due to functional groups of –SH– and –NH– [30,31]. In this
tudy, silica-coated magnetic nanoparticles (SCMNPs) immobilized
ith Bismuthiol II were synthesized. These magnetic nanopar-

icles were employed as an SPE adsorbent for separating and
oncentrating trace amounts of Cr, Cu and Pb from environmen-
al samples. The levels of these elements were then determined by
CP-OES.

. Experimental

.1. Instrumentation

A 1150 W, 27.12 MHz Spectro Genesis EOP ICP-OES (Kleve, Ger-
any) with a cross flow nebulizer and a Scott model spray chamber
as employed for the determination of target elements. The aux-

liary gas (Ar) flow rate, carrier gas (Ar) flow rate and plasma gas
Ar) flow rate were 1.0, 1.0 and 12 L min−1, respectively, and the
avelengths used were Cr(II) 267.716 nm; Cu(I) 324.754 nm and

b(II) 220.353 nm. The solution uptake rate was 2.0 mL min−1 and
he integration time was 12 s. The Bismuthiol-II-immobilized silica-
oated magnetic nanoparticles (BSCMNPs) were characterized by
EXUS 870 FI-IR (Thermo, Madison, USA) and a JEM-100CXII elec-

ron microscope (JEOL, Tokyo, Japan). The pH values were controlled
ith a Mettler Toledo 320-S pH meter (Mettler Toledo Instruments
o. Ltd., Shanghai, China) supplied with a combined electrode.
n SY1200 model Ultrasonicator (Shengyuan Instrument Factory,
hanghai, China) was used to disperse the nanoparticles in solu-
ion. An Nd–Fe–B magnet (8.0 mm × 6.0 mm × 1.6 mm) was used
or magnetic separation.

.2. Standard solution and reagents

All reagents used were of “specpure” or at least analytical
eagent grade. Highly pure deionized water (18.2 M� cm) obtained
rom a Labconco system (Labconco Co., Kansas City, MO, USA)
as used throughout this work. Stock solutions (1 g L−1) of Cr,
u and Pb were prepared by dissolving CrCl3·6H2O, CuSO4·5H2O

nd Pb(NO3)2 (The First Reagent Factory, Shanghai, China) in 1%
v/v) HCl, 1% (v/v) HNO3 and 1% (v/v) HNO3, respectively. Stan-
ard stock solutions (1 g L−1) of other elements were prepared
rom their salts by a conventional method [32]. Bimuthiol-II was
btained from East China Normal University (Shanghai, China).

2

R
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lycerol was obtained from Shanghai Zhanyun Chemical Co. Ltd.
Shanghai, China). Tetraethoxysilane (TEOS) (Wuhan University
hemical Factory, Wuhan, China) were used for the preparation of
orbent.

.3. Preparation of silica-coated magnetic nanoparticles
SCMNPs)

The magnetic nanoparticles (MNPs) were prepared according to
ef. [29] with some little modifications. Briefly, FeCl3·6H2O (11.68 g)
nd FeCl2·4H2O (4.30 g) were dissolved in 200-mL deionized water
nder nitrogen gas with vigorous stirring at 85 ◦C. Then, 20 mL of
0% aqueous ammonia was added to the solution. The color of
ulk solution changed from orange to black immediately. The mag-
etic precipitates were washed twice with deionized water and
nce with 0.02 mol L−1 sodium chloride. The washed magnetite
as stored in deionized water at a concentration of 40 g L−1. Then,

he magnetite suspension prepared above (20 mL) was placed in a
50-mL round-bottom flask and allowed to settle. The supernatant
as removed, and an aqueous solution of TEOS (10% (v/v), 80 mL)
as added, followed by glycerol (60 mL). The pH of the suspension
as adjusted to 4.6 using glacial acetic acid, and the mixture was

hen stirred and heated at 90 ◦C for 2 h under a nitrogen atmo-
phere. After cooling to room temperature, the suspension was
ashed sequentially with deionized water (3 × 500 mL), methanol

3 × 500 mL), and deionized water (5 × 500 mL). The silica mag-
etite composite was stored in deionized water at a concentration
f 40 g L−1.

.4. Preparation of Bismuthiol-II-immobilized silica-coated
agnetic nanoparticles (BSCMNPs)

Silica-coated magnetite (25 mL) prepared as described above
as washed with ethanol (2 × 100 mL) and then homogeneously
ispersed to 150 mL with 1% Bismuthiol. The solution was trans-
erred to a 500-mL beaker and ultrasonicated for 2 h. After that, the
esulting nanoparticles were washed with deionized water three
imes and twice with methanol, then dried into powders at room
emperature under vacuum.

.5. General procedure

The procedure for the magnetic solid-phase extraction is pre-
ented in Fig. 1 and the details are as follows: a portion of sample
olution containing 10 �g analyte ions was transferred to a 200-mL
eaker, the pH value was adjusted to 7 with 0.1 mol L−1 HNO3 and
.1 mol L−1 aqueous ammonia, and the final volume was diluted to
00 mL. Then, 100 mg of BSCMNPs were added, and the solution
as ultrasonicated for 10 min to facilitate adsorption of the metal

ons onto the nanoparticles. Then the magnetic adsorbent was sep-
rated easily and quickly using a magnet and the supernatants were
ecanted directly. The magnet was removed, and a solution con-
aining 1.0 mol L−1 HNO3 was added as eluent and ultrasonicated
gain for 5 min. Finally, the magnet was used again to settle the
agnetic nanoparticles, and the eluate was pipetted into a test tube

or subsequent ICP-OES analysis.
Highly pure deionized water was chosen as the blank solution

nd subjected to SPE and the blank values were determined. These
lank values were subtracted from the values determined for the
ifferent metal ions to give the final experimental measurements.
.6. Sample preparation

Water samples were collected from the East Lake and Yangtze
iver of Wuhan, P.R. China. The samples were filtered before
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Fig. 1. Procedure for ma

nalysis through a 0.45-�m membrane filter (Tianjing Jinteng
nstrument Factory, Tianjin, China) and stored in polyethylene con-
ainer for subsequent usage after they were acidified to pH 1 with
oncentrated HNO3.

. Results and discussion

.1. Characterization of Bismuthiol-II-immobilized SCMNPs

In order to ascertain the immobilization of Bismuthiol-II on
CMNPs, the characterization was performed by FI-IR spectroscopy,
nd Fig. 2 is the graphical representation of the FI-IR spectra for
SCMNPs, SCMNPs and Bismuthiol-II. As could be seen, BSCM-
Ps contained –SH and –NH– spectral band at 2435 cm−1 and

−1
491 cm which is similar to the characteristics spectral band of
ismuthiol-II at 2431 cm−1 for –SH and 1489 cm−1 for –NH–. A com-
arison of these characteristic spectral bands indicated that the
urface SCMNPs contained –SH and –NH– functional groups as a
esult of the immobilization procedure.

Fig. 2. IR spectra of BSCMNPs.

I
a

3

n

F
B

solid-phase extraction.

The BSCMNPs particles were also characterized by TEM. The
xperimental results showed the average diameter of the BSCMNPs
as in the range of 50–70 nm.

.2. Effect of pH

In order to determine the optimal pH required for quantitative
dsorption of target analytes, it is important to study the effect of
H in a wider range. The effect of pH on the adsorption of target
etal ions with concentration of 0.05 �g mL−1 over the pH range

rom 1 to 9 was studied. As could be seen from Fig. 3, quantitative
dsorption (>90%) was obtained for Cr, Cu and Pb within the pH
ange of 3–9. This indicated that BSCMNPs was selective to Cr, Cu
nd Pb in the pH range of 3–8. Considering the fact that Bismuthiol
I could be decomposed at high acidity [33], pH 7 was selected for
ll subsequent experiments.
.3. Effect of elution

With respect to the stripping of target analytes from the mag-
etic particles, HNO3 were employed. Fig. 4 showed the effect of

ig. 3. Effect of pH on the adsorption percentage (%) of the studied elements on
SCMNPs. The concentration of the metal ions: 0.05 �g mL−1.
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ig. 4. The effect of elution concentration (HNO3) on the recovery of the studied
nalytes on BSCMNPs.

oncentration of HNO3 on the recovery of the target analyte. As
ould be seen, quantitative recovery for all the studied target ana-
ytes could be obtained with 1–2.5 mol L−1 HNO3. In this work,
mol L−1 HNO3 was chosen for further experiment.

The effect of elution volume for quantitative elution of the stud-
ed ions was investigated. The results showed that 1 mL of 1 mol L−1

NO3 was sufficient to recover the analytes quantitatively.

.4. Effect of sample volume

In order to obtain a higher enrichment factor, a larger volume of
ample solution is required. To study the effect of sample volume,
he sample solutions of 10, 25, 50, 100, 150 and 200 mL containing
.05 �g of target analytes were operated according to the general
rocedure. It was found that quantitative recoveries for all tar-
et analytes were obtained when sample volumes were less than
50 mL. Hence, sample volume of 100 mL was selected for subse-
uent experiments.

.5. Effect of ultrasonic time

Ultrasonic times for adsorption and elution were also optimized
n order to minimize the time required for sample processing.
he experimental results indicated that quantitative recovery of
ll analytes in 100-mL sample solution was achieved when the
ltrasonication time was greater than 10 min for adsorption and
reater than 5 min for elution. Therefore, an ultrasonication time
f 10 min was used for adsorption and 5 min was used for elution
n subsequent experiments.
.6. Effect of sediment time

Conventional SPE usually requires filtration or centrifuga-
ion to separate the adsorbent from aqueous solutions, which

o
P
t
[

able 1
omparison of detection limits (ng mL−1) for determination of Cr, Cu and Pb using differe

nalytical technique Sorbent

SPE-ICP-OES BSCMNPs
PE-ICP-OES p-DMABD-modified nanometer-sized SiO2

PE-ICP-OES Nanometer-sized TiO2

PE-ICP-OES PAN-modified nanometer-sized TiO2

PE-FAAS Multiwalled carbon nanotubes
77 (2009) 1579–1583

akes the method time-consuming. In this study, the adsor-
ent could be separated rapidly from the sample solution using
n external magnetic field, due to the superparamagnetism of
hese nanoparticles. The effect of sediment time on the recov-
ry of metal ions was investigated, and no significant effect was
bserved when the sedimentation time was greater than 2 min.
sediment time of 2.5 min was therefore selected in subsequent

xperiments.

.7. Effect of co-existing ions

The optimal experimental conditions described above were
sed to study whether other co-existing ions, such as K+, Na+, Ca2+,
g2+, Al3+, Fe3+, Zn2+, Cl−, SO4

2− and NO3
− could act as interferents

uring the preconcentration/separation and analyte determination
teps of the two-step method. The experimental results showed
hat recoveries of the target analytes were remained above 90%
ven in the presence of the following ions: 3 mg mL−1 K+ and Na+,
mg mL−1 Ca2+ and Mg2+, 50 �g mL−1 Al3+, 10 �g mL−1 Fe3+ and
n2+, 4 mg mL−1 Cl− and 2 mg mL−1 SO4

2− and NO3
−, indicating

hat the method has a good tolerance to matrix interference.

.8. Adsorption capacity study and sorbent regeneration

The adsorption capacity study used here was adapted from the
ethod recommended by Maquieira et al. [32]. The static adsorp-

ion capacities of BSCMNPs were found to be 8.6, 5.3 and 9.4 mg g−1

or Cr, Cu and Pb, respectively.
Regeneration is one of the key factors for evaluating the perfor-

ance of the adsorption material. In this work, it was found that the
SCMNPs can be re-used up to three times without loss of analytical
erformance. Considering that 5 g of BSCMNPs could be prepared in
ne batch and only 100 mg of BSCMNPs was used for one extraction
peration, this reusable time is acceptable.

.9. Analytical performance

Under the optimal experimental conditions, the detection lim-
ts for Cr, Cu and Pb with enrichment factors of 96, 95 and 87

ere found to be 0.043, 0.058 and 0.085 ng mL−1 and their rela-
ive standard deviations (R.S.D.s) were 3.5%, 4.6% and 3.7% (n = 5,
= 2 ng mL−1), respectively. The enrichment factor was calculated
s follows:

enrichment factor

= the slope of calibration after preconcentration
the slope of the calibration before preconcentration
A comparison of LODs obtained by this method with that
btained by several other approaches for determining Cr, Cu and
b is shown in Table 1. As can be seen, the LODs obtained by
his method are much lower than those obtained by SPE-ICP-OES
34–36] and SPE-FAAS [37].

nt analytical techniques.

Cr Cu Pb Ref.

0.043 0.058 0.085 This work
0.79 1.27 1.79 34
1.14 0.34 – 35
3.5 2.8 – 36
– 0.47 0.28 37
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Table 2
Analytical results for certified reference material GBW50009-88 environmental
water (mean ± S.D., n = 3).

Element Certified (ng mL−1) Found (ng mL−1)

Cr 1.49 ± 0.06 1.42 ± 0.04
Cu 1.49 ± 0.06 1.33 ± 0.03
Pb 1.21 ± 0.05 1.23 ± 0.06

Table 3
Analytical results for real water samples (mean ± S.D., n = 3).

Sample Element Added (ng mL−1) Found (ng mL−1) Recovery (%)

River water

Cr 0 0.32 ± 0.11 –
2.00 2.08 ± 0.14 90

Cu 0 3.22 ± 0.12 –
2.00 5.22 ± 0.11 99

Pb 0 2.35 ± 0.12 –
2.00 4.51 ± 0.14 104

L

Cr 0 1.88 ± 0.14 –
2.00 3.85 ± 0.32 99
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ake water
Cu 0 1.13 ± 0.07 –

2.00 3.16 ± 0.36 101
Pb 0 3.01 ± 0.18 –

2.00 4.8 ± 0.28 96

.10. Analytical applications

To evaluate the accuracy of the developed method, the certified
eference material GBW50009-88 environmental water were ana-
yzed, and the analytical results are shown in Table 2. As can be
een, the determined values obtained by this method are in good
greement with the certified values. The developed method was
lso applied to the analysis of two kinds of environmental water
amples. The analytical results, along with the recoveries for the
piked samples, are given in Table 3. As could be seen, recoveries
or the target analytes ranged from 90 to 104%.

. Conclusion

A new magnetic silica sorbent of Bismuthiol II-immobilized
agnetic nanoparticles has been prepared by the sol–gel method.

he modified nanoparticles are highly monodisperse and mag-

etically separable and have been successfully employed for the
agnetic solid-phase extraction of trace Cr, Cu and Pb from envi-

onmental water. The developed method is simple, rapid and
ensitive and very suitable for rapid adsorption of heavy metals
rom large volume of sample solution.

[

[
[
[
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a b s t r a c t

A method based on the kinetics stability study on hydrolysis of chlorogenic acid by capillary zone elec-
trophoresis with electrochemical detection (CE-ED) has been developed in this paper. Both cyclic and
hydrodynamic voltammograms of chlorogenic acid and its hydrolysis product caffeic acid have been
investigated. The conditions for separation of chlorogenic acid and caffeic acid, such as the buffer pH
vailable online 31 October 2008

eywords:
apillary electrophoresis
lectrochemical detection
ydrolysis rate constant

and concentration, the separation voltage, and the injection time have been optimized. Under the opti-
mum CE running conditions, the effects of reaction temperature and pH values of the hydrolysis solutions
on the hydrolysis rate constants were further studied. The hydrolysis rate constants of chlorogenic acid
were obtained from the concentration change of hydrolysis during the process of hydrolysis. Based on the
fact, a simple and economical method for the determination of the hydrolysis rate constant and activation
energy of hydrolysis reaction has been developed.

m
i
t

c
i
o
i
r
f
i
r
b
o
m
h
a

hlorogenic acid
affeic acid

. Introduction

It is reported that about 30% of the pharmaceuticals in the world
re based on crude drug. Especially in the field of antibiotic and anti-
ancer drugs, nearly 60–80% of them come from crude drugs. So the
nvestigation and exploitation of crude drugs becomes very impor-
ant and popular nowadays. Chlorogenic acid and caffeic acid are
he main active ingredients in many traditional crude drugs, such
s Lonicera japonica Thunb, Eucomia ulmoide, Taraxacum sinicum
itag, etc. [1]. Some related researches showed that chlorogenic
cid and caffeic acid had many physiological activities, such as anti-
acteria, antioxidative and other protective effects [2]. As some

iteratures indicated that chlorogenic acid showed a tendency to
ydrolyze to produce caffeic acid and quinic acid in alkalescence
queous solution [3]. Although caffeic acid displays some similari-
ies to chlorogenic acid in the clinical application, there is different
ontent requirement for different officinal. It is described by Phar-

acopoeia of People’s Republic of China that when the content of

hlorogenic acid in Lonicera japonica Thunb is less than 1.5% and the
ontent of caffeic acid is below 0.02% in Taraxacum sinicum Kitag,
he curative effect may be consumedly lower [4]. Since the treat-
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ujian 350002, China. Tel.: +86 591 87893315; fax: +86 591 83713866.

E-mail addresses: zlan@fzu.edu.cn (L. Zhang), gnchen@fzu.edu.cn (G. Chen).

q
i

s
l
F
t
t
b
a

039-9140/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2008.10.026
© 2008 Elsevier B.V. All rights reserved.

ent processes of the crude drugs may affect the curative effect, it
s necessary to look for a simple and economical analytical method
o evaluate and control the whole process.

The kinetic study, such as the determination of physicochemi-
al constant can be very useful for guiding the extraction of active
ngredients in the crude drugs. It is well known that some physic-
chemical constants are very important in the pharmaceutical
ndustry [5] and phytochemistry research [6]. For example, the
ate constant is one of the leading physicochemical parameters
or investigation on the degradation of crude drugs. Hydrolysis
s a major degradation mode, and the hydrolysis rate constant is
elated to the stability of drug. Moreover, the activation energy can
e used to evaluate whether the degradation reaction can happen
r not. Thus, it is a meaningful thing to found a simple and effective
ethod to estimate the rate constants and activation energy of the

ydrolytic reaction of some components in crude drugs, it can be
guide to select appropriate storage conditions and control drug

uality. For crude drugs, there are still many tasks to be carried out
n this field.

The most common method for determination of the rate con-
tant is ultraviolet (UV) spectrophotometer [7,8], however, the
imitations and shortages of this method are also well known.

irstly, it is impossible to simultaneously determine and observe
he change of the concentration of the reactant and product in
he hydrolysis process directly, when the product has the same
est ultraviolet absorption wavelength as reactant, the quantitative
nalysis of reactant is greatly affected. Secondly, UV method has its
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wn limitation in the aspect of sensitivity. In addition, for UV spec-
rophotometer, complicated pretreatments are usually required.
apillary electrophoresis (CE) as an important separation technol-
gy with the advantage of minimal sample volume requirement,
hort analysis time and high separation efficiency, it has been used
s a powerful tool for the drug analysis, such as determination of
he main component, estimation of impurities and the separation
f the chiral substance [9–13]. More recently, CE has been devel-
ped to measure the physicochemical constants and the kinetic
tudy of some reactions [6,14–16]. But there are seldom studies
ocusing on the hydrolysis rate constant of compound by using CE
17–21].

CE coupling with electrochemical detection (CE-ED) offers high
ensitivity and good selectivity for separation and detection of
lectroactive analytes, and it has been widely applied in the quanti-
ative analysis including the main active ingredients of crude drugs
22–24]. There were some reports about quantitative determina-
ions of chlorogenic acid and caffeic acid in crude drugs [25–30],
ut still no description is related to the kinetic study for hydrolysis
f chlorogenic acid. In this study, CE-ED was used as an effective
ethod for directly measuring the hydrolysis rate constant and

ctivation energy of chlorogenic acid, and demonstrating its use
or studying the hydrolysis reaction. Under the optimum separa-
ion conditions, chlorogenic acid and its hydrolysate caffeic acid
ould be fast separated within 7 min, and the experimental results
ndicated that this method was easy, efficient and intuitive to obtain
he hydrolysis rate constant and activation energy.

. Theory

As mentioned in introduction, chlorogenic acid can be
ydrolyzed to produce caffeic acid and quinic acid in alkalescent
queous solution. The hydrolysis reaction can be described as Fig. 1.

As water is superfluous during the hydrolysis, the concentra-
ion of water can be considered to be constant in the reaction. So,
he hydrolysis of chlorogenic acid is a first-order reaction and the
inetic equation is described as follow:

dC

dt
= kC (1)

The kinetics equation can be also expressed as,

n C = −kt + ln C0 (2)

here C is the concentration of chlorogenic acid at the hydrolysis
ime t, which can be determined by CE-ED, and C0 is the initial
oncentration of chlorogenic acid, then k is the rate constant of
ydrolysis reaction. Since the kinetic reaction is first-order, when

n C is plotted against t, a straight line can be obtained, and the slope
f the line is the first-order rate constant k.

As shown in Arrhenius equation, the relationship between k and
bsolute temperature of the reaction T can be described as follow,

n k = A e−E/(RT) (3)

here A is apparent frequency factor, E is activation energy of the

eaction; R is the mole gas constant (8.314 J K−1 mol−1). In addition,
q. (3) can also be expressed as,

n k = − E

RT
+ ln A (4)

hen ln k is plotted with T−1, a straight line (slope = −E/R) is
btained. So the activation energy E can be calculated according
o the slope (E = −slope × R).
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8
0
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a
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. Experimental

.1. Materials

Chlorogenic acid and caffeic acid were purchased from the Chi-
ese Institute of Biological Products Control (Beijing, China). Other
hemicals were of analytical-reagent grade. All solutions were
reshly prepared with doubly distilled water and filtrated through
0.22 �m membrane filter before use.

Stock solution of chlorogenic acid (1.8 mmol/L) and caffeic acid
3.4 mmol/L) were prepared by using 5% (v/v) methanol–buffer
olution (pH 7.0, 8 mmol/L KH2PO4–4 mmol/L Na2B4O7 solution)
nd diluted to the desired concentration with the running buffer
ust prior to use. Both solutions were kept in a 4 ◦C refrigerator and
ere stable for at least 2 months.

Buffer solution was prepared from the mixture of 0.1 mol/L
H2PO4 and 0.05 mol/L Na2B4O7. And then the desired concentra-

ions of buffers were obtained by diluting with distilled water. The
H values of buffers were adjusted accurately by 0.1 mol/L H3PO4
r 0.1 mol/L KOH with a pH meter. The running buffer used for
lectrophoresis was 8 mmol/L KH2PO4–4 mmol/L Na2B4O7, unless
ndicated otherwise.

.2. Apparatus

The CE-ED assembly was self-constructed in this laboratory and
as similar to that described previously [31]. A high-voltage power

upply (Shanghai Institute of Nuclear Research, China) provided a
oltage of up to 30 kV between the ends of the capillary. The inlet
nd of the capillary was held at a positive potential and the outlet
nd was grounded; the apparatus was housed in an interlock box to
revent the operator from accidental shock. It was reported that for
nd-column amperometric detection method when the capillary
nternal diameters was less than 25 �m, the potential field effect
n background noise could be negligible [32,33]. In this experiment,
30 cm length of 25 �m i.d., 360 o.d. �m uncoated fused-silica cap-

llary was used (Yongnian Optical Fiber Factory, Heibei, China). The
nused capillary had been flushed with 0.1 mol/L sodium hydrox-

de solution for four hours before use, then rinsed with 0.1 mol/L
Cl and doubly distilled water for 10 min each. Between run, the
apillary was rinsed with 0.05 mol/L sodium hydroxide solution,
oubly distilled water and running buffer for 5 min, respectively.

A conventional three-electrode electrochemical cell consisting
f a 300 �m diameter carbon disc working electrode, a platinum
uxiliary electrode, and a Ag/AgCl (saturated KCl) electrode as
eference electrode, was connected to a BAS LC-4C electrochem-
cal detector (Bioanalytical Systems Inc., West Lafayette, IN, USA).
efore use, the working electrode was successively polished with
mery paper and alumina powder, sonicated in water, and finally
xactly leveled with the outlet of the capillary and shaped a wall-jet
onfiguration. The data were recorded by TL9902 analytical system
f chromatogram.

The hydrolysis was carried out in a constant temperature water
ath (Medical Treatment Instrument Factory, Jiangsu, China).

.3. Hydrolysis procedures

The constant temperature water bath was adjusted to the
esired temperatures at which the hydrolysis was carried out (70,
0 and 90 ◦C, respectively). One tube was filled with 600 �L of

.12 mmol/L chlorogenic acid solution and the other was full of
he same volume of 8 mmol/L KH2PO4–4 mmol/L Na2B4O7 buffer
olutions. Both of them were placed into the constant temperature
ater bath for 20 min. The buffer solution was then added to the

bove tube containing chlorogenic acid and mixed by shaking. In a
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migration time for the two analytes. The relative standard devi-
ations (RSDs) of peak current and migration time were 2.7% and
1.1% for chlorogenic acid, 3.4% and 1.1% for caffeic acid, respectively
(n = 7).
Fig. 1. Hydrolysis rea

ertain interval time, an accurate volume of 100 �L of hydrolysates
as transferred to another tube, and then ice was used in order

o terminate the hydrolysis reaction. At last the solution was ana-
yzed by CE-ED, and the measurement was repeated for three times
t least. The hydrolysis times ranged from 1 to 8 h.

. Results and discussion

.1. Electrochemical characteristic

Due to the fact that the molecular structure of both chloro-
enic acid and caffeic acid possessing hydroxyl groups, the two
nalytes are anticipated to be electroactive at electrode, and this
as been verified by cyclic voltammetry. The optimal detection
otential for CE was determined by measuring the hydrodynamic
oltammograms (HDVs) potential ranging from 800 to 1050 mV
or chlorogenic acid and caffeic acid. As a compromise of higher
urrent responses and lower noise, the applied potential of work-
ng electrode was maintained at ±900 mV (versus Ag/AgCl). The
xperiment indicated that the working electrodes could present
ood stability and high reproducibility at the optimum potential
or more than two months.

.2. Optimum conditions for electrophoresis

To determine the optimum conditions for the separation and
etection of chlorogenic acid and caffeic acid, a standard mixture
olution was analyzed to optimize the composition of the buffers
nd the voltage.

In this study, single constituent buffer was firstly considered, but
oor Rs were obtained. It was found that the satisfied separation
nd good sensitivity could be obtained when the KH2PO4–Na2B4O7
uffer solution was used as the carrier buffer. This is likely due to
he following reasons. On the one hand, as demonstrated in the
iterature [34], B4O7

2− and hydroxyl of glucose in the structure
f chlorogenic acid could form ligand, then Rs of chlorogenic acid
nd caffeic acid would be improved. On the other hand, it was also
escribed [35] that the effective mobility (�ef), Rs and analysis time
tA) was increased with the cation in buffer solution according to
he order of Li, Na, and K. As a result, it was considered that KH2PO4
as more helpful than NaH2PO4 for this analysis system.

Both pH and concentration of the buffer play a key role in CE
ethod. It had been mentioned that chlorogenic acid could be

ydrolyzed to produce caffeic acid and quinic acid in alkalescent
queous solution, so neutral solution was suitable for the running

uffer of electrophoresis. In this study, buffer solutions with dif-
erent pH values (6.8, 7.0, 7.2, 7.4 and 7.6) were tested. In the range
rom 7.0 to 7.6, the two current response peaks were separated com-
letely, however, their current response reduced with the increase
f the pH value. So, pH 7.0 was selected as the optimum pH. The

F
(
i
b

of chlorogenic acid.

ffect of the concentration of the buffer was also investigated. On
he promise of enough resolution of two analytes, low concen-
ration of buffer was employed to reduce the migration time and
mprove sensitivity. As a compromise, 8 mmol/L KH2PO4–4 mmol/L
a2B4O7 solution was selected.

The effect of separation voltage on separation efficiency of CZE
as investigated in the range of 12–24 kV. In this range, the migra-

ion times of the analytes were significantly shortened and the
urrent signals were increased a little when the separation voltage
ncreased. However, when it was higher than 18 kV, the Rs were
educed to less than 1.6. Therefore, 18 kV was selected as the sepa-
ation voltage. Electrokinetic sampling was used in our experiment.
he injection time ranging from 4 to 14 s was optimized, and 10 s
as selected as the injection time in this experiment.

The typical electropherogram of a standard mixture solution
onsisted of chlorogenic acid (8.3 × 10−5 mol/L) and caffeic acid
1.5 × 10−4 mol/L) was obtained under the optimum conditions and
hown in Fig. 2. It can be seen from Fig. 2 that these two analytes
ere completely separated within 7 min at room temperature.

.3. Validity of CE-AD method

Under the optimized conditions, a standard mixture solution
as tested to determine the repeatability of the peak current and
ig. 2. Electrophorograms of standard mixture.
1) Chlorogenic acid (8.3 × 10−5 mol/L); (2) caffeic acid (1.5 × 10−4 mol/L), work-
ng potential: 900 mV; injections: 18 kV × 10 s; separation voltage: 18 kV; running
uffer: 8 mmol/L KH2PO4–4 mmol/L Na2B4O7 (pH 7.0).
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Table 1
Regression equations and the detection limitsa.

Compounds Regression equation Y = a + bXb Correlation coefficient Linear range (�mol/L) Detection limitsc (�mol/L)

Chlorogenic acid y = −0.1906 + 0.1071x 0.9995 0.48–122 0.09
Caffeic acid y = −0.2102 + 0.0559x 0.9991 0.76–226 0.19

mol/L).
= 3ıb/s).
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a Conditions were the same as in Fig. 2.
b Where Y is the peak current (in 1 nA) and X is the compound concentration (in �
c The detection limits were calculated according to IUPAC recommendations (LOD

A series of the standard mixture solutions of chlorogenic acid
nd caffeic acid with the concentration in the range of 0.48–122
nd 0.76–226 �mol/L, respectively, were tested to determine the
inearity for this pair of hydro-analytes at the carbon disc electrode
n = 3). The detection limits was obtained as 0.09 and 0.19 �mol/L,
espectively by IUPAC recommendation (LOD = 3ıb/s). The results
f detection limits and regression analysis on calibration curves
re presented in Table 1. The calibration carves exhibited an excel-
ent linear response, R = 0.9995 and 0.9991 for chlorogenic acid and
affeic acid, respectively over three orders magnitude of the con-
entration.

Furthermore, the recoveries of spiked sample was determined
o examine the accuracy of the proposed method. A standard mix-
ure solution of 5.6 × 10−5 and 1.1 × 10−4 mol/L of chlorogenic acid
nd caffeic acid, respectively, was selected as the spiked sample.
hen two different concentrations of standard mixture solution
ere added to the spiked sample, and the recoveries of chlorogenic

cid and caffeic acid were in the range of 105–111% and 98.1–116%,
espectively.

.4. Kinetic study on hydrolysis of chlorogenic acid

According to the Section 3.3, the hydrolysis of chlorogenic acid
as carried out in the constant temperature water bath (90 ◦C).

ig. 3 shows the typical electropherograms of chlorogenic acid and
◦
ydrolyzate caffeic acid at 90 C in 8 mmol/L KH2PO4–4 mmol/L

a2B4O7 (pH 9.0) buffer solution when the hydrolysis time were
, 2, 3, and 4 h, respectively. As shown in Fig. 3, the change of the
eak currents of peak 1 and peak 2 demonstrates the change of con-
entrations of chlorogenic acid and caffeic acid during the process

ig. 3. Electrophorogram showing of the hydrolysis of chlorogenic acid.
onditions were the same as in Fig. 2.
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ig. 4. Relationship between ln C and t for chlorogenic acid hydrolysis reaction at
arious temperatures in pH 9.0 solution.

f hydrolysis. The peak current of chlorogenic acid was decreased
radually with the hydrolysis time increased, while the peak cur-
ent of caffeic acid was increased at the same time.

As we known, kinetic constant of hydrolysis depends on the
emperature closely. The hydrolysis of chlorogenic acid at temper-
ture of 70 and 80 ◦C was carried out in the same way and then the
ariation of the concentration with hydrolysis time was observed.
ig. 4 shows the relationship between ln C and t for chlorogenic
cid hydrolysis reaction (at pH 9.0) at various temperatures (at
0, 80, 90 ◦C), and it exhibits a good linearity. The experimental
esults indicated that the hydrolysis velocity decreased with the
ecreasing of reaction temperature under the same acidity (pH 9.0).

Then the hydrolytic reaction in a buffer solutions with pH of
.0 was carried out, and the result showed that it would take at

east 15 h to complete the hydrolysis reaction at 90 ◦C under pH
.0, while only 12 h under pH 9.0. This indicated that the hydrolysis
ate constant was closely related to the alkalinity of the hydrolysis
olution. Higher alkalinity would be helpful to increase the reaction
ate.

In the light of Eq. (2) of Section 2, a straight line can be obtained
y plotting ln C against t (h) at different alkalinity of the hydroly-
is solution. The slope of the line is −k, and k is the rate constant
f hydrolysis reaction. In order to obtain the activation energy of
hlorogenic acid hydrolysis reaction, the plot of ln k versus 1/T is

apping according to Eq. (4) of Section 2. A good linearity between

n k and absolute temperature T−1 is approximately in accordance
ith Van’t Hoff Rule. The regression equation, correlation coef-
cients, and the calculated activation energy in two pH values
olutions are shown in Table 2. The activation energies under pH

able 2
nfluence of pH on activation energy of chlorogenic acid hydrolysisa.

H Regression equation Correlation coefficient Ea (kJ mol−1)

.0 ln k = −8615.0/T + 22.842 0.9986 71.62

.0 ln k = −7007.7/T + 18.436 0.9994 58.26

a Conditions were the same as in Fig. 2.
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.0 and pH 9.0 are 71.62 and 58.26 kJ mol−1, respectively. It was
hown that higher pH would lower the activation energy of hydrol-
sis reaction. The good straight-line illustrated E was approximately
constant, which is independent of T in the tested temperature

ange.

. Conclusion

In this work, capillary electrophoresis with electrochemical
etection was found to be a useful technique for studying the
inetic aspects of chlorogenic acid hydrolysis in aqueous solu-
ion. Except for the determination of hydrolysis rate constant, the

ethod would promise to be applied to the study of other physico-
hemical constant, such as the dissociation constant (pKa), binding
onstant and so on for other compounds existed in the crude
rugs.
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a b s t r a c t

A new automated spectrophotometric method for the determination of total sulfite in white and red wines
is reported. The assay is based on the reaction of o-phthalaldehyde (OPA) and ammonium chloride with
the analyte in basic medium under SI conditions. Upon on-line alkalization with NaOH, a blue product is
formed having an absorption maximum at 630 nm. The parameters affecting the reaction – temperature,
pH, ionic strength, amount concentration and volume of OPA, amount concentration of ammonium chlo-
ride, flow rate and reaction coil length – and the gas-diffusion process – sample and HCl volumes, length
eywords:
ulfite
etermination
as-diffusion
equential injection
pectrophotometry

of mixing coil, donor flow rate – were studied. The proposed method was validated in terms of linearity
(1–40 mg L−1, r = 0.9997), limit of detection (cL = 0.3 mg L−1) and quantitation (cQ = 1.0 mg L−1), precision
(sr = 2.2% at 20 mg L−1 sulfite, n = 12) and selectivity. The applicability of the analytical procedure was eval-
uated by analyzing white and red wine samples, while the accuracy as expressed by recovery experiments
ranged between 96% and 106%.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Sulfite is a naturally occurring by-product of the fermentation
rocess in winemaking. Sulfites are added to wine and many other
ood products in order to preserve their freshness and shelf life.
t plays two important roles. Firstly, it is an anti-microbial agent,
nd as such is used to help curtail the growth of undesirable fault
roducing yeasts and bacteria. Secondly, it acts as an antioxidant,
afeguarding the wine’s fruit integrity and protecting it against
rowning. In winemaking, this usually takes the form of sulphur
ioxide. If SO2 is not added, the aging process of wine is greatly
ccelerated [1,2]. Since the 1980s, the use of sulfites has come under
ncreased scrutiny due to potential health concerns. United States
ood and Drug Administration regulations require food and wine
roducers to indicate “contains sulfites” on the label of any prod-
ct that has at least 10 mg L−1. These regulations, which went into
ffect in 1986, were instituted because sulfite-sensitive individu-
ls who are deficient in the natural enzyme to metabolize it can

xperience allergic reactions [3,4].

It is therefore important to develop reliable methods for the effi-
ient quality control of sulfite in wines both during production
nd storage after bottling. Recently reported analytical meth-

∗ Corresponding author. Tel.: +30 2310997804; fax: +30 2310997719.
E-mail address: themelis@chem.auth.gr (D.G. Themelis).
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ds (2000–2008) for the determination of sulfite apply a variety
f instrumental approaches: electroanalytical approaches [5–10]
ncluding amperometric biosensors [11–13] are popular among sci-
ntists due to the properties of the analyte, capillary electrophoresis
oupled to either UV [14] or conductivity detection [15,16], fluo-
escence/chemiluminescence [17–19], vapour generation ICP-OES
20], FTIR [21], piezoelectric sensors [22] and light scattering detec-
ion [23].

UV–vis spectrophotometry is an interesting alternative for rou-
ine applications as it offers cost-effective and widely available
nstrumentation, low operational costs and simple handling. On
his basis, two batch spectrophotometric methods [24,25] and two
ptical sensors [26,27] have been reported recently for the deter-
ination of sulfites. Although they offer adequate analytical figures

f merit they suffer for the necessity of synthesizing the analyti-
al reagent [24] and the sensing membranes [26,27] making them
ather unattractive to routine analyses.

Flow injection techniques have offered invaluable analytical
ools for over thirty years in terms of rapidity, cost-effectiveness,
recision and accuracy. Recent reports on FI to the analysis of sul-
tes include a variety of approaches based on amperometry [28,29],

hemiluminescence [30], fluorescence [31], conductivity [32] and
ost commonly spectrophotometric detection [33–36]. A potential

isadvantage of FI is the complicated, multi-channelled manifolds
hat are often proposed by analytical scientists. This is particu-
arly evident in the case of sulfite, where a gas-diffusion step is
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lso incorporated in the majority of the assays [28,29,31–36]. Four-
hannelled [32,35], five-channelled [31] or even six-channelled
etups [33,36] have therefore been recommended. To overcome
his limitation Ruzicka and Marshall introduced sequential injec-
ion analysis, where all necessary analytical steps are carried
ut in a practically single-channelled mode [37]. To our knowl-
dge, only two SI methods have been reported so far for the
etermination of sulfite. The first is based on the well-known
ormaldehyde–pararosaniline system with photometric detection
38] and the second on the use of a boron-doped diamond electrode
nd amperometric detection [39]. Both assays employ on-line gas-
iffusion while the former utilizes three pumps [38] and the latter
continuously flowing acceptor stream to avoid disturbances of

he electrochemical detector from the discontinuous operation of
I [39].

The scope of the present study is to propose a new auto-
ated method for the determination of total sulfite in wines. The
ethod is based on a promising batch chemical system in terms

f both selectivity and sensitivity [40]. The analyte reacts with o-
hthalaldehyde (OPA) in the presence of ammonia in phosphate
uffer medium. Upon addition of NaOH to the reaction mixture,
deep blue product is formed having an absorption maximum at
30 nm. In order to accomplish this two stage process, a hybrid
I–FI system was utilized. Sulfite was separated from the wine
atrix through an on-line gas-diffusion process incorporated in

he SI manifold, followed by reaction with OPA in the presence of
mmonia. The reaction mixture was merged on-line with a contin-
ously flowing of NaOH prior to detection. The proposed method
ffers considerable advantages for routine analysis: automation
hrough a practically two-channelled manifold; simple and low
ost instrumentation including photometric detection; commer-
ially available reagents; no complicated sample pretreatment
rior to analysis; adequate sensitivity and linearity for this kind
f determination; selectivity against potential interfering species
nd acceptable sampling rate.

. Material and methods
.1. Instrumentation

A schematic diagram of the hybrid SI–FI manifold used is
hown in Fig. 1. It was comprised of the following parts: a micro-

ig. 1. Schematic depiction of the hybrid SI–FI setup: C: water as carrier; PP:
eristaltic pump; HC: holding coil; MPV: multi-position valve; S: sample; HCl:
.0 mol L−1 HCl solution; R1: OPA (c = 1 × 10−2 mol L−1); R2: ammonium chloride
c = 2 × 10−2 mol L−1)/phosphate buffer (pH 8.5, 7.5 × 10−2 mol L−1); W: waste; MC:

ixing coil (30 cm/0.5 mm i.d.); GDU: gas-diffusion unit; TS: thermostat; RC1

nd RC2: reaction coils (60 cm/0.5 mm i.d.) and D: spectrophotometric detector
�max = 630 nm).
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lectrically actuated 10-port valve (Valco, Switzerland); a Tecator
Hoganas, Sweden) 5023 FIAstar double-beam spectrophotometer
quipped with a 1-cm long flow cell of 18-�l internal volume;
Gilson (Minipuls3, France) peristaltic pump for the SI steps; a

eristaltic pump of a Tecator 5010 FI analyzer for delivering the
aOH solution; a ChemifoldTM Type V gas-diffusion unit (Tecator,
weden).

The hardware was interfaced to the controlling PC through
multi-function I/O card (6025 E, National Instrument, Austin,

X). The control of the system and the data acquisition from the
etector were performed through a special program developed in
ouse using the LabVIEW 5.1.1 instrumentation software package
National Instrument, Austin, TX).

PTFE gas-diffusion membranes were also provided by Tecator
nd were typically replaced on a weekly basis. The flow system
sed 0.5 mm i.d. Teflon tubing throughout, while Tygon pump tubes
ere used for aspirating/delivering the solutions.

.2. Reagents

All reagents were of analytical grade and provided by Merck
Darmstadt, Germany) unless stated otherwise. All other reagents
sed for interferences experiments were purchased from either
igma–Aldrich or Merck and were salts of analytical grade as
ell. Ultra-pure quality water, produced by a Milli-Q system

Millipore, Bedford, US) was used for preparation of all the
olutions.

The stock sulfite solution (� (SO3
2−) = 1000 �g mL−1) was pre-

ared daily in 0.1 mol L−1 NaOH. Working standards were prepared
y appropriate dilutions of the stock solution also in 0.1 mol L−1

aOH in order to match the alkalinity of the samples after treat-
ent.
The OPA working solution (c (OPA) = 1 × 10−2 mol L−1) was pre-

ared by dispersing an accurately weighed amount of the reagent
n 100 �L MeOH and diluting to 10 mL with de-ionized water. The
esulting solution was ultra-sonicated for 5 min to facilitate com-
lete dissolution. The reagent was found to be stable for 1 week if
ept refrigerated and protected from the light.

The stock NH4Cl solution (c (NH4Cl) = 0.1 mol L−1) was prepared
n de-ionized water. Working solutions were prepared by dilution
f the stock in 7.5 × 10−2 mol L−1 phosphate buffer (pH 8.5).

A 1 mol L−1 NaOH stock solution was prepared by dissolving
he appropriate amount of NaOH pellets in de-ionized water. HCl
tock solution (3 mol L−1) was prepared by proper dilution of the
oncentrated acid (� = 1.19, w = 37%) in water.

.3. SI–GD procedure for aqueous solutions

The optimum SI sequence is shown in Table 1. In brief, each cycle
egan with filling of the acceptor stream of the gas-diffusion unit
ith the ammonium chloride–buffer mixture (steps 1–6). Sam-
ling involved delivering of a “sandwiched” acidified sample zone
hrough the donor line (steps 7–14). During the detection step, OPA
eagent was aspirated and the reaction mixture was propelled at the
onfluence point where it was merged with the continuous-flowing
aOH stream and driven towards the spectrophotometric detector

steps 15–18). The duration of the cycle was 360 s, corresponding
o a sampling rate of 10 h−1.

At the beginning and end of a working day all ports and
ines of the SI manifold were flushed with 3 mL of de-ionized

ater. It should be noted that when changing between sam-
les, an additional washing step was performed in order to avoid
arryover effects; 3 × 200 �L of the new sample/standard was
spirated to the HC, and then flushed through port 7 to waste
W).
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Table 1
SI sequence for the determination of sulfite.

Step a/a Time (s) Valve position Pump action Flow rate (mL min−1) Action description

1 1 6 Off – Selection of acceptor port
2 10 6 Aspirate 1.8 Aspiration of acceptor (R2) in the HC
3 1 1 Off – Selection of detector port
4 10 1 Deliver 0.9 Filling the acceptor groove of the GDU
5 1 7 Off – Selection of waste port
6 20 7 Deliver 1.8 Flushing of the HC

Sampling
7 1 4 Off – Selection of HCl reagent port
8 5 4 Aspirate 0.6 Aspiration of HCl in the HC
9 1 3 Off – Selection of sample port

10 10 3 Aspirate 1.2 Aspiration of sample in the HC
11 1 4 Off – Selection of HCl reagent port
12 5 4 Aspirate 0.6 Aspiration of HCl in the HC
13 1 2 Off – Selection of donor port
14 100 2 Dispense 0.4 Propulsion of mixture to the donor channel

Detection
15 1 5 Off – Selection of OPA port (R1)
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16 7.5 5 Aspirate
17 1 1 Off
18 180 1 Deliver

.4. Analysis of wine samples

The method was applied to the analysis of white and red wines.
mL of each sample was treated with an equal volume of 1 mol L−1

aOH in order to liberate bound sulfites from the wine matrix, since
ue to their nucleophilic character they tend to react with endoge-
ous wine components such as aldehydes [41–43]. The mixture was
iluted to a final volume of 50 mL with de-ionized water prior to

njection in the SI system.

. Results and discussion

.1. Preliminary experiments

Preliminary experiments were carried out in order to inves-
igate whether the chemical system proposed by Abdel-Latif
or the determination of sulfite [40] could be automated using
equential injection analysis. The experiments confirmed that the
ulfite–OPA–ammonium reaction mixture had to be merged with a
ighly alkaline NaOH solution in order to achieve adequate sen-
itivity in the visible region (�max = 630 nm). However, effective
lkalization could not be performed under sequential injection con-
itions, in a practically single-channelled mode. It was therefore
ecessary to develop a hybrid sequential–flow injection manifold,
y incorporating a continuously flowing NaOH stream prior to spec-
rophotometric detection, as can be seen in Fig. 1.

Although the method proposed by Abdel-Latif was claimed to
e highly selective, a gas-diffusion step was introduced in the auto-
ated setup in order to avoid potential interferences from the
ine samples matrix, including color and amino acids. It should

e noted that Abdel-Latif in order to compensate the effect of such
nterferences used the first derivative of the absorption spectrum
40].

.2. Study of the color-forming reaction

The various instrumental and chemical variables that affect

he chemical reaction were investigated without the gas-diffusion
tep – using the univariate approach – at 10 mg L−1 sulfites. A
ybrid SI–FI manifold similar shown in Fig. 1 was used through-
ut the study, adopting a three-zones configuration. In brief,
ample, ammonium-buffer and OPA zones were aspirated sequen-

2
t
p

r

0.6 Aspiration of OPA in the HC
– Selection of detector port
0.2 Propulsion of mixture to the detector

ially in the holding coil and propelled towards the confluence
oint where they were merged with the NaOH stream. The
nal reaction product was monitored spectrophotometricaly at
30 nm. The starting values of the studied variables were: T = 25 ◦C;

(sample) = V (ammonium-buffer) = V (OPA) = 50 �L; qV (detec-
or) = 0.6 mL min−1; c (OPA) = 5 × 10−3 mol L−1; l (RC2) = 60 cm/
.5 mm i.d.; c (NH4Cl) = 1 × 10−2 mol L−1; pH 8.5 (5 × 10−2 mol L−1

hosphate buffer) and c (NaOH) = 0.5 mol L−1. It should be noted
hat the length of the thermostated reaction coil (RC1) was kept
t 60 cm/0.5 mm i.d. and the flow rate of the NaOH stream at
.2 mL min−1 throughout this study.

The effect of temperature on the reaction was investigated in the
ange of 25–70 ◦C. The experimental results are depicted in Fig. 2A.
s can be seen, an almost linear increase in the signals was observed
ithin the studied range. Higher temperatures produced irrepro-
ucible results due to bubbles formation even if a restriction coil
as used at the detector waste-line. 70 ◦C was therefore selected

or further studies.
The effect of the flow rate of the reaction mixture towards the

onfluence point prior to detection was studied in the range of
.6–0.2 mL min−1. The experimental results are shown in Fig. 2B.
he signals increased by ca. 165% by decreasing the flow rate within
he studied range. The value of 0.2 mL min−1 was selected for sub-
equent experiments.

The reaction coil RC2 determines the contact-time between
he reaction mixture and the NaOH solution. Its effect was stud-
ed between 30 and 90 cm (0.5 mm i.d. in all cases). Maximum
bsorbance was observed at 60 cm, while longer coils resulted
n lower absorbance values due to pre-domination of dispersion
ffects.

The effect of the amount concentration of NaOH was studied
n the range of 0.25–1.0 mol L−1. No significant variations were
ecorded within this range. The value of 0.5 mol L−1 was selected
or further experiments.

The amount concentration of ammonium chloride had a more
arking effect on the sensitivity of the developed method. An

lmost linear increase in absorbance was obtained between 0.5 and

× 10−2 mol L−1, while the phenomenon was less pronounced in

he range of 2–5 × 10−2 mol L−1. The value of 2 × 10−2 mol L−1 was
referred for subsequent studies.

The effect of the pH on the reaction was investigated in the
ange of 7.0–10.0 using 5 × 10−2 mol L−1 phosphate buffer in all
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ig. 2. Study of instrumental and chemical variables: (A) effect of temperature; (B)
ffect of the acceptor flow rate and (C) effect of the amount concentration of OPA.
or experimental details see Section 3.2.

ases. A plateau was obtained in the range of 8.0–9.0, while the
ignals decreased for lower and higher pH values. This behavior
s an advantage of the proposed assay, since no strict pH control
s required. The ionic strength of the buffer had a moderate effect
n the signals in the range of 1–5 × 10−2 mol L−1 and practically no
ffect up to 0.1 mol L−1. The value of 7.5 × 10−2 mol L−1 was selected
or further experiments.

Variation of the amount concentration of OPA between 0.2
nd 1 × 10−2 mol L−1 resulted in a non-linear increase in the mea-
ured absorbance (Fig. 2C). Higher OPA amount concentrations
esulted in the formation of blue precipitates within the flow
ines, a phenomenon that has also been previously observed in
ow injection manifolds [31]. These precipitates could be removed
ffectively only by flushing the system with acetone. The amount
oncentration of 1 × 10−2 mol L−1 was selected for subsequent

nvestigations.

Finally, the effect of the volume of the OPA reagent was studied in
he range of 25–100 �L. Steady state in absorbance was observed
ithin the range of 50–100 �L, with a small decrease at 25 �L. A

olume of 75 �L was preferred for further investigations.
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.3. Study of the gas-diffusion step

The gas-diffusion step was studied using the hybrid SI–FI setup
hown in Fig. 1 and under the selected values of the variables
entioned in the previous section. The investigated variables were

he flow rate of the donor stream, the sample injection volume,
he volume and amount concentration of the HCl solution and
he length of the mixing coil (MC). It should be noted that in
rder to achieve efficient acidification of the sample, the latter
as “sandwiched” between two HCl zones of equal volumes. The

tarting values of these variables were: qV (donor) = 0.6 mL min−1;
(sample) = 50 �L; V (HCl) = 2 × 50 �L; c (HCl) = 1.0 mol L−1 and l

MC) = 60 cm/0.5 mm i.d.
The flow rate of the donor stream is a critical parameter in

n-line gas-diffusion procedures since it determines the time con-
act between the sample and the semi-permeable membrane and
herefore the efficiency of the diffusion process. Its effect was inves-
igated in the range of 0.2–0.6 mL min−1. Higher sensitivity was
btained at a flow rate of 0.2 mL min−1, while no significant differ-
nces were observed in the range of 0.3–0.6 mL min−1. A flow rate
f 0.4 mL min−1 was selected as a compromise between sensitivity
nd sampling frequency.

The effect of the sample injection volume was studied in the
ange of 50–300 �L. The experiments showed an almost linear
ependence between the volume and the measured absorbance.
he value of 200 �L was preferred in terms of sensitivity and
ampling rate. On the other hand, no significant variations were
btained for HCl volumes in the range from 100 (2 × 50) to 200
2 × 100) �L. The volume of 100 �L was therefore selected for sub-
equent experiments.

Another potentially critical parameter affecting the gas-
iffusion process is the amount concentration of HCl. Since the
tandards and wine samples contain a final NaOH amount con-
entration of 0.1 mol L−1, a sufficiently acidic environment must be
nsured in order to promote the formation of gaseous sulfur diox-
de. The experiments showed a ca. 40% increase on sensitivity in
he range of 0.2–1.0 mol L−1 HCl, while leveling-off was obtained
hereafter. The latter value was selected for further studies.

Finally, the effect of the length of the MC was studied in the range
f 30–90 cm. The length of the mixing coil determines the extent
f overlapping between the sample and HCl zones and, therefore,
he efficiency of the formation of sulfur dioxide and gas-diffusion
tep. However, the experiments showed no variations within the
nvestigated range. 30 cm was selected as it provided adequate
verlapping of the zones.

.4. Method validation

The developed method was validated in terms of linearity, limits
f detection and quantitation, precision, selectivity and accuracy
sing the SI setup shown in Fig. 1.

.4.1. Linearity
Linearity was obeyed in the range of 1–40 mg L−1 sulfite follow-

ng the regression equation

= 13.7 (±2.3) + 12.6 (±0.1)� (sulfite)

here A is the absorbance as measured by the flow through detector
n mA U and � (sulfite) is the mass concentration of the analyte in
g L−1. The validity of the calibration curve was evaluated by the
alue of the regression coefficient, the distribution of the residuals
nd response factor (R.F.) test [44]. The acceptance limit for the
egression coefficient was a value of >0.999, while for the response
actor test was set to be within ±5% of the experimental slope as
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Table 2
Study of interferences.

Interfering species Specie/analyte mass
concentration ratio

Percent recovery, R
(%)a (20 mg L−1 SO3

2−)

Glycine 100 101
Tartaric, citric, oxalic,
malic, malonic, ascorbic,
boric

100 97–102

SO4
2− , NO3

− , F− , SCN− ,
CH3COO− , CO3

2−
100 96–102

Ca(II), Mg(II), Zn(II), Fe(III),
Cu(II)

50 97–103

CN− 10 102
E
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Table 3
Accuracy of the proposed assay.

Wine samplea,b Sulfite added (mg L−1) Sulfite found (mg L−1) Recovery, R (%)

White A 5.0 5.3 106
10.0 9.9 99
15.0 15.3 102

White B 5.0 5.0 100
10.0 10.2 102
15.0 15.5 103

Red A 5.0 4.8 96
10.0 10.1 101
15.0 14.7 98

Red B 5.0 5.1 102
10.0 9.7 97
15.0 15.0 100

a Mean of three results.
b Spiked after 1:10 sample dilution.

Table 4
Determination of total sulfites in white and red wine samples.

Wine sample Sulfite found by SI (mg L−1)a ± SD Reference methodb (mg L−1)

White A 114 ± 3 108
White B 132 ± 5 136
White C 101 ± 2 105
White D 112 ± 4 116
Red A 63 ± 2 60
Red B 91 ± 2 89
R

1
5
a
e

3

b
p
t
i
6
c
m
w
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f
[

4

m
a
m
(
n

thanol 20%b 99

a The acceptance limit is 95–105%.
b Corresponds to a volume fraction of 20% in the test sample.

iven by the equation:

.F. = peak height (mA U) − intercept
� (sulfite)

The regression coefficient was 0.9996. The values of the
.F. ranged between −4.8% (at 2.0 mg L−1 sulfite) and +1.3% (at
5 mg L−1 sulfite), verifying the validity of the regression line. The
lot of the residuals indicated random distribution around the
zero” line.

.4.2. Limits of detection and quantitation
The limits of detection and quantitation (cL and cQ) of the

roposed assay were calculated according to the IUPAC recom-
endations, as 3.3sb/m and 10sb/m, respectively, where sb is the

tandard deviation of the blank measurements (n = 8), and m is the
lope of the calibration graph [45]. On this basis, the cL and cQ of
he proposed method were calculated to be 0.3 and 1.0 mg L−1 sul-
te, respectively. These values are adequate for the determination
f the analyte in real wine samples.

.4.3. Precision
The within-day precision of the proposed method was evalu-

ted by repeated injections (n = 12) of a sulfites standard solution
t the 20 mg L−1 level. The relative standard deviation was 2.2%. The
etween-day precision for five consecutive at the same concentra-
ion level was less than 8%.

.4.4. Study of interferences
The selectivity of the assay against several potentially interfering

pecies was examined by analyzing mixtures of the species with the
nalyte at a sulfite mass concentration of 20 mg L−1. The study of
nterferences was focused on metals, anions and organic acids that

ay co-exist with sulfites in real samples. The experimental results
re shown in Table 2. As OPA is a well-known reagent for amino
cids, glycine was investigated as a model compound at a maxi-
um mass ratio of 100:1. The incorporation of the gas-diffusion

tep in the method, offered sufficient selectivity against such com-
ounds. On the other hand, cyanide ions react with OPA [46] and are
olatile under acidic conditions forming HCN. However, the experi-
ents showed that cyanides are adequately tolerated at a 10:1 ratio.

inally, ethanol was found to be tolerable at satisfactory volume
raction of 20% that is above the usual percentage in wine samples. It
hould be noted that the acceptance criterion for non-interference
as set at percent recoveries in the range of 95–105% compared to

sulfite standard solution at the same mass concentration.

.4.5. Accuracy
The accuracy of the developed method was validated by recov-

ry experiments after spiking wine and red wine samples (diluted

r
T
c
p
r

ed C 88 ± 3 92

a Mean of three results.
b Based on iodimetric titration [47].

:10) with known amounts of sulfite standards, in the range of
–15 mg L−1. These experiments included in Table 3, verified the
ccuracy of the proposed assay since the calculated percent recov-
ries ranged between 96% and 106%.

.5. Analysis of wine samples

The applicability of the developed SI method was evaluated
y analyzing white and red wine samples for total sulfite. Sam-
les were treated as described in Section 2.4 and analyzed using
he sequence as shown in Table 1. The experimental results are
ncluded in Table 4. The total sulfite content ranged between
3 and 132 mg L−1. The validity of the results was confirmed by
omparison of the found values to those derived by the EU recom-
ended iodine-based titrimetric approach [47]. Good agreement
as observed in all cases, as the relative errors were in the range
f −4.5% to +5.2%. As expected, higher total sulfite values were
ound in white wines, which is in accordance with the literature
1,2].

. Conclusions

The present study reports a new automated assay for the deter-
ination of total sulfite in white and red wines by incorporation of
gas-diffusion step in a hybrid SI–FI manifold and spectrophoto-
etric detection. The proposed method offers adequate sensitivity

cL = 0.3 mg L−1) and linear determination range (up to 40 mg L−1),
o complicated procedures prior to analysis, acceptable sampling

ate of 10 h−1 and readily available instrumentation and reagents.
horough validation in terms of precision, accuracy and selectivity
onfirmed the applicability of the developed analytical assay. The
ercent recoveries from the analysis of real samples were in the
ange of 96–106%.
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a b s t r a c t

The introduction of chloroform into the nebulising gas of a LC/MS electrospray interface (ESI), in a perfectly
controlled way, leads to the formation of intense adducts ([M+Cl]−) when a mobile phase containing HMX
(1,3,5,7-tetranitro-1,3,5,7-tetrazacyclooctane or octogen) and RDX (1,3,5-trintro-1,3,5-triazacyclohexane
or hexogen) is eluted. This LC/MS method allows the direct analysis of aqueous samples containing HMX
and RDX at the pictogram level without a concentration step. The method is used to determine HMX and
vailable online 1 November 2008

eywords:
C/MS
SI
xplosive

RDX concentrations in ground water samples from a military site.
© 2008 Elsevier B.V. All rights reserved.
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. Introduction

In the group of organic explosives, HMX and RDX are, among the
ilitary explosives, the most widely used (Fig. 1). Because of their

oxicity (RDX is a possible human carcinogen [1]), the monitoring of
he explosives released into the environment is an important topic.
hose compounds can be detected in soils or in natural waters [2].
o, the use of suitable and efficient analytical methods devoted to
race analysis is therefore required.

The thermal lability of HMX and RDX (named as nitramines)
referably leads to the use of liquid chromatography (LC) instead
f gas chromatography (GC) [3]. Usually, as described in the US EPA
ethod 8330, the analysis of aqueous samples containing explo-

ives is carried out by LC/UV after a concentration step [4]. A
ample volume equal to 1 L is necessary. This method is tedious,
ime-consuming and UV detection leads to a poor sensitivity
1–10 �g L−1).

The 2004 edition of the drinking water standards and health

dvisories of the US Environmental Protection Agency (US EPA)
ecommends a maximum of 400 �g L−1 for HMX and a maximum
f 2 �g L−1 for RDX in drinking water for a life-time exposure
1]. The estimated quantitation limits of the EPA Method 8330,

∗ Corresponding author. Tel.: +33 169265127.
E-mail addresses: olivier.vigneau@cea.fr (O. Vigneau),

avier.machuron-mandard@cea.fr (X. Machuron-Mandard).
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hen no concentration step is achieved, are equal to 13 �g L−1

or HMX and 14 �g L−1 for RDX [5]. Owing to its poor sensitivity,
his method is not fully fulfilled for direct analysis of aqueous sam-
les containing traces of RDX. Thanks to its good sensitivity, mass
pectrometry allows the detection of a specific ion at traces level.
he development of atmospheric pressure ionisation (API) interface
n mass spectrometry allows direct detection of traces of explo-
ives by LC/MS, without a concentration step [6–8]. The complete
eparation of different explosives having very different physical
roperties (such as nitramines, nitric esters and nitroaromatics)

n a same run cannot be easily realised on conventional reverse
hase columns. LC separation with porous graphitic carbon (PGC)
olumn followed by MS detection with negative adduct formation
llows the analysis of nitramines, nitric esters and nitroaromatics
n a single method [9,10]. Tachon et al. compare the analysis by
C/MS of explosives with an atmospheric pressure chemical ioni-
ation (APCI) interface for forensic investigations [9]. The described
C/APCI-MS method claims good performances in terms of selectiv-
ty, sensitivity and robustness. However, the limits of detection for
MX and RDX are respectively equals to 3.6 ng and 2.2 ng. Holm-
ren et al. used the same method (LC separation with PGC column
ollowed by APCI/MS) and obtained the quite similar limits of detec-

ion for HMX (0.7 ng) and RDX (3.2 ng) [10]. The main drawback
f APCI interface is that it requires a high temperature (typically
minimum of 300 ◦C) to ensure the complete vaporisation of the
obile phase leading to partial loss of heat labile compounds. For

xample, the thermal decomposition values of HMX and RDX are
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Fig. 1. Structural formulae of HMX and RDX.

espectively equals to 280 ◦C and 213 ◦C [11]. So, in APCI part of the
DX molecules decompose yielding NO2

− species which leads to
dduct formation with a second RDX molecule producing abun-
ant [M+NO2]− cluster ions [6]. This parameter could hamper the
nalysis of environmental samples containing ultratraces of such
xplosives.

In the case of nitramines analysis, ESI is the most suitable
nterface [8]. The drawback of the use of ESI instead of APCI is
hat nitroaromatics are more difficult to ionise. In ESI, most of
he explosives are detected as adduct-species with the exception
f nitroaromatics (such as trinitrotoluene, dinitrobenzene, trini-
robenzene) [12,13]. Indeed, the use of additives can enhance the
nalyte ionisation efficiency leading to higher mass spectrometer
ensitivity. In ESI, HMX and RDX are difficult to ionise due to a lack
f acidic hydrogen and because their mass spectra are composed
f multiple ions [6,14]. To enhance the sensitivity and to allow a
etter identification of the explosives, some papers report the use
f additives such as ammonium salts or organic acids [6,7,12,14,15].
n the presence of those salts, the mass spectra of HMX and RDX
re composed of intensive ions of [M+X]− (X = Cl, CH3COO, NO3 or
COO).

Mathis and McCord present a comprehensive method to allow
he screening of a panel of high explosives (HMX, RDX, EGDN,
G and TNT) [12]. Different ammonium salts (nitrate, formate,
cetate and chloride) are added to the mobile phase in order to
erform multiple negative adduct formation of the different ener-
etic compounds analysed. By adding those salts directly to the
hromatographic mobile phase additional specificity and selectiv-
ty is obtained. Indeed, information relating to the relative extent of
dduct formation (based on intensity ratios) in addition to adduct
tability is used to provide a multiplexed detection scheme. No
nformation on the limits of detection obtained is given.

A sensitive method for HMX quantification in environmental
amples using LC/ESI-MS is reported by Pan et al. [14]. A detection
imit of 0.78 pg for HMX is obtained (lowest detection limit obtained
o date) by adding a small amount of acetic acid to the mobile phase
nd operating at relatively low heated capillary temperature.

The introduction of the additives could be done in various points
f the LC/MS apparatus. Indeed, it could be introduced in the aque-
us mobile phase, by a post-column system or into the gas feed of
he API interface of the mass spectrometer (in the case of a volatile
dditive).

In this paper, a LC/MS method allowing the direct analysis of
atural water samples contaminated by HMX or RDX at the pic-
ogram level without preparation of the sample is described. The
nalysis of HMX and RDX is conducted because these compounds
espond poorly when analysed by GC/MS. Nitroaromatics can be
asily analysed by GC/MS so this work only focuses on the analysis
f nitramines.

The influence of the additive introduction either in the mobile

hase of the LC part or into the nebulising gas of the electrospray
ESI) interface is compared. The post-column process is not consid-
red here because the introduction of the additive by a post-column
pparatus dilutes the analyte and spreads the chromatographic
eaks [16]. A system is described, allowing the introduction of a

c
a
e
m
a
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iquid additive into the nebulising gas of the electrospray ionisa-
ion (ESI) interface of a mass spectrometer, in a perfectly controlled
ay, leading to limits of detection for HMX and RDX at pictogram

evel.

. Experimental

.1. Chemicals

RDX and HMX standards are provided by Supelco (Saint
uentin Fallavier, France) as 1 mg mL−1 solutions in acetonitrile.
n intermediate solution containing 1 mg L−1 of each compound

n acetonitrile is prepared. This solution is used to prepare cal-
brated aqueous solutions at different concentrations. Methanol
nd acetonitrile are both HPLC grade and are provided by VWR
Fontenay-sous-Bois, France). HPLC grade chloroform is purchased
rom Sigma–Aldrich (Saint Quentin Fallavier, France). Ammonium
hloride salt is from Merck (Fontenay-sous-Bois, France). Ultra-
ure water used for the preparation of mobile phases and standard
olutions is obtained from a Millipore MilliQ-10 system. Standard
olutions and samples are filtered with syringe filters before anal-
sis (PALL Acrodisc CR 25 mm Syringe filter with 0.45 �m PTFE
embrane) provided by VWR (Fontenay-sous-Bois, France).

.2. Standard LC/MS apparatus

A VARIAN 1200L triple quadrupole mass spectrometer,
quipped with an ESI interface, coupled with a VARIAN liquid chro-
atograph is used. In the negative mode, synthetic air is employed

s nebulising gas and nitrogen is used as drying gas. The liquid
hromatographic system is composed of two VARIAN 210 pumps, a
acuum membrane degasser and a VARIAN 410 MIDAS autosam-
ler. This configuration is used when the additive is added to
he mobile phase. In this case, the chromatographic separation
s achieved with a VARIAN column (Pursuit C18 reversed-phase
ype, 25 cm × 2 mm × 5 �m) using an isocratic mobile phase made
f water and methanol (50/50, v/v) at a flow-rate of 0.2 mL min−1.
mmonium chloride is employed as an additive and dissolved in

he aqueous mobile phase. It is introduced in the aqueous phase
t low concentration (C = 1 × 10−3 mol L−1 in water) leading to an
mmonium chloride concentration in the mobile phase equal to
.5 × 10−3 mol L−1. The sample injection volume is 100 �L.

.3. Modified LC/MS apparatus

Our patented system [17], allowing the introduction of the
dditive into the nebulising gas of the ESI interface, needs the mod-
fication of the gas feed. A syringe-pump, a syringe and a stainless
teel tee are connected to the nebulising gas supply of the ESI
nterface (Fig. 2). The liquid ionisable additive is introduced in the
yringe and its flow rate is controlled by the syringe pump. A timer
riggered by the autosampler controls the time and the length of
he additive’s introduction. This introduction occurs during a short
ime window centred around the retention time of the analyte. The
dditive is sprayed by the nebulising gas and is carried to the ESI
eedle. At the tip of the needle, the analytes – carried by the LC
luent – and the additive are ionised leading to the formation of
he adduct ions (e.g. [M+X]− in a negative mode). Then, those ions
re transferred to the analyser of the mass spectrometer. Note that
n principle, any mass spectrometer equipped with an ESI interface

an be used. The LC eluent is directed to the waste for the first 6 min
nd after 17 min of analysis via a six-port valve. The fraction of elu-
nt between 6 min and 17 min is introduced in the ESI needle of the
ass spectrometer. In this case, the chromatographic separation is

chieved with a VARIAN column (Pursuit C18 reversed-phase type,
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(CH2Cl2) [25] at the ESI needle. This is confirmed by the presence
of two abundant ions at m/z values equal to 35 Th and 37 Th with
a 3:1 ratio in mass abundance.

Fig. 4 demonstrates the need to control the flow rate of addi-
tive injected in the nebulising gas. The chromatographic peak areas
Fig. 2. Introduction of a liquid ionisable ad

5 cm × 2 mm × 5 �m) using an isocratic mobile phase of water and
ethanol (70/30, v/v) at a flow-rate of 0.2 mL min−1. The sample

njection volume is 100 �L.

.4. Sample preparation

All water samples are kept at 4 ◦C in the dark during shipment
nd storage. Prior to their analysis, the samples are filtered through
yringe filters. Each extract volume is placed into an autosampler
ial (2 mL) for LC/MS analysis.

.5. Identification and quantification of HMX and RDX

HMX and RDX are identified, in selected ion monitoring (SIM)
ode, by their retention time, the presence in their mass spectra of

he ions [HMX+35Cl]− (m/z = 331 Th), [HMX+37Cl]− (m/z = 333 Th),
RDX+35Cl]− (m/z = 257 Th) and [RDX+37Cl]− (m/z = 259 Th) and the
bundance ratio of the ions [M+35Cl]− and [M+37Cl]− for which a
atio of 3 to 1 is expected.

The quantification of HMX and RDX is achieved, also in SIM
ode, by measuring the area of the chromatographic peak corre-

ponding to the ions [HMX+35Cl]− (m/z = 331 Th) and [RDX+35Cl]−

m/z = 257 Th).

. Results and discussion

.1. Introduction of an additive in the mobile phase

In our first experiments, ammonium chloride is used as an
dditive. The continuous introduction of this mobile phase in the
lectrospray interface has deleterious effects [18–20]. The use of
alt in the LC eluent clogs up the mass spectrometer, since the evap-
ration of solvent leads to a deposit of the salt involving a decrease
n sensitivity. After 24 h of constant introduction of the LC eluent in
he electrospray interface, the sensitivity of the mass spectrometer
ecreases dramatically. Indeed, as can be seen in Fig. 3, the sig-
al response of ions corresponding to [HMX+Cl]− and [RDX+Cl]−

s reduced by practically 50% after 24 h of repeated analyses of a
ater sample containing traces of HMX and RDX (2 �g L−1 of each).
o, the liquid ionisable additives (such as chloroform or methy-
ene chloride) with a low boiling point are more suitable because
f their volatility. Those additives can be introduced in the LC elu-
nt [16,21] but their concentration could not be modified easily
nd some additives are not fully miscible with the aqueous mobile
hase. So, the introduction of the additive is realised by another
ay.

F
o
m
c
a

in the nebulising gas of the ESI interface.

.2. Introduction of an additive into the nebulising gas of the ESI
nterface

As mentioned above, to introduce an additive into the neb-
lising gas of the electrospray interface, it is better to use an

onisable volatile organic compound. In the case of the analysis
f ethylene glycol dinitrate (EGDN), Lawrence [22] used diffusion
ubes to dope the gas stream of an ion mobility spectrometer
ith dichloromethane and to produce chloride adducts. However,

his process does not permit careful control of the dopant con-
entration. So, in our experiments the introduction of the vapors
f ionisable additives (such as chloroform, methylene chloride,
itromethane. . .), in a perfectly controlled way, is realised into
he gas feed of an electrospray interface of a mass spectrometer
o improve the analyte ionisation efficiency. This process needs a
light modification of the ESI interface (Fig. 2).

In the presence of chloride ions and in negative mode, HMX and
DX are known to give the corresponding adducts [HMX+Cl]− and
RDX+Cl]− [15,23]. In our system, the chloride ions are produced
y ionisation of chloroform (CHCl3) [24] or methylene chloride
ig. 3. Decrease of the signal response in LC/ESI-MS after 24 h of repeated analyses
f an aqueous mixture of HMX and RDX (2 �g L−1 of each), with a chromatographic
obile phase containing ammonium chloride (0.5 × 10−3 mol L−1). The values are

alculated as the ratio of signal values at different time to the signal value obtained
t the beginning of the study (t = 0 h).
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Table 1
LOD and LOQ obtained for HMX and RDX compared to EPA recommendations.
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ig. 4. Influence of the flow rate of chloroform introduced into the gas feed of the
SI interface on the chromatographic peak areas at different concentrations of HMX
nd RDX (1–100 �g L−1 of each).

f analytes at different concentrations (1–100 �g L−1) are stud-
ed when increasing flow rates of chloroform introduced in the
ebulising gas. When the chloride concentration increases (by

ncreasing the flow rate of chloroform), the fractions of [HMX+Cl]−

nd [RDX+Cl]− raise, which results in an increase of peak areas of
ach analyte. Moreover, as can be seen, a minimum of flow rate is
ecessary to ensure a maximum response signal for HMX and RDX.
he flow rate must be adapted to a range of concentration of the
nalytes to obtain a stable signal even if a slight variation of the flow
ate of additive occurs. The minimum flow rate of chloroform for
he concentration range 0.02 �g L−1 to 5 �g L−1 in nitramines (HMX
nd RDX) is equal to 2 �L min−1. For the 5–20 �g L−1 concentration
ange of nitramines, a minimum of 10 �L min−1 is required. The
inimum flow rate of chloroform required for the concentration

ange of HMX and RDX between 20 and 100 �g L−1 is 20 �L min−1.

.3. Detection limit (LOD) and quantification limit (LOQ) for HMX
nd RDX

In all the following experiments, chloroform is used as additive

nd is introduced into the gas feed of the ESI thanks to our sys-
em. Calibration standards at six concentrations (0.1–5 �g L−1) are
repared by diluting the intermediate standard solution in water.
he limits of detection and the limits of quantification for HMX and

ig. 5. Calibration curves for HMX and RDX when chloroform is injected in the
ebulising gas (flow rate = 2 �L min−1).

h
s
t
i
a

F
0

roduct LOD (�g L ) LOQ (�g L ) US EPA recommendations (�g L )

MX 0.02 0.05 400
DX 0.02 0.05 2

DX (4 replicates for each calibration level) are determined. Those
olutions are analysed with an injection of chloroform in the neb-
lising gas, between the 6th and 17th minute of the run, at a flow
ate of 2 �L min−1. As shown in Fig. 5, a good linearity is achieved
R2 = 0.999) for both compounds.

The limit of detection and the limit of quantification are obtained
rom a statistical analysis of the signal response. For a distribution
f values presumed to be Gaussian, for a risk value of 5%, the LOD
alue is equal to 3.29 sB. For the purpose of simplification, the con-
entional value is set to 3 sB. Usually, the LOQ value is set to 10 sB
26]. In LC, the blank standard deviation is not directly available [26]
herefore the weighted linear regression method is used to esti-

ate the LOD and the LOQ for HMX and RDX. The values obtained
re summarised in Table 1. A good correlation is observed with
xperimental results obtained with standard solutions containing
he analytes at the LOD and LOQ concentration levels. The two chro-

atograms shown on Fig. 6 illustrate the response in LC/MS when
tandard solutions containing HMX and RDX, both at 0.02 �g L−1

nd 0.05 �g L−1 are injected. With a sample loop volume of 100 �L,
he LOD obtained for HMX and RDX equals an injected mass
f 2 pg.

The system allowing additive introduction into the gas feed of
n ESI interface could have a great interest to enhance the sensitiv-
ty in liquid chromatography/atmospheric pressure ionisatinon by
nion attachment mechanism. Our process, could be used instead
f salts or post-column derivation to improve the detection and the
dentification of various compounds [27,28], such as monosaccha-
ides [29], oligosaccharides [30], chlorinated paraffins [16], lipids
31] or penicillins [32] with an ESI interface.

.4. Application of the method for natural ground water samples

As mentioned before, because of their potential to cause adverse
ealth effects on people exposed to them, the monitoring of explo-

ives released into the environment is an important topic. At this
ime, there is a lack of European regulations and guidelines regard-
ng explosives. Health advisories have been established for HMX
nd RDX by US EPA and those are used as reference.

ig. 6. Chromatograms obtained after injection of 100 �L of solutions containing
.02 �g L−1 and 0.05 �g L−1 of HMX and RDX.
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Table 2
HMX and RDX concentrations measured in three natural ground water samples of
a military site (six replicates for each sample). The data are subjected to statistical
analysis by the Student–Fisher test, with a 95% confidence level and Student–Fisher
constant of 2.57. Results are presented as mean ± error.

Sample [HMX] (�g L−1) [RDX] (�g L−1)

Ground water sample 1 1.3 ± 0.1 0.42 ± 0.02
Ground water sample 2 0.41 ± 0.02 <0.02a

Ground water sample 3 0.24 ± 0.01 0.02 < x < 0.05b

t

f
T
s
i
c
m

h
o
i
i
t
[
o
a
o
g
i

4

g
a
s
f
i
r

s
i
n
d
h
a
t
w

m
w

R

[

[

[
[
[
[

[
[
[

[
[

[
[
[

[
[

[
[
[
[
[
[
[

[

a RDX is not detected in the sample, if RDX is present its concentration is lower
han LOD.

b RDX concentration is between LOD and LOQ.

The analysis of three natural groundwater samples, obtained
rom a military site is realised. All samples are analysed six times.
he quantitative data (six replicates by sample) are subjected to
tatistical analysis by the Student–Fisher test, with a level of signif-
cance of 0.05 (i.e. at the 95% confidence level with a Student–Fisher
onstant of 2.57). Results, reported in Table 2, are presented as
ean ± error.
Ultra-traces of HMX and RDX in those ground water samples

ave been measured. The actual military site is located on a Sec-
nd World War battlefield. HMX and RDX are known to be present
n leachate from various types of soils and are likely to migrate
nto groundwater [33,34] despite a low water solubility [35] but
here is also evidence of their persistence in soil for several years
36]. Indeed, a study carried out at the Los Alamos National Lab-
ratory, over a period of 20 years, estimates the half-life of HMX
nd RDX at 39 years and 36 years, respectively [36]. So, the absence
f significant degradation, a leaching and a transport from soil to
roundwater may explain the presence of traces of HMX and RDX
n the samples.

. Conclusion

A sensitive method, allowing the direct analysis by LC/MS of
roundwater samples containing HMX and RDX at concentrations
s low as 0.02 �g L−1, is described. The greatest advantage of our
ensitive method is that any concentration step is necessary to be
ulfilled with the US EPA recommendations. It can also be useful
n forensic analysis because after a bomb attack, the post-blast
esidues left on the bombing site are present only at trace level.

The anion attachment mechanism is important in the electro-
pray process. Negative ion adduct formation could be used to
mprove the sensitivity of detection for some analytes which do
ot have sites with permanent charge or ionisable groups. Electron

eficient atoms, which bind to electronegative atoms such as the
ydrogen present on hydroxyl groups, could offer binding sites for
nions. Our patented system could be of great interest to enhance
he identification and the sensitivity to various compounds ionised
ith an ESI interface. It also could be used in negative or in positive

[

[

[
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ode, according to the additive used. The system is also compatible
ith an atmospheric pressure chemical ionisation (APCI) interface.
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a b s t r a c t

To develop viscosity-sensitive fluorescent probes, five different substituted 2-phenylbenzo[g]quinoxaline
derivatives (3a–e) were designed and synthesized by using benzo[g]quinoxaline as a fluorophore and
phenyl ring bearing a rotatable single bond as a viscosity-sensitive unit. The fluorescence properties of
these compounds were investigated in the media of the ethylene glycol–glycerol mixture with varied
vailable online 21 October 2008

eywords:
iscosity-sensitive fluorescent probe
otatable single bond
-Phenylbenzo[g]quinoxaline derivatives
lectronic effect of substituted groups

viscosity. It is found that 2-(4-hydroxyphenyl)benzo[g]quinoxaline (3d) and 2-(4-dimethylaminophenyl)-
benzo[g]quinoxaline (3e) carrying stronger electron-donating groups in the phenyl ring show more
sensitive fluorescence response to viscosity, revealing their potential use in viscosity detection and the
key role of the substituted groups. The effects of solvent polarity and pH on the fluorescent properties
of 3d and 3e were also discussed. The present study might be useful in developing viscosity-sensitive
fluorescent probes.
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. Introduction

Viscosity is an important physicochemical parameter and
any physiological diseases are related to the alteration of vis-

osity in local environment. For example, hypercholesterolemia
1], atherosclerosis [2], cell malignancy [3] and diabetes [4,5]
ave been attributed to the change in cell membrane vis-
osity. On a more macroscopic scale, the viscosity of blood
lasma also shows correlation with some disease states, such
s infections and infarction [6], hypertension [7] and diabetes
8]. Thus the measurement of viscosity in biological systems
s of great importance for the understanding of various dis-
ases. The traditional method for determining viscosity is by
irtue of a mechanical viscometer, which however suffers from
ome drawbacks, such as time-consuming measurement pro-
ess and inconvenience in monitoring viscosity on a microscopic
cale.

Because of its convenience and high sensitivity as well

s its high spatial and temporal resolution capability, fluo-
escence spectroscopy has been widely used in various fields
9–11]. Up to now, a number of viscosity-sensitive fluorescent
robes, such as 3,3-dimethyl-2-phenyl-3H-indole [12], 2-(p-

∗ Corresponding author. Tel.: +86 10 62554673; fax: +86 10 62559373.
E-mail address: mahm@iccas.ac.cn (H. Ma).
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imethylaminostyryl)benzo-xazole [13], molecular rotors [14,15]
nd N-aryl-9-aminoacridizinium derivatives [16], have been devel-
ped, and some of them have been utilized to monitor the
ssembly processes of tubulin [14] and the viscosity change in
ell membrane [15]. However, most of the reported viscosity-
ensitive fluorescent probes have a relatively short-wavelength
mission, which may suffer from the interferences of background
uorescence from common biological matrixes. Obviously, the
evelopment of viscosity-sensitive fluorescent probes with long-
avelength emission is still a challenge. Moreover, systematic

tudies on the relationship between structures and analytical
roperties of viscosity-sensitive fluorescent probes would be sig-
ificant.

In our opinion, the fluorescent probes that are sensitive to vis-
osity should contain two units. One is the fluorophore, which is
sed to produce fluorescence signal; the other is the viscosity-
ensitive moiety capable of rotating. With the increase of viscosity,
he internal rotation is hindered and the concerned nonradiative
e-excitation is thus decreased, accompanying the enhancement of
uorescence intensity. Based on this principle, five different sub-
tituted 2-phenylbenzo[g]quinoxaline derivatives were designed

nd synthesized by using benzo[g]quinoxaline as a fluorophore and
henyl ring bearing a rotatable single bond as a viscosity-sensitive
nit (3a–e, Fig. 1), and their fluorescence properties were investi-
ated in the present work. Herein, we describe the results of such
study.
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Fig. 1. Synthesis of the 2-phen

. Experimental

.1. Apparatus and reagents

A Hitachi F-2500 spectrofluorimeter was used for fluorescence
easurements. The absorption spectra were recorded in 1 cm cells
ith a Techcomp UV-8500 spectrophotometer (Shanghai, China). A
odel HI-98128 pH-meter (Hanna Instruments Inc., USA) was used

or pH measurements. Electrospray ionization mass spectra (ESI-
S) were measured with LC-MS2010 (Shimadzu, Japan). Elemental

nalyses were carried out with a Flash EA 1112 instrument. 1H
MR spectra were measured on a Bruker DMX-400 spectrometer at
00 MHz in CDCl3 or d6-DMSO with tetramethylsilane as the inter-
al standard. The viscosity of the mixture of ethylene glycol and
lycerol with different volume ratios was measured using Brook-
eld Dial Reading Viscometer (USA). A model HI-98128 pH-meter
Hanna Instruments Inc., USA) was used for pH measurements.

4-Dimethylaminoacetophenone and 4-hydroxyacetophenone
TCI, Japan), 4-chloroacetophenone (Merck), 4-methoxyaceto-
henone and acetophenone (Beijing, China), selenium dioxide
Shanghai, China) and 2,3-diaminonaphthalene (Acros) were used
s received. The solvents and other chemicals employed were all of
nalytical grade.

.2. Synthesis of different substituted
-phenylbenzo[g]quinoxaline derivatives

As illustrated in Fig. 1, the 2-phenylbenzo[g]quinoxaline
erivatives (3a–e) can be synthesized by the reaction of 2a–e
ith 2,3-diaminonaphthalene. Different substituted phenylglyoxal

ydrate (2a–e) was prepared via the oxidation of the correspond-
ng acetophenone (1a–e) by selenium dioxide following the known

ethod of the literature [17]. In brief, a mixture of 1,4-dioxane
10 mL), water (0.5 mL), selenium dioxide (1.11 g, 0.01 mol) and the
orresponding acetophenone (1a–e) (0.01 mol) was refluxed for 3 h,
nd then filtered to remove selenium. The filtrate was concentrated
y rotary evaporation. The oily residue was mixed with 20 mL of
ater, and then refluxed for 3 h with stirring. The resulting solu-

ion was clarified with charcoal, except for the preparation of 2e.
pon cooling, the hydrate 2a–e was crystallized from the above
olution.

The general procedure for the synthesis of 3a–e is as follows:

he mixture of 2,3-diaminonaphthalene (0.3 mmol) and the cor-
esponding phenylglyoxal hydrate (0.3 mmol) in 3 mL 1,4-dioxane
as stirred at room temperature for 30 min, and then the reaction
ixture was diluted with 30 mL of water. After stirring for an addi-

ional 5 min, the formed precipitate was filtered and purified by

3

w
s
t

zo[g]quinoxaline derivatives.

ilica–gel column chromatography with the different volume ratios
f ethyl acetate and petroleum ether as eluent.

2-(4-Chlorophenyl)benzo[g]quinoxaline (3a): Yield: 87%. 1H NMR
400 MHz, CDCl3, 298 K) ı 7.59 (d, J = 8.3 Hz, 2H), 7.61–7.64 (m, 2H),
.14–8.16 (m, 2H), 8.25 (d, J = 8.3 Hz, 2H), 8.77 (s, 1H), 8.79 (s, 1H),
.38 (s, 1H). ESI-MS, m/z (relative intensity): 290.9 (100%) [M+H]+,
92.9 (30%) [M+2+H]+. Elemental analysis: calcd. for C18H11ClN2: C
4.36, H 3.81, N 9.63%; found, C 74.42, H 3.84, N 9.62%.

2-Phenylbenzo[g]quinoxaline (3b): Yield: 81%. 1H NMR
400 MHz, CDCl3, 298 K) ı 7.57–7.62 (m, 5H), 8.13–8.15 (m,
H), 8.29 (d, J = 7.3 Hz, 2H), 8.74 (s, 1H), 8.78 (s, 1H), 9.41 (s, 1H).
SI-MS, m/z: 257.2 [M+H]+. Elemental analysis: calcd. for C18H12N2:
84.35, H 4.72, N 10.93%; found, C 84.43, H 4.72, N 10.87%.

2-(4-Methoxyphenyl)benzo[g]quinoxaline (3c): Yield: 72%. 1H
MR (400 MHz, CDCl3, 298 K) ı 3.93 (s, 3H), 7.12 (d, J = 8.5 Hz, 2H),
.57–7.61 (m, 2H), 8.11–8.13 (m, 2H), 8.27 (d, J = 8.5 Hz, 2H), 8.67 (s,
H), 8.71 (s, 1H), 9.38 (s, 1H). ESI-MS, m/z: 287.2 [M+H]+. Elemental
nalysis: calcd. for C19H14N2O: C 79.70, H 4.93, N 9.78%; found, C
9.61, H 5.03, N 9.74%.

2-(4-Hydroxyphenyl)benzo[g]quinoxaline (3d): Yield: 67%. 1H
MR (400 MHz, d6-DMSO, 298 K) ı 7.0 (d, J = 8.6 Hz, 2H), 7.63–7.65

m, 2H), 8.22–8.25 (m, 2H), 8.31 (d, J = 8.6 Hz, 2H), 8.72 (s, 1H),
.74 (s, 1H), 9.58 (s, 1H), 10.13 (s, 1H). Negative ESI-MS, m/z: 271.1
M–H]−. Elemental analysis: calcd. for C18H12N2O: C 79.39, H 4.44,

10.29%; found, C 79.27, H 4.58, N 10.47%.
2-(4-Dimethylaminophenyl)benzo[g]quinoxaline (3e): Yield: 69%.

H NMR (400 MHz, CDCl3, 298 K) ı 3.10 (s, 6H), 6.87 (d, J = 8.6 Hz,
H), 7.51–7.57 (m, 2H), 8.08 (d, J = 7.4 Hz, 2H), 8.23 (d, J = 8.6 Hz, 2H),
.61 (s, 1H), 8.63 (s, 1H), 9.36 (s, 1H). ESI-MS, m/z: 300.2 [M+H]+.
lemental analysis: calcd. for C20H17N3: C 80.24, H 5.72, N 14.04%;
ound, C 80.28, H 5.81, N 14.06%.

.3. Fluorescence measurements

The compound 3a–e was dissolved in N,N-dimethylformamide
DMF) to prepare its stock solution of 1 mM.

To test the effect of viscosity, 50 �L of the stock solution of 3a–e
as mixed with 10 mL of the ethylene glycol–glycerol mixture in a

est tube, and then the fluorescence of the resulting solution was
easured at 20 ◦C.
The effect of solvent polarity was examined by measuring the

bsorbance and fluorescence of 50 �L of the stock solution of 3d or

e in 10 mL of different solvents at 20 ◦C.

Because of poor water solubility of 3d and 3e, the effect of pH
as studied by measuring the fluorescence of 50 �L of the stock

olution of 3d or 3e in 10 mL of 0.1 M NaCl aqueous solution con-
aining 10–20% (v/v) DMF with varied pH values; the different pH
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Fig. 2. The fluorescence emission spectra of 5 �M of (A) 3a with �ex = 382 nm, (B)
3b with �ex = 380 nm and (C) 3c with �ex = 392 nm in the varied viscosity media of
t
(
a

i
t
d
g

K. Wang et al. / Tala

as adjusted with diluted NaOH or HCl, and measured with a model
I-98128 pH-meter.

. Results and discussion

.1. Design and synthesis of 3a–e as viscosity-sensitive
uorescent probe

As is known, viscosity-sensitive fluorescent probes are the
olecules that undergo internal rotations resulting in viscosity-

ependent changes in their emissive properties [18]. Obviously, in
his kind of probe, not only a fluorophore but also a rotatable moiety
hould be engineered [19]. To design such molecules, here we take
dvantage of the property of 2-phenylbenzo[g]quinoxalines (3a–e
n Fig. 1). Firstly, benzo[g]quinoxaline is a large conjugated skele-
on, which may act as a fluorophore emitting a long-wavelength
ight. Secondly, the phenyl ring linked to benzo[g]quinoxaline by a
ree single bond may serve as a rotatable unit. Upon the increase of
iscosity, the possibility of internal rotations would be reduced and
hus the fluorescence intensity is increased. Moreover, the substi-
uted group (R) with different electron-donor capacity in the phenyl
ing may have some effect on the sensitivity to viscosity. As a result,
ve 2-phenylbenzo[g]quinoxaline derivatives with varied substi-
uted groups (3a–e) were synthesized in this work, among which
a and 3b are the known compounds [20,21], whereas the other
hree (3c–e) are new ones.

.2. Effect of viscosity on the fluorescence properties of 3a–e

To investigate the effect of viscosity on the fluorescence prop-
rties of 3a–e, the mixture of ethylene glycol and glycerol with
ifferent volume ratios was chosen as a testing media of varied vis-
osity, because these two alcohols have comparable polarity and in
his case the viscosity would be the only influential factor in the

edia [22].
As shown in Fig. 2, with increasing viscosity, both the fluo-

escence intensities and the emission wavelengths from 3a–c do
ot change remarkably. However, the fluorescence intensities of 3d
nd 3e (Figs. 3 and 4) exhibit a great increase with increasing vis-
osity, but their emission wavelengths hardly alter. These results
how that the five 2-phenylbenzo[g]quinoxaline derivatives dis-
lay a distinct sensitivity to viscosity. That is, the compounds 3d
nd 3e give a sensitive fluorescence response to the viscosity of
edia, while the other three (3a–c) do not show this behavior.

he major difference in chemical structure among the five com-
ounds lies on the substituted group. Furthermore, it is known
hat the electron-donating ability of the substituted groups is
l < H < OCH3 < OH < N(CH3)2 [23]. Therefore, it may be concluded
hat, for the 2-phenylbenzo[g]quinoxaline derivatives, the fluores-
ence response to viscosity depends on the electron-donor capacity
f their substituted groups in the phenyl ring (Fig. 1), and stronger
lectron-donating groups such as OH and N(CH3)2 would be nec-
ssary to achieve high sensitivity to viscosity.

The reason for the above effect of the substituted groups is rather
omplicated, but a possible explanation can be made in terms of the
ormation of twisted intramolecular charge transfer (TICT) state,
hich can de-excite nonradiatively [24–26]. In other words, in the
olecule 3a–e, when the electron-donor capacity of the substi-

uted group in phenyl ring [e.g., OH and N(CH3)2] is strong enough,

he benzo[g]quinoxaline moiety may serve as an electron accep-
or. In this case, the formation of the D-�-A architecture through
he phenyl ring would be favorable, thereby benefiting the gen-
ration of TICT state. Upon increase of viscosity, the formation of
ICT state is hindered, thus leading to the increase in fluorescence

l

w
x
c

he ethylene glycol/glycerol (v/v) mixtures: (a) ethylene glycol only; (b) 7:3; (c) 5:5;
d) 3:7; (e) glycerol only. All the spectra were recorded at 20 ◦C, with both excitation
nd emission slit widths of 10 nm and a 400 V PMT voltage.

ntensity. As depicted in the inset of Fig. 3, the relationship between
he fluorescence intensity of 3d and the viscosity of media can be
escribed through Förster and Hoffmann equation [27,28] with a
ood linearity:

og I = C + x log �
here I = fluorescent emission intensity; � = solvent viscosity;
= dye-dependent constant; C = concentration and temperature
onstant.
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Fig. 3. The fluorescence emission spectra of 5 �M of 3d in the varied viscosity media
of the ethylene glycol/glycerol (v/v) mixtures: (a) ethylene glycol only; (b) 8:2; (c)
7:3; (d) 6:4; (e) 5:5; (f) 4:6; (g) 3:7; (h) 2:8; (i) 1:9; (j) glycerol only. All the spec-
tra were recorded at 20 ◦C and �ex = 394 nm, with both excitation and emission slit
widths of 10 nm, and a 400 V PMT voltage. The inset shows the linear relationship
between log I and log �.

Fig. 4. The fluorescence emission spectra of 5 �M of 3e in the varied viscosity media
of the ethylene glycol/glycerol (v/v) mixtures: (a) ethylene glycol only; (b) 8:2; (c)
7:3; (d) 6:4; (e) 5:5; (f) 4:6; (g) 3:7; (h) 2:8; (i) 1:9; (j) glycerol only. All the spec-
tra were recorded at 20 ◦C and �ex = 453 nm, with both excitation and emission slit
widths of 10 nm, and a 700 V PMT voltage. The inset shows the linear relationship
between log I and log �.
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Table 1
Fluorescence properties of 3d and 3e in different solvents.

Solvent Da �b (mPa s) 3d

�ex (nm) �em (

Dimethylsulfoxide 47.2 2.47 393 489
Glycerol 46.5 1495 394 504
Ethylene glycol 41.4 20.6 394 503
DMF 38.2 0.85 391 482
Acetonitrile 36.6 0.375 383 473
Methanol 33 0.59 391 494
Ethanol 25.3 1.2 392 491
Acetone 21 0.32 385 471
Dichloromethane 9.1 0.44 388 470 (
Tetrahydrofuran 7.5 0.55 387 448,
Toluene 2.4 0.587 388 447, 4
n-Hexane 1.9 0.313 383 438,

a Dielectric constant (D).
b Viscosity (�) of the solvents at 20 ◦C are from the literatures [22,31].
c The fluorescence quantum yield (˚) of 3d and 3e was determined by using 9,10-diphe

as a standard [32], respectively.
d Broad peak.
(2009) 1795–1799

Similarly, the fluorescence intensity of 3e also gives a linear
esponse to viscosity (the inset of Fig. 4). The above results sug-
est that the viscosity of media may be determined on the basis of
he change in fluorescence intensity of 3d or 3e for some systems.

oreover, 3d and 3e have a long-wavelength emission of >500 nm.
his is very desirable to avoid the short-wavelength fluorescence
nterferences. Because 3d and 3e show better response to viscos-
ty, in the subsequent experiments the fluorescence properties of
hese two compounds are further studied by examining the effects
f other factors such as polarity and pH.

.3. Effect of solvent polarity on fluorescence properties of 3d and
e

The dielectric constants of the solvents usually reflect their
olarity. As shown in Table 1, with the decrease of solvent polarity,
d shows a great hypsochromic shift in the fluorescence emission
axima from 489 nm in dimethylsulfoxide to 461 nm in hexane,
ith the exception in alcohols that may produce the solute–solvent

pecific interactions like hydrogen bonding [29,30]. In addition,
ual fluorescence emission was found in nonpolar solvents such
s tetrahydrofuran, toluene and n-hexane. This may result from
he fluorescence emissions of the so-called local excited (LE) state
nd intramolecular charge transfer (ICT) state. Similar phenomena
rom 2-(p-dimethylaminostyryl)benzoxazole have been observed
y Fayed [13]. Interestingly, the fluorescence quantum yield of 3d
oes not change largely in these tested solvents (Ф = 0.017–0.034),
xcept in glycerol, which has a rather high viscosity and causes a
reat increase in quantum yield (Ф = 0.081).

Similarly, with the decrease of solvent polarity, 3e also displays a
otable hypsochromic shift in fluorescence emission maxima from
04 nm in dimethylsulfoxide to 491 nm in hexane with the excep-
ion in alcohols. However, the fluorescence quantum yield of 3e
ncreases greatly from 2.75 × 10−3 in dimethylsulfoxide to 0.23 in
exane (Table 1), suggesting that the fluorescence intensity of 3e is
lso sensitive to polarity.

The above results indicate that the fluorescence emission wave-
engths of 3d and 3e exhibit a sensitive response to solvent polarity.
herefore, 3d and 3e may also be useful for polarity monitoring.
.4. Effect of pH on the fluorescence properties of 3d and 3e

As depicted in Fig. 5, the fluorescence intensity of 3d exhibits
rapid decrease when pH is over 7.6. This may be interpreted

3e

nm) Фc �ex (nm) �em (nm) Фc

0.030 450 604 2.75 × 10−3

0.081 451 570 3.98 × 10−3

0.034 453 572 6.13 × 10−4

0.030 450 594 6.65 × 10−3

0.024 438 586 7.19 × 10−3

0.017 434 566 3.38 × 10−4

0.025 450 568 1.37 × 10−3

0.020 438 576 0.025
br)d 0.029 439 563 0.11
470 0.022 438 562 0.12
70 0.018 435 521 0.18

461 0.017 420 491 0.23

nyl-anthracene (˚ = 0.95 in cyclohexane) and fluorescein (˚ = 0.95 in 0.1 M NaOH)
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Fig. 5. The effect of pH on the fluorescence emission intensity of 5 �M of 3d in 0.1 M
NaCl aqueous solution containing 10% (v/v) DMF. The fluorescence intensity was
measured at �ex = 391 nm with both excitation and emission slit widths of 10 nm,
and a 700 V PMT voltage.

Fig. 6. The effect of pH on the fluorescence emission intensity of 5 �M of 3e in 0.1 M
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aCl aqueous solution containing 20% (v/v) DMF. The fluorescence intensity was
easured at �ex = 379 nm with both excitation and emission slit widths of 10 nm,

nd a 700 V PMT voltage.

y the change in electron-donor capability of the OH group. The
onization of the OH group in basic media forms O−, which has a
tronger electron-donating ability and causes the increase in ICT
33], accompanied by the decrease of fluorescence intensity.

The effect of pH on the fluorescence intensity of 3e is somewhat
omplex. As shown in Fig. 6, the increase of pH values causes a
ast rise in fluorescence intensity of 3e, a maximum at about pH
, and then a rapid decrease. The phenomenon can be repeatedly
roduced. This may be attributed to different deprotonations of the
ultiple electronegative atoms [13,34] in the molecule during the

H transition, which affects the ICT.
For accurate detection of viscosity, the influence of pH on the

uorescence intensity should be excluded. As can be seen from
igs. 5 and 6, the fluorescence intensity of 3d and 3e is not affected

n the range of pH 3–7 and 5–11, respectively, suggesting that the

easurement of viscosity should be performed in these pH regions.
he fluorescence intensity of 3e is rather low in the range of pH
–11, which is due to the very low viscosity of the aqueous media.
owever, when the viscosity of a medium is raised, the fluorescence

[

[
[

(2009) 1795–1799 1799

ntensity will be increased (Fig. 4), and thus the viscosity change can
e measured.

. Conclusions

Five different substituted 2-phenylbenzo[g]quinoxalines bear-
ng a rotatable moiety of phenyl ring have been synthesized and
haracterized as viscosity-sensitive fluorescence probes. Among
hem, only 3d and 3e with stronger electron-donating groups
xhibit sensitive fluorescence responses to viscosity, indicating that
hese two compounds may be of great potential use in viscosity
etection, and strong electron-donor groups in the phenyl ring are
rucial to afford high sensitivity. These findings might be useful in
eveloping viscosity-sensitive fluorescent probes.
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a b s t r a c t

The use of Sudan I as an additive in food products has been prohibited in the European Union and many
other countries. In this study, a highly sensitive and specific monoclonal antibody (mAb)-based indirect
competitive enzyme-linked immunosorbent assay (ELISA) for the detection of Sudan I in food samples was
developed. The hapten derivative with a three-carbon-atom length of carboxylic spacer at the azobound
para-position was synthesized and coupled to carrier proteins. The hapten–bovine serum albumin (BSA)
conjugate was used as an immunogen, while the hapten–ovalbumin (OVA) conjugate was applied as a
coating antigen. The mAb against Sudan I was produced by hybridoma technique and the corresponding
ELISA was characterized in terms of sensitivity, specificity, precision and accuracy. At optimal experimental
conditions, the standard curve was constructed in concentrations of 0.1–100 ng mL−1. The values of IC50

for nine standard curves were in the range of 1.1–2.0 ng mL−1 and the LOD at a signal-to-noise ratio of
3 (S/N = 3) was 0.07–0.14 ng mL−1. The cross-reactivity values of the mAb with Sudan II, III and IV were
9.5%, 33.9% and 0.95%; no cross-reactivity was found with other six edible colorants: Lemon yellow, Bright
blue, Indigotin, Kermes, Amarant and Sunset yellow, indicating the assay displays not only high sensitivity
but also high specificity as well. The organic solvent effect on the assay was tested. It was observed that

the ELISA was tolerated to 30% of methanol and 10% of acetonitrile without significant loss of IC50 value.
Six food samples were spiked with Sudan I and the methanolic extracts after appropriate dilution were
analyzed by ELISA. Acceptable recovery rates of 88.2–110.5% and coefficients of variation of 2.5–17.4% were
obtained. The ELISA for nine spiked samples was confirmed by high-performance liquid chromatography
(HPLC) with a high correlation coefficient of 0.9840 (n = 9). The mAb-based ELISA proven to be a feasible
quantitative/screening method for Sudan I analysis in food samples with the properties of high sensitivity,

mple
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specificity, simplicity of sa

. Introduction

Sudan I [1-(phenylazo)-2-naphthol] belongs to Sudan dyes
hich include Sudan I, II, III, and IV (molecular structures were

hown in Table 1). These chemicals are inexpensive fat-soluble
zo-compounds which are mainly used as coloring additives in

anufacturing of some products, such as oils, wax products, and

all point inks since their bright and vivid colors could improve
uster of commercial products [1]. Sudan I is classified as a car-
inogen by the International Agency for Research on Cancer (IARC)

∗ Corresponding author. Tel.: +86 28 85471302; fax: +86 28 85412907.
E-mail address: denganping6119@yahoo.com.cn (A. Deng).
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pretreatment, high sample throughput and low expense.
© 2008 Elsevier B.V. All rights reserved.

2]. There is evidence that Sudan I is potentially carcinogenic in
odents and causes damage to genetic material since it can react
ith a given sequence of DNA in vitro [3]. It is also considered a
ossible genotoxic carcinogen and mutagen to human. For these
easons, in European Union and many other countries, Sudan I
nd other Sudan dyes are not permitted as additives in food prod-
cts for any purpose at any levels. However, Sudan dyes are still

llegally utilized as additives in foods by some merchants, par-
icularly in those containing chilli powders, relishes, chutneys,

easonings, sauces and ready meals. In the last years, the pres-
nce of Sudan I and other Sudan dyes found in food products
n China and Europe has caused a great panic among customers
4]. Therefore, for the assurance of consumer health, control of
udan dyes in food products is very crucial and the development
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Table 1
Cross-reactivity of the monoclonal antibody with Sudan I–IV and other six edible colorants.

Compound Chemical structure IC50 CR (%)

Sudan I 1.9a 100

Sudan II 20 9.5

Sudan III 5.6 33.9

Sudan IV 200 0.95

Lemon yellow >10,000 <0.01

Bright blue >10,000 <0.01

Indigotin >10,000 <0.01

Kermes >10,000 <0.01

Amaranth >10,000 <0.01

Sunset yellow >10,000 <0.01

o
r

m
c
a
E

c
s

a In the CR testing, IC50 of 1.9 ng mL−1 was obtained.

f a simple, economic and rapid analytical method is urgently
equired.
The standard analysis method is based on liquid chro-
atography approved by the European Union [5]. Other liquid

hromatographic methods associated with different detectors such
s UV [6], APCI-MS [7–8], ESI-MS [9], DAD [10], DAD-ESI-MS [11],
SI-MS/MS [12], capillary LC/Q-TOF-MS [13], CL [14], electrochemi-

a
e
o
M
w

al detection [15], etc. for the analysis of Sudan dyes in different food
amples have been reported. Generally, chromatographic methods

re high cost and time-consuming, mainly because of complicated,
xpensive instrument and extensive sample preparation. Therefore,
ther techniques for detecting Sudan dyes were also developed.
olecularly imprinted polymers based extraction method coupled
ith HPLC detection were reported for selectively measurement of
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udan dyes in foods [16]. Sudan I, II, III and IV were also separated
y capillary electrophoresis combined with UV-detection, with an
OD of 96 ng mL−1 [17]. Multi-wall carbon nanotube-based electro-
hemical sensor for determination of Sudan I was reported, with
he detection limit of 5 ng mL−1 [18]. Recently, Huang et al. found
hat Sudan dyes react with silver nitrate to produce silver nanopar-
icles, resulting in obvious plasmon resonance scattering signals
t 452 nm, which was used to determine 0.2–2.4 �mol Sudan I,
owever, sensitivity was low and selectivity rather poor [19].

Immunoassays, especially enzyme-linked immunosorbent
ssays (ELISAs), are analytical methods which are based on the
pecific interaction between an antibody and corresponding
ntigen. The most significant advantages of ELISAs over the
raditional instrumental methods are their high sensitivity and
pecificity, simple sample preparation, high throughput, and
herefore, low cost per sample. ELISAs have been widely used
or the determination of both large and small analytes such as
roteins, microorganisms [20,21], antibiotics [22], hormones [23],
esticides [24] halogenated and aromatic pollutants [25,26], and
ven heavy metals [27] in the biological, medical, agricultural, and
nvironmental area.

In our previous study, a polyclonal antibody (pAb) based ELISA
or the determination of Sudan I in food samples was developed
28]. To our knowledge, that was the first report of the immunoas-
ay for Sudan I, a notorious illegal additive in food products.
owever, as expected, the drawbacks of the pAb are mainly on

ts limited supply and heterogeneous affinity binding with the
orresponding antigen. Recently, a monoclonal antibody (mAb)-
ased ELISA to detect Sudan dyes and Para red was published
29]. In that paper, however, the Sudan I derivative was simply
ynthesized by azocoupling reaction using 2-naphthol and diazo-
ised 4-aminobenzoic acid. The functional group, e.g. carboxylic
roup, which is used for coupling Sudan I molecule to carrier pro-
ein, was directly attached to the benzene ring. As there was no
pacer between Sudan I molecule and carrier protein, the Sudan
molecule might be partially embedded in the protein, e.g. the
udan I molecule might be incompletely exposed to immunolog-
cal system of immunized animal. Consequently, the monoclonal
ntibody exhibited high specific affinity binding with Sudan III and
ara red, showing group specific instead of target analyte specific.
o overcome the problems associated with pAb and to produce high
pecific monoclonal antibody, the aims of this study are to adopt a
ovel synthesizing approach for the preparation of Sudan I deriva-
ive, to produce monoclonal antibody (mAb) against Sudan I with
omogeneous and specific affinity binding and unlimited antibody
upply, and to develop a sensitive and specific mAb-based ELISA
or Sudan I detection in foods. In this study, Sudan I derivative with
three-carbon-atom length of linking spacer bearing a carboxylic
roup at the end was synthesized and covalently coupled to carrier
roteins for the preparation of immunogen and coating antigen.
he mAb against Sudan I was prepared by hybridoma technique
nd used to establish an indirect competitive ELISA. The proposed
LISA was validated by a conventional HPLC method for the analysis
f Sudan I in food samples.

. Experimental

.1. Chemicals, apparatus, buffers and solutions
.1.1. Chemicals
Sudan I, II, III, IV (HPLC grade), bovine serum albumin (BSA),

valbumin (OVA), casein, 3,3′,5,5′-tetramethylbenzidine (TMB),
ween-20, methanol (HPLC grade), dimethyl sulfoxide (DMSO),
imethylformamide (DMF), N,N′-dicyclohexylcarbodiimide (DCC),

I
t
a
a
o
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-hydroxysuccinimide (NHS), Freund’s complete and incomplete
djuvants, horseradish peroxidase labeled goat anti-mouse IgG
onjugate (HRP-GaMIgG), hypoxanthine aminopterin thymidine
HAT), hypoxanthine thymidine (HT), polyethylene glycol (PEG
000), amarant, kermes, indigotin, bright blue and Lemon yel-

ow were purchased from Sigma (Luis, Mo. 63178, USA). RPMI
640 was bought from GibcoBri (Paisley, Scotland). Cell medium
nd fetal calf serum was from Minhai (Lanzhou, China). Mouse
P2/0 myeloma cell was bought from the Cell Bank of Chinese
cience Academy (Shanghai, China). BALB/C mice were purchased
rom Experimental Animal Center of Sichuan University (Chengdu,
hina).

.1.2. Apparatus
ELISA reader (Sunrise Remote/Touch Screen) and microtiter

late washer (M12/2R) were bought from Columbus plus (Tecan,
rödig, Austria). CO2 incubator (HF 151 UV) was from Heal-
ore Development Ltd. (Shanghai, China). Spectrophotometer
V-2300 was from Techcomp (Shanghai, China). Microtiter plate

haker (KJ-201C Oscillator) was from Kangjian Medical Appa-
atus, Co., Ltd. (Jiangsu, China). Polystyrene microtiter plates
96-well) were from Haimen Plastic (Jiangsu, China). Deionized-
O water supply system (DZG-303A) was purchased from AK
ompany (Chengdu, Joint Company between Chengdu and Tai-
an).

.1.3. Buffers and solutions
(1) Coating buffer: 0.05 mol L−1 carbonate buffer, pH 9.8;

2) coating antigen stock solution: 1 mg mL−1 of coating anti-
en prepared with coating buffer; (3) assay buffer: 0.01 mol L−1

hosphate-buffered saline (PBS) pH 7.4, containing 145 mmol L−1

aCl; (4) washing buffer (PBST): assay buffer with 0.1% (v/v) of
ween-20; (5) blocking solution: 1% of casein in assay buffer;
6) acetate buffer: 100 mmol L−1 sodium acetate acid buffer, pH
.7; (7) substrate solution (TMB + H2O2): 200 �L of 10 mg mL−1

MB dissolved in DMF, 20 �L of 5% H2O2 and 1 mL of acetate
uffer were added to 20 mL of pure water; (8) stop solution:
ulfuric acid (5%). (9) Sudan I standard solutions at the con-
entrations of 0, 0.1, 0.3, 1.0, 3.0, 10, 30 and 100 ng mL−1 were
repared by diluting the stock solution (1 mg mL−1, by dissolv-

ng Sudan I red powder in DMF) with methanol:water (5:95,
/v).

.2. Synthesis of Sudan I derivative

Sudan I–3-propanoic acid [Sudan I–C3, Fig. 1(a)] was syn-
hesized in three steps according to the procedures described
n Ref. [28]. Briefly, malonic acid was firstly reacted with 4-
itrobenzaldehyde in freshly distilled pyridine with acetamide as
catalyst. Then, the synthesized 3-(4-nitrophenyl)acrylic acid was

educed by hydrogen with palladium-C catalyst. Finally, the hydro-
en reduction product 3-(4-aminophenyl)propanoic was reacted
ith 2-naphthol to form Sudan I–3-propanoic acid. The structure

f synthesized Sudan I–C3 was confirmed by NMR spectrum.

.3. Preparation of immunogen and coating antigen

The carboxylic acid-derivative Sudan I–C3 was conjugated to
SA and OVA by the DCC/NHS ester method as described in the

iterature [30]. Briefly, equimolar amounts (0.15 mmol) of Sudan

–C3, NHS, and DCC were dissolved in 300 �L of DMF and the mix-
ure was incubated overnight at 25 ◦C. The solution was centrifuged
t 12,000 rpm (e.g. 13,400 × g) for 10 min and the supernatant was
dded slowly to 100 mg of protein (BSA or OVA) dissolved in 5 mL
f 0.13 mol L−1 NaHCO3 under stirring. After incubation for 4 h at
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ig. 1. The structures of: (a) Sudan I–C3, (b) Sudan I–C3–BSA and (c) Sudan
–C3–OVA.

5 ◦C, the solution was centrifuged and the supernatant was inten-
ively dialyzed in 0.01 mol L−1 (NH4)2CO3 for 4 days with several
hanges of the dialyzing buffer solution. Finally, the Sudan I–protein
onjugates were lyophilized and stored in the refrigerator until use.
udan I–C3–BSA conjugate (Fig. 1(b)) was used as immunogens for
ntibody preparation, while the Sudan I–C3–OVA conjugate was
erved as coating antigens (Fig. 1(c)) for ELISA establishment.

.4. Production of monoclonal antibody

.4.1. Immunization
Two female BALB/C mice (6–8 weeks old) were immunized with

udan I–C3–BSA subcutaneously. The dose of immunogen for each
ouse was 100 �g of Sudan I–C3–BSA dissolved in physiological

aline and emulsified with an equal volume of Freund’s complete
djuvant. In next two sequential booster immunizations, 100 �g
f immunogen emulsified with the same volume of incomplete
reund’s adjuvant was given to each mouse in the same way at
-week intervals after the initial immunization. Small volume of
lood was collected from tail for testing antibody titer. The mice
ere given the final booster injection intraperitoneally without

djuvant before cell fusion.

.4.2. Cell fusion
Three days after the final booster injection, the mice were sacri-

ced and their spleen cells were removed. The spleen cells were
used with mouse SP2/0 myeloma cells at the ratio of 10:1 in
he presence of 50% polyethylene glycol 4000 which was used as
usion agent. The fused cells (hybridomas) were distributed in 96-
ell culture plates supplemented with hypoxanthine aminopterin

hiamidine (HAT) medium containing 20% fetal calf serum with
eritoneal macrophages as feeder cells from young BALB/C mice.
he growth of hybridomas in the plates was incubated at 37 ◦C with
% CO2.

.4.3. Hybridoma selection and cloning
After incubated for 2 weeks, culture supernatants were screened

y indirect ELISA: 96-well microtiter plates were coated with the

udan I–C3–OVA conjugate (100 �L/well in 0.05 mol L−1 carbonate
uffer, pH 9.6) overnight at 4 ◦C. The plates were washed three times
ith PBST and then blocked with 1% casein in PBS (120 �L/well) for
h at 37 ◦C. After the plates were washed three times with PBST, the
lates received 50 �L/well of hybridomas supernatants, incubated

e
p
p
c
a
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t 37 ◦C for 2 h. After washing, 100 �L of HRP-GaMIgG diluted in PBS
as added to each well, and incubated for 1 h at 37 ◦C. After another
ashing step, the substrate solution (100 �L/well) was added. The

eaction was stopped with sulfuric acid (80 �L/well) after 15 min
nd the absorbance was read at 450 nm. The hybridomas which pro-
uced antibody-recognizing Sudan I were subcloned for three times
sing the limiting dilution method. Stable antibody-producing
lones were expended and cryopreserved in liquid nitrogen.

.4.4. Purification of monoclonal antibody
Parts of stable subclones were expanded and then injected into

emale BALB/C mice intraperitoneally which were preinjected with
.5 mL of liquid paraffin 1 week ago. Ten days after the injection, the
scites were collected and subjected to purification by ammonium
ulfate precipitation. The purified mAb was stored at −20 ◦C in the
resence of 50% glycerol.

.5. The procedures of indirect competitive ELISA

An indirect competitive ELISA format was adopted for analyzing
udan I. The ELISA procedures were as follows. Sudan I–C3–OVA
iluted with carbonate buffer, pH 9.8 was added to the wells of a
icrotiter plate (200 �L/well). The plate was incubated overnight at
◦C and then washed with PBST using an automated plate washer.
ome binding sites not occupied by the coating antigen were then
locked by the blocking buffer (280 �L/well) for 1 h at room temper-
ture. After the plate was washed as before, standard solutions or
amples (100 �L/well) and diluted mAb (100 �L/well) were added
nd incubated for 1 h at room temperature. After washing, GaMIgG-
RP was added (200 �L/well) and the plate incubated for 1 h at

oom temperature. Then, the plate was washed and the substrate
olution (200 �L/well) added. After incubation with shaking for
bout 20 min, sulfuric acid (5%, 80 �L/well) was added and the
bsorbance measured at 450 nm using a microplate reader. Calibra-
ion curves were constructed in the form of (B/B0) × 100% vs. log C,
here B and B0 was the absorbance of the analyte at the standard
oint and at zero concentration of the analyte, respectively.

.6. Cross-reactivity

The specificity of the produced mAb was investigated by cross-
eactivity (CR) experiment. Nine compounds were selected for
esting CR (Table 1). Sudan II, Sudan III, and Sudan IV are fat-soluble
nd their use for food production is prohibited. The remain-
ng six chemicals, Lemon yellow, Bright blue, Indigotin, Kermes,
marant and Sunset yellow, are water-soluble and as edible addi-

ives widely used in food manufacturing. Standard solutions of
esting compounds were prepared in the concentration range of
.001–1000 ng mL−1 with methanol:water (5:95, v/v) and applied
o the ELISA procedures. CR was expressed as percent IC50 values
ased on 100% response of Sudan I, e.g. CR(%) = (IC50 for Sudan I/IC50
or competing compound) × 100%. The IC50 can be considered a

easure (inverse) of the affinity of an antibody for a given analyte.

.7. Fortification of Sudan I in food samples

Nine food samples including chilli powder I, II, chilli sauce I,
omato sauce I, II, hot-pot seasoning I, II and sausage I, II were
ollected from local supermarkets in Chengdu (China). Another
ample, Chilli sauce II, was obtained from Chengdu Center for Dis-

ase Control and Prevention, Chengdu, which was confirmed to be
ositive. All samples were screened by ELISA. To examine the assay
arameters of accuracy and precision, six collected samples, e.g.
hilli powder I, chilli sauce I, II, tomato sauce I, hot-pot seasoning I
nd sausage I were used for fortification experiment. Chilli powder,
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hilli sauce and tomato sauce can be directly applied for fortifica-
ion, while hot-pot seasoning and sausage need to be homogenized
efore fortification. The procedures of fortification were as fol-

ows. An appropriate amount of samples were weighed into glass
ubes with glass stoppers and fortified with Sudan I dissolved in

ethanol up to the final concentration of 2–10 �g Sudan I/g of sam-
le. The fortified samples were shaken for 10 min and then kept
t room temperature overnight. The extraction of spiked samples
ith pure methanol was performed by sonification for 20 min, vig-

rously shaking for 1 min, followed by centrifugation at 10,000 rpm
or 10 min. The supernatants were diluted with methanol:water
5:95, v/v) at an appropriate fold to reduce the matrix effect and

easured by ELISA. For each sample, three separate extractions
ere performed and each sample was determined in four repli-

ate. Unspiked samples were extracted in the same way and used
s blanks.

.8. HPLC–UV analysis

HPLC was performed according to the procedure of Calbiani et
l. [12]. Sudan I standard solutions or sample extracts were passed
hrough a 0.45 �m cellulose acetate membrane filter (Alltech,
nterhaching, Germany) prior to HPLC detection. A HPLC sys-

em (Alltech, USA) with a C18 column (250 mm × 4.6 mm, 5.0 �m
article size, Alltech, USA) was equilibrated with mobile phase con-
isting of methanol:2% aqueous acetic acid (90:10, v/v) at a flow rate
f 1 mL min−1. The volume of standard or extract in each analy-
is was 20 �L. Sudan I was monitored at 478 nm by UV detector.
he HPLC workstation software (Alltech, USA) was used for the
nstrument control and data analysis. Peak areas were used for
uantification. The calibration curve for Sudan I was constructed
ith standards of 0, 0.01, 0.05, 0.1, 0.5, 1.0, 2.0 and 5.0 �g mL−1.

. Results and discussion

.1. Synthesis of Sudan I derivative

The most important requirement to develop an ELISA for small
olecular compound like Sudan I is to modify the molecular struc-

ure of the target analyte properly, e.g. to synthesize a hapten
erivative which bears a spacer to be coupled covalently to the
arrier protein. Both the position at the hapten molecule where
he spacer is attached and the length of the spacer may play an
mportant role for a successful antibody generation. Generally, the

olecular structure of the hapten should be left unchanged as far
s possible and further, a spacer length of 3–5 C-atoms is consid-
red most suitable [31,32]. In this study, Sudan I–derivative with a
hree-carbon-atom spacer length was synthesized (Fig. 1(a)). The
pacer is attached at the para position of the azobond, far away
rom the naphthol moiety. The structure of Sudan I–C3 was con-
rmed by NMR method. The data from NMR method are: 1H NMR
200 MHz, CDCl3): ı 14.30 (b, 1H), 8.55 (d, J = 4.2 Hz, 1H), 7.73–7.50
m, 4H), 7.41–7.14 (m, 4H), 6.89 (d, J = 3.96, 1H), 3.45 (b, 1H), 3.05 (t,
= 7.50 Hz, 2H), 2.76 (t, J = 7.46 Hz, 2H).

.2. Synthesis of immunogen and coating antigen

The Sudan I–C3 derivative bearing a carboxylic acid group at the
nd of the spacer was activated by DCC/NHS ester method and then
ovalently coupled with a carrier protein (BSA or OVA). The conju-

ates of Sudan I–C3–BSA and Sudan I–C3–OVA were respectively
sed as immunogen and coating antigen. The UV spectra of BSA,
udan I and the Sudan I–C3–BSA conjugate are shown in Fig. 2. It
as observed that the characteristic peaks of Sudan I and BSA were

ocated at 478 and 280 nm, respectively. It was also noted that the

f
0
l
b
E

Fig. 2. UV spectra of: (a) BSA, (b) Sudan I and (c) Sudan I–C3–BSA conjugate.

haracteristic peaks of Sudan I and BSA were all appeared on the
pectrum of Sudan I–C3–BSA conjugate, but with somewhat red
hift after conjugation. The spectra shown in Fig. 2 clearly indicated
hat the coupling of hapten to BSA was success. The UV spectra
f Sudan I–C3–OVA conjugate were similar to those in Fig. 2 and
herefore not showed herein.

.3. Production of monoclonal antibody

Two BALB/C mice were immunized with Sudan I–C3–BSA. After
hird injection, it was observed that antisera collected from two
mmunized mice displayed high affinity binding with coating anti-
en. Three days after the final booster injection, the mice were killed
nd their spleen cells were removed. As the titer of antisera from
wo mice was similar, the spleen cells from two mice were mixed
nd used for the fusion experiments. After incubated for 2 weeks,
he supernatants from hybridoma cells were screened by an indi-
ect competitive ELISA. The hybridomas which produced antibody
ecognition with Sudan I were subcloned for three times using the
imiting dilution method. Monoclonal antibodies were then pro-
uced in mouse ascites and purified with saturated ammonium
recipitation.

.4. Optimization of assay conditions

Usually, in the development of ELISA, criteria used to opti-
ize experimental conditions includes: IC50, e.g. the concentration

f standard solution producing 50% of inhibition; detection limit
LOD), the lowest analyte concentration at a signal-to-noise ratio
f 3; and maximum absorbance (B0) limited in the range of 0.5–1.5
ccording to the Lambert–Beer law generally. To develop a highly
ensitive and specific ELISA, the optimum assay conditions such
s the concentration of coating antigen, dilution of antiserum and
RP-GaMIgG, etc, should be determined based on these criteria.

The assay conditions were optimized according to checkerboard
itration method [33]. The optimal concentration of coating antigen
LA-OVA was found to be 20 ng mL−1; the best dilution for mAb was
:50,000; suitable dilution of GaMIgG-HRP was 1:20,000.

.5. Sensitivity and stability of the assay

Under optimal assay conditions, the ELISA standard curve

or Sudan I detection was constructed in concentrations of
.1–100 ng mL−1. The sensitivity was expressed by IC50 value, the

ower of the IC50 value, the higher sensitivity of the assay would
e. The stability of assay based on mAb was tested by running
LISA procedures for nine individual times within 4 weeks. Fig. 3 is
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ig. 3. The standard curve of Sudan I. Vertical bars represent the standard deriva-
ions of B/B0 × 100% (n = 9). The IC50 was in the range 1.1–2.0 ng mL−1 and the LOD
as 0.07–0.14 ng mL−1.

he average calibration curve constructed from nine performances.
he relative standard deviation (R.S.D.) of the absorbance in four
eplicates for each calibration point on nine curves was within
0%. The IC50 value for nine standard curves was in the range of
.1–2.0 ng mL−1, and the LOD at a signal-to-noise ratio of 3 (S/N = 3)
as 0.07–0.14 ng mL−1, indicating high sensitivity and stability of

he assay.

.6. Specificity of the assay

The assay specificity was evaluated by cross-reactivity (CR)
f the mAb with three structurally related compounds of Sudan
yes (Sudan II, III and IV) and other six colorants (Sunset yellow,
marant, Kermes, Indigotin, Bright blue, and Lemon yellow). The
olecular structures of the testing compounds, the IC50 and CR val-

es for each compound were given in Table 1. From Table 1, it can be
een that the CR values of the antibody with Sudan II, III and IV were
.5%, 33.9% and 0.95%, respectively. The high CR of mAb with Sudan

II can be explained by the fact that Sudan III and Sudan I exhib-
ted the highest structural homology among all Sudan dyes. Lesser
ecognition of mAb with Sudan II and Sudan IV might be caused
y the methyl group(s) attached in ortho- and para-positions to the
inking azo group. From Table 1, it was also noticed that there was
o cross-reactivity (i.e. CR was below 0.01%) of mAb with other
olorants. Even the chemicals Sunset Yellow and Amaranth which
hare both the naphthol ring and attached azo group with Sudan I
ere not recognized by the antibody because of the large sulfonic

cid group(s) preventing the antibody approach. To summarize,
igh specific monoclonal antibody was obtained against Sudan I
fter immunization with Sudan I derivatives containing C3-spacer
rms attached to the benzene ring.

.7. Effect of organic solvents on the assay

As methanol and acetonitrile are water miscible and commonly
sed for the extraction of analytes from different matrices, the
ffect of above two organic solvents on ELISA was tested by run-
ing assay procedures using Sudan I standard solutions prepared

n methanol or acetonitrile at the concentration of 0%, 1%, 2%, 5%,
0%, 20%, 30%, 40% and 50%, respectively. As illustrated in Fig. 4, in
he case of acetonitrile, the IC50 value was slightly increased within

oncentration 0–10%, however, when acetonitrile was more than
0%, IC50 value was rapidly increased. Similar finding was observed
n the case of methanol, but the extent of the assay tolerance to the
rganic solvent was different. When the concentration of methanol
as less than 30%, the IC50 values seemed to be constant, but when

2
t
5
s
(

Fig. 4. Effect of methanol and acetonitrile on IC50 value of the assay.

ethanol concentration was more than 30%, a significantly increas-
ng IC50 value was appeared. It was demonstrated from Fig. 4 that
he ELISA was tolerated to 30% of methanol or 10% of acetonitrile
ithout significant loss of assay sensitivity. The effect of organic

olvent on the immunoassay might be explained by somewhat
enaturation of antibody at organic solvent environment, espe-
ially at high concentration [34]. As high tolerance and low price,
ethanol was chosen for extraction of food samples in this study.

.8. Accuracy and precision of the assay

Ten collected food samples without fortification were analyzed
y ELISA. It was found that only chilli sauce II was positive sample,
ith the Sudan I concentration of 1.03 �g/g of sample. The other
ine sample were considered negative samples as content of Sudan
was undetectable by ELISA.

To test accuracy and precision of the ELISA, six food samples
ncluding chilli powder I, chilli sauce I, tomato sauce I, hot-pot sea-
oning I, sausage I and chilli sauce II were fortified with Sudan I at
oncentration of 2, 5 and 10 �g/g of sample. The fortified samples
ere extracted with pure methanol. Unspiked samples were served

s blanks. The methanolic extracts were diluted with 5% methanol
queous at 1:200–1:1000 folds depending on the different types
f sample to eliminate the matrix effect completely. The diluted
xtracts were analyzed by ELISA. Assay precision and accuracy was
stimated by measuring four replicates. The results of accuracy and
recision obtained from each spiked sample measured by ELISA
ere shown in Table 2. Acceptable recovery rates of 88.2–110.5%

nd intra-assay coefficients of variation of 2.5–17.4% (n = 4) were
btained. On the other hand, the inter-assay coefficients of variation
ere less than 20% (n = 3).

.9. Validation of the assay with HPLC

The HPLC calibration curve for Sudan I was constructed in the
ange of 0, 0.01, 0.05, 0.1, 0.5, 1.0, 2.0 and 5.0 �g mL−1 with an LOD of
ng mL−1. With the selected parameters (see Section 2) the reten-

ion time of Sudan I was 12 min. The linear equation of the HPLC
tandard curve was Y = 51904x + 680.37 (r = 0.9990, n = 8).

To validate the applicability of the ELISA, nine fortified food sam-
les including chilli powder I (spiked at concentration of 5 and

0 �g/g sample, respectively), chilli sauce I (spiked at concentra-
ion of 2 and 10 �g/g), tomato sauce I (spiked at concentration of
�g/g), hot-pot seasoning I (spiked at concentration of 10 �g/g),

ausage I (spiked at concentration of 5 �g/g) and the chilli sauce II
spiked at concentration of 0 and 2 �g/g) were measured by HPLC
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Table 2
The results of recovery and coefficient of variation for Sudan I determination from
six fortified food samples by ELISA.

Sample Fortified
(�g/g)

Detected
(�g/g)

Recovery
(%)

CV (%)
(n = 4)

Chilli powder I
2 1.98 ± 0.05 99.0 2.5
5 5.03 ± 0.23 100.6 4.6

10 9.21 ± 0.38 92.1 4.1

Chilli sauce I
2 1.90 ± 0.15 95.0 7.9
5 5.30 ± 0.56 106.0 10.6

10 9.99 ± 1.38 99.9 13.8

Tomato sauce I
2 1.90 ± 0.15 95.0 7.9
5 4.41 ± 0.19 88.2 4.3

10 9.28 ± 0.87 92.8 9.4

Hot-pot seasoning I
2 1.95 ± 0.09 97.5 4.6
5 4.97 ± 0.45 99.4 9.1

10 10.30 ± 0.47 103.0 4.6

Sausage I
2 2.19 ± 0.38 109.5 17.4
5 4.78 ± 0.37 95.6 7.7

10 10.02 ± 0.49 100.2 4.9

Chilli sauce IIa
2 3.24 ± 0.18 110.5 5.6
5 6.43 ± 0.48 108.0 7.5

10 11.55 ± 0.87 105.2 7.5

No detectable Sudan I was found in the other blank samples.
a The concentration of Sudan I in unspiked chilli sauce II measured by

ELISA was 1.03 �g/g of sample. Thus the recovery rates were calculated as:
(3.24–1.03)/2 = 110.5%, (6.43–1.03)/5 = 108.0% and (11.55–1.03)/10 = 105.2%.
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ig. 5. Correlation between the proposed ELISA and HPLC for spiked samples.

nd ELISA simultaneously and the measured results were com-
ared. As shown in Fig. 5, good correlation was obtained between
LISA (x) and HPLC (Y) with the linear regression equation of
= 0.8492x + 0.3525 (r = 0.9840, n = 9). These results suggested that
udan I in food samples could be simply, rapidly and accurately
etected by ELISA without any cleanup procedures.
. Conclusion

In this study, the hapten derivative with a three-carbon-atom
ength of carboxylic spacer at the azobound para-position was
ynthesized and coupled to carrier proteins. Monoclonal antibody

[
[
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gainst Sudan I was prepared by hybridoma technique and a highly
ensitive and specific indirect ELISA for the detection of Sudan I in
ifferent kinds of food samples was developed. The ELISA was toler-
ted to 30% of methanol and 10% of acetonitrile without significant
oss of IC50 value. Interferences caused by sample matrix could be
asily overcome by a simple dilution step before immunochemical
nalysis. Recovery rates of 88.2–110.5% and coefficients of variation
f 2.5–17.4% demonstrated high accuracy and precision of the assay.
he method was also validated by HPLC with good correlation. The
roposed ELISA could be a feasible quantitative/screening method
or Sudan I analysis in food samples due to its high sensitivity and
implicity, rapidity, lower expenses and high sample throughput.
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a b s t r a c t

This paper describes the enhanced separation of lomefloxacin, sparfloxacin, fleroxacin, norfloxacin,
ofloxacin, gatifloxacin and pazufloxacin by capillary zone electrophoresis (CZE) using silica nanoparticles
(SiNPs) as running buffer additive. The impact of SiNPs concentration on the resolution and selectivity
of separation was investigated and a given value of SiNPs was finally chosen under the optimum condi-
tions. The addition of the SiNPs to the running buffer enabled electroosmotic flow (EOF) decrease and
vailable online 14 October 2008

eywords:
apillary zone electrophoresis
uinolones
ilica nanoparticles

permitted full interaction between SiNPs and analytes. The influence of separation voltage, pH and buffer
concentration on the separation in the presence of SiNPs was examined. Interactions between drugs
and nanoparticles during the separation are discussed; the determination of interaction constants is also
achieved. A good resolution of seven quinolones was obtained within 15 min in a 50 cm effective length
fused-silica capillary at a separation voltage of +10 kV in a 12 mM disodium tetraborate-phosphate buffer
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nhanced separation (pH 9.08) containing 5.2 �

. Introduction

Since their discovery in the 1980s, the fluoroquinolone
hemotherapeutic compounds (FQs) have been widely used in
he treatment of various bacterial infections [1]. This class of
nti-infective drugs exhibits activity against Gram-positive and
ram-negative bacteria which is caused by the inhibition of two
acterial enzymes: DNA gyrase and topoisomerase IV enzymes [2].
hese compounds have the advantages of fewer toxic side effects
nd enhanced pharmacokinetic properties. Due to the cited char-
cteristics and their universal applications, FQs are being studied
ntensively for more frequent application in the treatment of vari-
us diseases.

So far, several methods have been developed for the analysis
f FQs [3–6]. Among these, high-performance liquid chromatog-
aphy (HPLC) has been most universally used for their separation

7–10]. However, the disadvantages of HPLC include tedious sam-
le preparation procedures, large volumes of eluting solutions and
dditives as well as the total analysis time. Capillary electrophoresis
CE) is being increasingly applied to FQs separation because of short

∗ Corresponding author at: College of Chemistry, No. 44, Beijing Normal Univer-
ity, Beijing 100875, PR China. Fax: +86 10 62799838.
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© 2008 Elsevier B.V. All rights reserved.

nalysis times and low consumption of reagents [11–16], although
ts selectivity is not always satisfying. Furthermore, as was inves-
igated during the present FQs separation, some buffer additives
uch as surfactants, ion-pairing agents and organic modifiers are to
e employed and a chemometrics scheme should be used [17,18].

Nanomaterials have been applied in CE owing to their unique
roperties (electric, chemical, magnetic and mechanical) [19], rep-
esentatives being gold nanoparticles [20], polymer nanoparticles
21,22] and carbon nanotubes [23–26]. The advantage of applying
hese materials is that they provide additional interaction sites.
hey can also serve as large surface area platforms for organofunc-
ional groups, which can interact with the capillary surface, the
nalytes or both, leading to enhanced selectivity and separation
fficiency.

Compared to other nanomaterials, silica nanoparticles (SiNPs)
ontain hydroxyl functional groups with different binding sites on
he surface, and since recently they attract extensive attention in
E. It has been reported that SiNPs are used as a pseudostation-
ry phase, which is similar to the use of polymeric nanoparticles
nd ionic polymers that act as pseudostationary phases to affect

he electrophoretic mobilities of analytes and thus their selectiv-
ty [27–31]. Ohno et al. [32] used SiNPs in micro-CE to obtain good
eparation of DNA. Kuo et al. [33] first used SiNPs in the analysis
f biologically active amines by using native laser-induced fluores-
ence (LIF). In that study, the capillaries were dynamically coated
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ith poly (vinylpyrrolidone) (PVP) and poly (ethylene oxide) (PEO);
he SiNPs had a strong interaction with PEO and the adsorption
f SiNPs on the PEO through hydrogen bonding and hydrophobic
atches became the main contributor for the improved separation
33]. To the best of our knowledge, no study on the direct introduc-
ion of SiNPs in buffer solution as additive in CE has been reported
o far for the separation of FQs.

The aim of the present paper is to study the application of
iNPs as buffer additive in CE for the separation of seven quinolone
ntibacterial agents (lomefloxacin, sparfloxacin, fleroxacin, nor-

oxacin, ofloxacin, gatifloxacin, pazufloxacin). As will be shown, the

ntroduction of certain SiNPs in the buffer solution could success-
ully improve the separation. The interactions between the SiNPs
nd the analytes may be the main driving forces for the observed
nhanced separation.

f
t
p
w
d

Fig. 1. Structures of
(2009) 1667–1674

. Experimental

.1. Materials and solution preparation

SiNPs were a gift from the Institute of Solid State Physics, Chinese
cademy of Sciences (Hefei, P.R. China). Lomefloxacin, sparfloxacin,
eroxacin, norfloxacin, ofloxacin, gatifloxacin and pazufloxacin
Fig. 1) were provided by the Beijing Institute for the Control of Bio-
ogical Products (Beijing, P.R. China). Disodium tetraborate, sodium
ihydrogen phosphate and phosphoric acid (85%) were purchased

rom Beijing Chemical Plant (Beijing, P.R. China). All chemicals for
he buffer solutions were of analytical grade. All solutions were pre-
ared using purified water (Millipore, Milford, MA, USA). The buffer
as prepared by dissolving disodium tetraborate and sodium dihy-
rogen phosphate in Milli-Q water at a concentration of 12 mM

the analytes.
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nd 38 mM, respectively. The pH was adjusted using NaOH or
3PO4.

The SiO2 suspension was prepared by adding SiO2 nanoparti-
les in Milli-Q water through ultrasonication with a bath sonicator
KQ-50DE, Kunshan ultrasonic apparatus Ltd., Jiangsu, P.R. China)
or about 5 min at the initial concentration of 20 �g mL−1. Next,
he suspension was added to the buffer which was used for the
eparation.

Stock solutions of seven quinolone antibacterials were pre-
ared by dissolving under ultrasonic treatment in Milli-Q
ater to provide a concentration of about 600 �g mL−1 for

parfloxacin, 500 �g mL−1 for norfloxacin, 750 �g mL−1 for flerox-
cin, 420 �g mL−1 for gatifloxacin, 700 �g mL−1 for ofloxacin,
50 �g mL−1 for lomefloxacin hydrochloride and 400 �g mL−1 for
azufloxacin. All solutions were filtered using 0.45 �m syringe fil-
ers (Microfiltration System, CA, USA) and degassed in an ultrasonic
ath for 10 min before rinsing the column.

.2. Apparatus

A 1229 capillary electrophoresis apparatus (Beijing Institute of
ew Technology Application, P.R. China) equipped with a UV detec-

or installed at 254 nm was used for all measurements. Fused-silica
apillary columns (uncoated) 50 �m I.D. × 375 �m O.D., with a total
ength of 65 cm and effective length of 50 cm were used as the sep-
ration capillary (Photoconduction Fiber Plant, Yongnian Country,
ebei Province, P.R. China). All electropherograms were obtained
t average ambient laboratory temperatures of 25 ± 2 ◦C.

.3. Procedures

When a new capillary was used, it was conditioned by a pres-
ure flush of 1.0 M NaOH solution (60 min) for silanol activation,
.2 M NaOH (10 min), deionized water (10 min) and buffer solution
5 min). Between runs, the capillary was washed sequentially with
.2 M NaOH (5 min), deionized water (5 min) and buffer solution
5 min). At this stage, the capillary was ready for the analysis.

. Results and discussion

.1. Characterization of SiNPs

The pristine SiNPs contain hydroxyl functional groups with
ifferent binding sites on the surface. Appropriate nanoparticles
ispersions introduced in the running buffer play an important role
or investigating their effects upon separation. The transmission
lectron microscope (TEM) image of the SiNPs is shown in Fig. 2.
rom the image it can be noticed that the size of the SiNPs is less
han 100 nm, which shows about 30 nm at average.

.2. Optimization of separation with/without SiNPs

At first, the SiNPs were not applied in the running buffer. The
eparations occurred under different conditions: separation volt-
ges of 6–15 kV, pH values from 8.7–9.4, and buffer concentrations

the concentration (mmol) ratio of disodium tetraborate and
odium dihydrogen phosphate varying from 6:44 to 40:10 – were
nvestigated. However, under the optimum separation conditions,
he seven quinolones only exhibited poor separation as shown

n Fig. 3a. Hence, SiNPs were explored as buffer additive so as
o improve the separation. An improved resolution by using cer-
ain amounts of SiNPs was obtained as shown in Fig. 3c. It can be
bserved that in the presence of 5.2 �g mL−1 SiNPs, gatifloxacin and
floxacin were separated, and also norfloxacin and ofloxacin were

u
o
fl

Fig. 2. TEM image of SiNPs.

esolved. In order to further study how the SiNPs affected separa-
ion, a series of experiments were performed investigating different
oltages, pH and buffer concentrations in the presence of SiNPs; the
mpact of SiNPs concentration was examined likewise.

.3. Influence of voltage and buffer concentration upon
eparation in the presence of SiNPs

The separation voltages were optimized over the range of
–20 kV. Voltages higher than 20 kV or lower than 8 kV were not
eneficial for the resolution of all compounds. The maximum reso-

ution occurred at 10 kV, which was chosen as the final separation
oltage. Apparently no important separational differences were
bserved when changing the cited conditions in the absence or
resence of SiNPs when the voltage changed.

Different buffer concentrations in the presence of 5.2 �g mL−1

iNPs were also investigated. As shown in Fig. 4, the resolution
f norfloxacin and ofloxacin slightly improved with increasing
isodium tetraborate concentrations; however, the separation of
atifloxacin and sparfloxacin became more difficult. The best
esults occurred when the disodium tetraborate concentration was
2 mM. Slight disodium tetraborate hydrolysis during the separa-
ion may lead to a minor change of the buffer pH value, which in
urn affects the surface properties of SiNPs. Hence, a further study
f pH impact upon the electrophoretic behavior of SiNPs during
eparation was investigated as described below.

.4. Impact of pH on separation
As for the impact of pH on the resolution of separation, pH val-
es ranging from 8.7–9.4 were examined. It seemed that the effects
f pH upon the separation of gatifloxacin and sparfloxacin, nor-
oxacin and ofloxacin were stronger than for the other analytes; the
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ig. 3. Electropherograms of seven quinolones in the absence of SiNPs (a) and in
atifloxacin; 2, sparfloxacin; 3, lomefloxacin; 4, norfloxacin; 5, ofloxacin; 6, fleroxac
f 12 mM disodium tetraborate-phosphate, hydrodynamic injection time 7 s.

ncrease of pH was beneficial to the separation of gatifloxacin and
parfloxacin but had an opposite effect on norfloxacin and ofloxacin
Fig. 5); as concerns selectivity (Fig. 6), pH obviously affected the

atter but with little impact on the separation of gatifloxacin and
parfloxacin. In order to achieve good resolution and, simultane-
usly, satisfying selectivities, 9.08 was chosen as the final pH value.
t can be seen that pH exerts a major impact upon the separa-

ig. 4. Effect of buffer concentration on the resolution in the presence of
.2 �g mL−1 SiNPs. (a) Gatifloxacin and sparfloxacin, (b) norfloxacin and ofloxacin.
s = resolution. Other conditions as in Fig. 3.
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resence of 3.6 �g mL−1 SiNPs (b), 5.2 �g mL−1 SiNPs (c), 5.7 �g mL−1 SiNPs (d). 1,
pazufloxacin; allied conditions: pH 9.08, separation voltage +10 kV, buffer solution

ion in the presence of SiNPs. The change of pH apparently alters
he surface properties of SiNPs, leading to a modified interaction
etween analytes and SiNPs. The results also indicated that the
igration time of the solutes distinctly prolonged with increasing

H (10.40, 10.40, 10.64, 11.64, 12.0, 12.54, 13.58 min for gatifloxacin,
parfloxacin, lomefloxacin, norfloxacin, ofloxacin, fleroxacin and
azufloxacin, respectively, at pH values of 8.70, 12.23, 12.44, 12.71,
3.95, 13.95, 14.30; 15.24 min for the analytes at pH 9.40).

.5. Impact of SiNPs concentration on separation

In the present experiment, the amount of SiNPs in the buffer
olution was gradually increased and its impact on separation was
nvestigated. From the electropherograms shown in Fig. 3, it was
bserved that at lower SiNPs concentrations, the improvement was
light; when it reached 5.2 �g mL−1, the improvement was most
ignificant. When above this level, there was little change upon
eparation, only, as for this case, it was considered that the addition
f SiNPs to the buffer solution could decrease electroosmotic flow
EOF), resulting in good resolution. In order to demonstrate the sup-
osition that EOF decreased with increasing SiNPs concentrations,
xperiments were carried out to evaluate the effect of SiNPs con-

entration upon EOF when the other conditions remained the same,
cetone being chosen as neutral EOF marker. The results are shown
n Fig. 7. It can be seen that EOF indeed decreased with increasing
iNPs: �eo = 5.34 × 10−4 cm2 V−1 s−1 in the absence of SiNPs, which
ecreased to 3.61 × 10−4 cm2 V−1 s−1 when the SiNPs concentration
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Fig. 5. Electropherograms of seven quinolones with increasing pH values in the presence of 5.2 �g mL−1 SiNPs. 1, Gatifloxacin; 2, sparfloxacin; 3, lomefloxacin; 4, norfloxacin;
5, ofloxacin; 6, fleroxacin; 7, pazufloxacin. Other conditions as in Fig. 3.
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ig. 6. Influence of pH upon resolution and selectivity in the presence of 5.2 �g mL
nd ˛ = selectivity. Other conditions as in Fig. 3.

eached a certain value; no obvious change of EOF occurred above
his value. The lowest EOF was obtained when the SiNPs concen-
ration was 5.2 �g mL−1. Under these conditions, apparently full
nteraction between analytes and nanoparticles occurs, leading to

ood resolution. Because of the high pH (9.08), it remains obvi-
us that both SiNPs and capillary wall exhibit negative charges,
iNPs not adsorbing on the capillary wall but rather keeping away
rom it. The presence of SiNPs in the buffer thus increases the total

ig. 7. Influence of SiNPs concentrations on EOF. Other conditions as in Fig. 3.

l
3
a
fl
i
1
t
A
t
o
l
t

3

a
e
e
l
s

Ps. (a) Gatifloxacin and sparfloxacin. (b) Norfloxacin and ofloxacin. Rs = resolution

onic strength, then makes the zeta potential of the capillary wall
ecrease, resulting in EOF decrease. Also, it is assumed that the

ncrease in viscosity by the addition of SiNPs represents another
eason for decrease of EOF.

It also should be noticed that the separation time pro-
onged with increasing SiNPs concentration: at a concentration of
.6 �g mL−1, the time was 10.49, 10.64, 10.91, 11.95, 12.18, 12.59
nd 13.49 min for gatifloxacin, sparfloxacin, lomefloxacin, nor-
oxacin, ofloxacin, fleroxacin and pazufloxacin, respectively; when

t reached 5.2 �g mL−1, the time was 10.82, 10.99, 11.28, 12.43,
2.76, 13.16 and 14.13 min for the analytes. Above this value, the
ime slightly prolonged and separation could not be improved.
ll results were in accordance with the change of EOF. Moreover,

he separation of gatifloxacin and sparfloxacin, norfloxacin and
floxacin was influenced more substantially than of the other ana-

ytes by the addition of SiNPs. This influence was most obvious at
he level of 5.2 �g mL−1.

.6. Interactions during separation

Although an exact mechanism for the quinolone separation

pplying SiNPs as buffer additive at high pH has not been clearly
stablished so far, the enhanced separation may probably be
xplained as follows. An interaction between SiNPs and the ana-
ytes is most likely the main reason for the separation, as distinct
eparational improvements are observed. In order to confirm this
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ision, the interaction constants between SiNPs and all analytes
ere determined and the data were calculated as described in

eference [34]. The interaction constant is obtained by using the
ollowing equations:

= Ll

V

(
1
t

− 1
t0

)
(1)

�0 − �

� − �∞
= KC (2)

here L and l are total length and effective length of the capil-
ary, respectively, t and t0 are the migration times of analytes and
OF, respectively, V is the separation voltage, �0 the electrophoretic
obility of the analytes in the absence of SiNPs and �∝ the elec-

rophoretic mobility when combining SiNPs and the analytes; K is
he interaction constant between them, C is the concentration of
iNPs.

We obtained t, t0, �0 values at different concentrations
f SiNPs, and obtained the � value at different concentra-
ions of SiNPs through Eq. (1), next a series of data points was
btained through Eq. (2), then the K value being obtained.
rom the data shown in Table 1, it can be observed that the
nteraction constants of all analytes are in the following order: gat-
floxacin < sparfloxacin < lomefloxacin < norfloxacin < ofloxacin <
eroxain < pazufloxacin, which is in accordance with the separation
rder and which demonstrates our view.

As for the structures of the seven quinolones, they have two
Ka values because of the dissociation of the carboxylic group and
he deprotonation of the N4 of the piperazine ring. Their pKa val-
es generally vary from 6 to 9, for instance, pKa1 6.03 and pKa2

.38 for gatifloxacin [35], pKa1 6.23 and pKa2 8.57 for sparfloxacin
36], pKa1 5.97 and pKa2 7.65 for ofloxacin [37], pKa1 5.94 and pKa2

.22 for norfloxacin [38], pKa1 6.59 and pKa2 8.05 for fleroxacin
39]. Under pH 9.08 conditions, the adsorption of SiNPs on the
apillary wall could hardly occur; it is presumed that the interac-
ion between the analytes and SiNPs may be the main reason for
he separation improvement. The results of the binding constants
ata can demonstrate this supposition; moreover the carboxylic
roup on the piperazine ring takes a negative charge, the–NH
emaining in the molecular form. In the present study, the most
bvious improvements occurred in the separation of gatifloxacin
nd sparfloxacin, norfloxacin and ofloxacin. It is estimated that gat-
floxacin and sparfloxacin interact with SiNPs by hydrogen bonding.
ecause of the existence of –NH2 and–F groups in the sparfloxacin
tructure, its interaction with SiNPs will be stronger than for gat-
floxacin. Norfloxacin and ofloxacin may adsorb on the surface of

iNPs, and the sorption will be distinguishing based on their differ-
nt structures [40,41]. In addition, the change of pH may alter the
urface properties of SiNPs, which hence may alter the interactions
etween SiNPs and analytes.

able 1
etermination of the combination constants between analytes and nanoparticlesa.

arameterb Analytesc

Gati Spar Lome Norf Oflo Flero Pazu

0 × 10−8 (m2 V−1 s−1) −1.08 −1.16 −1.53 −1.69 −1.73 −1.87 −2.25
∝ × 10−8 (m2 V−1 s−1) −0.73 −0.79 −0.81 −1.53 −1.70 −1.79 −1.87
× 10−3 (mL �g−1) 2.81 3.00 3.06 3.41 3.41 3.91 4.65

a Separation conditions: pH 9.08, separation voltage +10 kV, buffer solution of
2 mM disodium tetraborate-phosphate, hydrodynamic injective time 7 s.
b �0 and �∝ are the electrophoretic mobilities of the analytes in the absence of

iNPs and the combination of SiNPs and analytes, K is the combination constant.
c Gati, gatifloxacin; Spar, sparfloxacin; Lome, lomefloxacin; Norf, norfloxacin;
flo, ofloxacin; Flero, fleroxacin; Pazu, pazufloxacin. Ta
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Table 3
Recovery of analytes in human seruma.

Analyteb Equation for calibration curves R2 Added (�g mL−1) Found (�g mL−1) Recovery (%) Peak area RSD (%) n = 4 Separation time RSD (%) n = 4

Gati y = 0.0279x − 0.4077 0.9894 65.0 58.0 89.2 8.20 0.81
120.0 107.1 89.2
205.0 191.2 93.1

Oflo y = 0.0791x − 11.804 0.9858 125.0 113.0 88.9 5.34 0.94
190.0 173.1 91.1
290.0 273.0 94.1

Flero y = 0.0442x − 2.3992 0.9979 90.0 83.4 92.2 4.60 2.70
200.0 183.1 91.5
240.0 222.5 92.7

Lome y = 0.0516x − 6.529 0.9903 165.0 151.6 92.1 5.04 1.89
185.0 173.4 92.5
205.0 188.2 91.7

Pazu y = 0.1886x − 17.243 0.9985 120.0 113.5 94.6 8.13 2.04
200.0 193.7 96.9
250.0 234.8 93.9

Spar y = 0.0498x − 0.909 0.9822 85.0 83.1 97.8 3.33 2.28
110.0 109.4 99.5
155.0 143.6 92.6

Norf y = 0.0816x − 7.803 0.9309 170.0 159.4 93.8 3.31 2.94
215.0 204.6 95.2
265.0 251.0 94.7
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a Separation conditions: pH 9.08, separation voltage +10 kV, buffer solution of 12 m
ime 7 s.

b Gati, gatifloxacin; Spar, sparfloxacin; Lome, lomefloxacin; Norf, norfloxacin; Ofl

.7. Linearity, detection limits and repeatability

A series of standard mixture solutions of the seven analytes
ere tested to determine the signal linearity for all analytes using
V detection. The results of this regression analysis on calibration
urves, linear range and detection limits as well as repeatability are
resented in Table 2. The RSD was less than 7.60% for peak areas and

ess than 0.98% for separation times of the analytes.

.8. Application to human serum

In order to demonstrate the feasibility of the present method in
eal samples, the recoveries of seven quinolones in human serum
ere examined under the optimized experimental conditions. In

his experiment, healthy human serum was used. It was diluted 10
imes with buffer solution, whereafter the analytes were added, no
lean-up procedure being involved. As shown in Table 3, the recov-
ry of the analytes was more than 89.2%, the RSDs for peak areas
nd separation times were less than 8.20% and 2.94%, respectively.
he results indicate that the present method can be applied to the
nalysis of real samples.

. Conclusion

The addition of SiNPs as buffer additive could successfully
mprove the separation of quinolones, not only with respect to res-
lution but also in terms of selectivity. The influence of the SiNPs
oncentration upon separation was investigated. The impact of the
eparation voltage, pH, and buffer concentration upon the elec-
rophoretic behavior of SiNPs was also examined. It was found
hat the separation voltages had little influence upon the elec-
rophoretic behavior of SiNPs, while pH changes could alter the

urface properties of SiNPs, leading to a modified interaction
etween SiNPs and analytes, improving separation. Application of
he present method to human serum was also achieved. The results
howed that the method has potential use in real sample analy-
is. The application of SiNPs to the separation as reported in this

[
[
[
[
[

dium tetraborate-phosphate containing 5.2 �g mL−1 SiNPs, hydrodynamic injective

xacin; Flero, fleroxacin; Pazu, pazufloxacin.

aper is most likely to be extended to other areas. Furthermore,
he ease of SiNPs modification also can extend their future appli-
ations.
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a b s t r a c t

Fluorescence enhancement of acridine orange (AO) in supramolecular hydrogels formed by self-
assembly of the gelators 3-{[(2R)-2-(octadecylamino)-3-phenylpropanoyl]amino}butyrate (TC18PheBu)
and 1,3:2,4-di-O-benzylidene-d-sorbitol (DBS) was investigated by steady-state and varying temperature
fluorescence, polarized fluorescence and time-resolved fluorescence techniques. The results showed that
the fluorescence intensities of AO in the gels remarkably increased in comparison with AO aqueous solu-
tions, and increased with an increase of the gelator concentrations. The varying temperature fluorescence
analysis indicated that fluorescence intensities of AO in the gels decreased upon an increase of tempera-
ture, and vice versa. This can be attributed to aggregation and dissociation of the gelators in the systems,
upramolecular hydrogels
elators
elf-assembly

since the fluorescence enhancement of AO was induced by self-assembly of the gelators. Polarized flu-
orescence analysis indicated that the values of anisotropy (r) of AO are significantly higher than that in
water. This further confirmed that the three-dimensional network formed by the gelator aggregates con-
strained the rotation of AO entrapped within the gels, resulting in high values of anisotropy. Time-resolved
fluorescence analysis indicated that the rates of fluorescence decay in the gels are lower than that in
water. These results reveal thermo-reversibility of the fluorescence enhancement of AO in supramolecular

fl
1
l
S
t
w
o
t
g
o
h
fl
s
t
i
w

hydrogels.

. Introduction

Gelation of organic or aqueous fluids by low molecular weight
elators has been the subject of increasing attention [1,2]. These
elators can self-assemble into three-dimensional network struc-
ures at low concentration, ultimately resulting in formation of
upramolecular organogels or hydrogels. The thermo-reversibility
nd chemical sensitivity of supramolecular gels plays an impor-
ant role in potential applications, including drug delivery systems
3], templates for preparation of nano-materials [4], gel electrolytes
5] and molecular recognition [6]. The fluorescence enhancement
ccurring in supramolecular gels has received particular attention
n recent years.

The investigations of fluorescence enhancement in supramolec-
lar gels are mainly concerned with the fluorescence arising from
he gelator with fluorescent moieties. Park and co-workers uti-

ized a fluorescent trifluoromethyl-based cyanostilbene derivative
s gelator to gelatinize tetrahydrofuran (THF) and found that its
uorescence intensity in the gels was 460 times stronger than
hat in THF solution [7]. Ihara and co-workers found that the

∗ Corresponding author. Tel.: +86 27 87547141; fax: +86 27 87543632.
E-mail address: yjyang@mail.hust.edu.cn (Y. Yang).
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h
c
h
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039-9140/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2008.10.040
© 2008 Elsevier B.V. All rights reserved.

uorescence intensity of the resultant organogel was more than
000 times higher than that of the solution when salicylideneani-
ine derivative with cholesterol moieties was used as gelator [8].
trongly enhanced emission and a longer lifetime were found in
he binary gels based on l-tartaric acid and stilbazoles compared
ith that in the original solution [9,10]. The fluorescence behaviors

f guest molecules in supramolecular gel, for example, the energy
ransfer from the fluorescent moieties of a supramolecular hydro-
el toward a hosted fluorophore [11] and the fluorescent lifetime
f 8-anilino-1-naphthalene sulfonic acid (ANS) in supramolecular
ydrogels [12] are also reported. Seo and Chang found that the
uorescence intensity of norfloxacin in organogel was 10 times
tronger than that in the corresponding solutions when using
his gel as norfloxacin carrier [13]. These investigations mainly
nvolved the fluorescence enhancement arising from the gelator

ith fluorescent moieties in supramolecular gels. However, little
ttention has been paid to the fluorescence enhancement of spe-
ific fluorescent substances as guest entrapped in supramolecular
ydrogels. Particularly, the temperature dependence of the fluores-

ence enhancement of the guest molecules in supramolecular gels
as not been reported to our knowledge.

Taking into account that the thermo-reversibility is an impor-
ant property of supramolecular gels, we have prepared two types
f supramolecular hydrogels through the self-assembly of the
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Scheme 1. Molecular structures

elator 3-{[(2R)-2-(octadecylamino)-3-phenylpropanoyl]amino}
utyrate (TC18PheBu) [14] and 1,3:2,4-di-O-benzylidene-d-sorbitol
DBS) in water and in dimethyl sulfoxide/water (DMSO/H2O, 1/2,
/v), respectively. acridine orange (AO) was used as the guest
uorescent molecule. Scheme 1 shows the molecular struc-
ures of these compounds. The temperature dependence of the
uorescence enhancement was mainly investigated by using
arying temperature fluorescence and polarized fluorescence
echniques. Potential applications of our results in drug delivery
nd fluorescent sensors are envisaged.

. Experimental

.1. Materials

Acridine orange hemi (zinc chloride) salt (AO) was pur-
hased from Sigma–Aldrich. Gelator 3-{[(2R)-2-(octadecylamino)-
-phenylpropanoyl]amino}butyrate (TC18PheBu) was synthesized
ccording to the procedure described previously [14]. 1,3:2,4-di-O-
enzylidene-d-sorbitol (DBS) was purchased from Hubei Huabang
hemicals Ltd. Dimethyl sulfoxide (DMSO) is of analytical grade
nd used as received. Ultrapure water was produced by a Millipore
irect-Q system.

.2. Preparation of supramolecular hydrogels

In a 5 mm cuvette, a weighed amount of TC18PheBu was mixed
ith an AO (1.0 × 10−7 mol/L) aqueous solution. The mixture was
eated in a water bath (ca. 85 ◦C) until the solid completely dis-
olved and subsequently allowed to cool to room temperature. The
esultant supramolecular hydrogels (designated as TC18PheBu gel)
ere placed in the dark for 3 h before testing. Similarly, supramolec-
lar hydrogels were prepared by mixing of DBS and DMSO/H2O
1/2, v/v) with AO (designated as DBS gel). An AO aqueous solution
as used as a reference.

.3. Fluorescent and polarized optical microscopies
The gel samples containing AO (1.0 × 10−5 mol/L) were prepared
n a glass plate according to the methods described above. The sam-
les were measured by fluorescent optical microscopy (FOM, IX71,
lympus) and polarized optical microscopy (POM, BH-2, Olympus).

c
fi
F
T
t

ig. 1. (A) FOM image of an AO aqueous solution (400×). (B and C) FOM and POM images
18PheBu (a), DBS (b) and AO (c).

.4. Photophysical measurements

Steady-state and polarized fluorescence measurements were
erformed with a spectrofluorimeter (FP-6500, Jasco) equipped
ith a heating/cooling temperature controller and polarizing
risms. The anisotropy values (r) were calculated using the follow-

ng equations [15]:

= IVV − GIVH

IVV + 2GIVH
G = IHV

IHH

erein I is the emission intensity and G is instrumental correction
actor. The subscripts denote the orientation (H for horizontal and V
or vertical) of the excitation and emission polarizer. The excitation
avelength was 460 nm and emission wavelength was 525 nm.

.5. Measurements of time-resolved fluorescence [16]

The time-resolved fluorescence of the gels and solutions were
ecorded on a luminescence spectrometer (Victor3, PerkinElmer)
ith a setting of 2 �s counting window, 340 nm of excitation wave-

ength and 535 nm of emission wavelength. The count cycle was
000 �s. The volume of all samples was 250 �L.

. Results and discussion

.1. Fluorescent phenomena of AO in supramolecular hydrogels

As shown in Fig. 1, the fluorescent molecule acridine orange
xhibits different fluorescent phenomena in water and in
upramolecular hydrogels formed by the gelators. Fig. 1A shows
he fluorescent optical microscopy image of an AO aqueous solu-
ion, indicating that no fluorescent phenomenon is observed.
ig. 1B and D shows FOM images of AO entrapped within both
he TC18PheBu gel and the DBS gel. The isolated fluorescent spots
an be clearly observed, indicating strong fluorescence emission
f AO. Apparently, such distinct fluorescent phenomena of AO
hould be attributed to the special local environment within the
upramolecular hydrogels. As we reported previously, TC18PheBu

an self-assemble through intermolecular interactions in water into
brillar aggregates with diameters in the range of 40–60 nm [14].
ig. 1C and E shows polarized optical microscopy images of the
C18PheBu gel and the DBS gel, respectively. The observed pat-
ern in Fig. 1C exhibits tree branch-like crystallites consisting of

of TC18PheBu gels (200×). (D and E) FOM and POM images of DBS gels (200×).
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tor aggregates. Under these circumstances, the formation of gelator
Fig. 2. Fluorescent spectra of AO versus th

C18PheBu aggregates. The typical Maltese cross in Fig. 1E reveals
he spherical crystallites consisting of DBS aggregates. These gela-
or aggregates further entangle each other and ultimately form
hree-dimensional networks. TC18PheBu is an organic compound
ith long hydrophobic chains and DBS is also a strong hydrophobic

ompound. Since local environments surrounding their aggregates
re hydrophobic, homogenous aqueous solution becomes hetero-
eneous gel system. In this case, hydrophilic AO was entrapped
ithin the hydrophilic micro-environment formed by the three-
imensional network, leading to more heterogenous dispersion of
O in the system. As a result, distinct fluorescent phenomena in
ater and the supramolecular hydrogels are observed.

To further study the fluorescence phenomena of AO in
upramolecular hydrogels, steady-state fluorescence spectra of AO
n both gels with varied concentration of gelators were measured.
esults are shown in Figs. 2 and 3.

In Fig. 2, it was found that there was no fluorescence in both
lank TC18PheBu gels and the DBS gels (gels without AO). A slight
lue shift of fluorescence spectra of AO in DBS gel from 524 to
11 nm was observed, which may result from the lower polarity
f the supramolecular gel in comparison with corresponding solu-
ion [17]. From Fig. 3, the fluorescent intensity of the AO aqueous
olution at maximum emission wavelength was very low (ca. 25).
nterestingly, the fluorescent intensities of AO in both gels dra-
atically increased upon the formation of gelator aggregates. For
nstance, the fluorescent intensity of AO in a TC18PheBu gel formed
y 9.5 wt% of TC18PheBu was 33 times stronger than that of an
O solution. Similarly, the fluorescent intensity of AO in a DBS gel

a
o
a
t

Fig. 3. Fluorescent intensities of AO at the maximum emission wavel
centrations of TC18PheBu (A) and DBS (B).

ormed by 0.7 wt% of DBS was approximately 3 times stronger than
hat of an AO solution. Thus, the present results imply that the flu-
rescence enhancement of AO is induced by the self-assembly of
he gelator.

.2. Time-resolved fluorescence of AO in supramolecular
ydrogels

In general, long fluorescent lifetimes imply strong fluorescent
ntensities. Fig. 4 shows the fluorescent lifetime decay of AO in
ater and in both gels. In the case of the TC18PheBu gel, the decay

ates of the fluorescent lifetime were slower than that of an aqueous
olution. In the case of the DBS gel, the decay rates of the fluo-
escent lifetime for both the solution and gel were rather close. It
xplains the low times of fluorescent enhancement in DBS gels as
hown in Fig. 3B. According to the Stokes–Einstein equation [13],
he rotation correlated time of fluorescent molecules is related to
he viscosity of the system and the molecular volume, i.e. the higher
he viscosity and the larger the molecular volume, the longer the
otation correlated time. Apparently, the viscosity of both gels is
uch higher than that of aqueous solutions although their viscosi-

ies have not been exactly determined herein. As discussed for Fig. 1,
O is isolated by a three-dimensional network consisting of gela-
ggregates restricts the rotation and vibration of AO molecules. In
ther words, the possibility of nonradiative relaxation is reduced,
s, for example, collision quenching between AO molecules. Since
he DBS gel formed by 0.2 wt% of DBS, contain low density three-

ength versus the concentrations of TC18PheBu (A) and DBS (B).
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ig. 4. Time-resolved fluorescence of AO in both gels and corresponding solutions.
� and �) AO in water and in TC18PheBu gel formed by 2 wt% of TC18PheBu. (� and

) AO in DMSO/H2O solution and in DBS gel formed by 0.2 wt% of DBS.

imensional networks, the decay rates of fluorescent lifetime for

oth the DBS solution and the DBS gel are rather similar.

Supramolecular hydrogels formed by gelators show typical
hermo-reversibility mainly due to the temperature dependence of
he aggregation and dissociation of gelators. Herein, varying tem-

e
d

a

ig. 5. Fluorescent intensities of AO in TC18PheBu gel formed by 2 wt% of TC18PheBu (A) an

Fig. 6. The values of anisotropy (r) of AO within both gels ve
(2009) 1864–1868 1867

erature fluorescence spectra of AO in both gels were measured
Fig. 5). Obviously, the fluorescent intensities of AO in both gels at
he maximum emission wavelength decreased gradually with an
ncrease of temperature. It was found that the fluorescent intensi-
ies of an AO solution were almost temperature independent. The
endency in the decrease became smaller in the temperature range
etween 50 and 65 ◦C, indicative of a gel–sol transition, which can
e attributed to the dissociation of gelator aggregates. The gel–sol
ransition temperature for the gel formed 2 wt% of TC18PheBu was
a. 50 ◦C [14]. In our experiment, it was ca. 61 ◦C for the gel formed
y 0.2 wt% of DBS. When the system was allowed to cool to 25 ◦C,
he fluorescent intensities of AO in both gels became again the same
s those in the initial status due to self-assembling of the gelator.
s discussed for Fig. 1, gelator aggregates further entangle each
ther and ultimately form three-dimensional networks. This net-
ork structure starts to relax and collapse due to dissociation of

elator aggregates during the process of temperature rising, leading
o the decreased fluorescent intensities of AO. This further confirms
he suggestion in the discussion of Figs. 2 and 3, namely that the
uorescence enhancement of AO is induced by self-assembly of
he gelator. Like thermo-reversibility of supramolecular gels, flu-
xhibits thermo-reversibility, which could be valuable for the
evelopment of fluorescent sensors and fluorescent switches.

Considering the relationship between the anisotropy values (r)
rising from polarized fluorescence spectra and local environment

d DBS gel formed by 0.2 wt% of DBS (B) versus temperature. (�) Gels. (�) Solutions.

rsus the concentrations of TC18PheBu (A) and DBS (B).
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[13] S.H. Seo, J.Y. Chang, Chem. Mater. 17 (2005) 3249.
ig. 7. The anisotropy values of AO in both gels versus temperature. (� and �) AO
n TC18PheBu gels formed by 2 wt% of TC18PheBu and in water, respectively. (� and
) AO in DBS gels formed by 0.2 wt% of DBS and DMSO/H2O solutions.

here fluorescent molecules are entrapped, polarized fluorescence
pectra of AO in both gels were measured (Fig. 6). The anisotropy
alues of AO were rather small in water and in DMSO/H2O solu-
ions. In general, the value of the anisotropy is related to the rates
f rotation of fluorescent substances, which depends upon the
ocal environment where the fluorescent molecules are entrapped.
or instance, the values of anisotropy were very small (ca. 0.03)
hen AO was dissolved in water or in DMSO/H2O solutions. How-

ver, these values were 10 times larger (ca. 0.3) when AO was
ntrapped in both gels formed by 2 wt% of TC18PheBu and 0.4 wt%
f DBS, respectively. The distinct difference could be ascribed to
estriction of the rotation of AO within the three-dimensional net-
orks formed by gelator aggregates, resulting in a rapid increase

f the values of anisotropy. This result confirms that fluorescence
nhancement of AO entrapped within the gel is induced by self-
ssembly of the gelator as discussed for Figs. 2 and 3. We note that
he values of anisotropy in TC18PheBu gel did not further increase
ith an increase of the TC18PheBu concentration. In the case of

he DBS gel, anisotropy values could not be obtained when higher
oncentration of DBS was applied due to the restricted solubility
f DBS in DMSO/H2O solutions. This result is consistent with the
iscussion of Figs. 2 and 3 (vide supra).

Fig. 7 shows the relationship of the anisotropy values of AO at
max (525 nm) and temperature. Obviously, the values of anisotropy
f AO in water and in DMSO/H2O solutions was almost indepen-
ent of the temperature. In the case of the TC18PheBu gel, the
nisotropy values of AO remained constant when the temperature
as below the gel–sol transition temperature (ca. 50 ◦C). However,

hey rapidly decreased when the temperature was higher than the
el–sol transition temperature. At 90 ◦C, the value of anisotropy

as only 50% of initial status. In the case of the DBS gel, the trend
f the decrease differed from that of the TC18PheBu gel, which be
ationalized by the different molecular structures and local viscosi-
ies where AO is entrapped. However, quite generally the value of
nisotropy decreased with an increase of temperature. As discussed

[
[

[
[

(2009) 1864–1868

bove, three-dimensional network structures relaxed and collapsed
hen the temperature is increased, resulting in a decrease of the

nisotropy values due to AO molecules which are now free from the
estriction.

. Conclusions

Fluorescent AO entrapped within supramolecular hydrogels
ormed by TC18PheBu and DBS shows typical fluorescent enhance-

ent in comparison with aqueous AO solutions. Steady-state
uorescence spectra of AO in supramolecular hydrogels indicate
hat the fluorescence enhancement of AO is induced by self-
ssembly of the gelators. The decay rates of fluorescent lifetimes
f AO in both gels were slower than that of an aqueous AO solution.
arying temperature fluorescence spectra of AO in both gels reveal

hermo-reversibility of these fluorescent enhancements, which
ould be significant for the development of fluorescent sensors and
witches. Polarized fluorescence spectra of AO in supramolecular
ydrogels indicate that the anisotropy values of AO increased with
n increase of the gelator concentrations and decreased with an
ncrease of temperature. This is ascribed to the collapse of three-
imensional network structures, resulting in freeing of AO from
estriction in rotation. These observations confirm that fluores-
ence enhancement of AO entrapped within the gel is induced by
elf-assembly of the gelator.
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a b s t r a c t

Flame furnace atomic absorption spectrometry (FF-AAS) is a newly developed flame atomic absorption
spectrometric technique based on arranging a flame furnace onto the top of the flame burner head. In
this fundamental investigation, 25 elements were carefully tested by using either thermospray FF-AAS or
tungsten coil electrothermal vaporization FF-AAS, of which 15 volatile and semi-volatile elements (Cd, Tl,
vailable online 19 October 2008

eywords:
lame furnace
tomic absorption spectrometry
ungsten coil

Ag, Pb, Zn, Hg, Cu, Sb, Bi, Te, In, As, Se, Sn and Au) exhibited better limits of detection compared to those
by conventional FAAS; however, non-volatile or refractory elements (Fe, Co, Ni, Cr, Mn, Pd, Pt, Al, Be and
V) showed inferior sensitivities by the proposed methods.

© 2008 Elsevier B.V. All rights reserved.

c
i
T
c
i
t
f
c
t
i
i
t
a
[

lectrothermal vaporization
hermospray

. Introduction

Flame atomic absorption spectrometry (FAAS) nowadays is still
ne of the most frequently used analytical techniques for elemen-
al determination [1]. However, its relatively low sensitivity largely
ampers its further applications in ultratrace analysis. Conven-
ionally, the detection power of FAAS can be improved by “atom
rapping” techniques [2]. Recently, flame furnace AAS (FF-AAS) has
een proposed by Gáspár and Berndt with two variants: beam injec-
ion FF-AAS [3–5] and thermospray FF-AAS [6–8]. In FF-AAS, a nickel
r quartz tube is located in the standard air-acetylene flame as the
tomization cell (flame furnace), and sample solution is introduced
irectly into the tube via beam injection or thermospray. The detec-
ion power can be greatly improved for volatile and semi-volatile
lements in FF-AAS due to the complete introduction of sample

olution and a prolonged residence time of atoms in the absorption
one.

Atomization temperature is a critical parameter in all types of
tomic spectrometric techniques as it affects the atomization effi-
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hengdu, Sichuan 610064, China. Tel.: +86 28 8541 5695.
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iency directly. In FF-AAS, the temperature inside the flame furnace
s about 1000 ◦C [9], which is much lower than that of the flame.
he temperature is determined by the flame gas (about 2500 ◦C), its
ontact with the wall of the tube, and the amount of liquid sample
ntroduced. It should be mentioned that the main practical limita-
ion of the FF-AAS system is that the temperature inside the flame
urnace is not high enough to promote efficient atomization, espe-
ially for less volatile elements such as Cr, Mg, Fe, Co and Ni [3]. Up
o date, only those elements with low appearance temperatures (for
nstance, Cd, Pb, Hg and Cu) can find good analytical performance
n FF-AAS [10–13]. The sensitivity improvement is associated with
he volatility of the elements, i.e., the lower the appearance temper-
ture of an element, the more significant sensitivity improvement
3,6].

Electrothermal vaporization (ETV) has long been considered
s an excellent approach for introducing dry sample aerosol into
lasma-based spectroscopic cells [14]. With ETV, the energy of the
tomization cell itself is not wasted on the desolvation of the sam-
le so that greater energy is available for atomization. An additional
enefit of ETV is its capability to easily accommodate complex
ample matrices. It is also a micro-analytical technique, capable

f working with micro amount of liquid samples or even solid
amples. Graphite furnace (GF) is the predominant ETV device in
nalytical atomic spectrometry [14,15], but tungsten coil vaporizers
ave also been used in analytical atomic spectrometry. GF vapor-

zers are typically originated from conventional graphite furnace
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AS (GF-AAS) and thus the outstanding characteristics of GF-AAS
re thus well retained in GF vaporizers, such as high atomization
fficiency and powerful capability for matrix removal during the
yrolysis step. On the other hand, the advantages of tungsten coil
W-coil) vaporizers include freedom from carbide forming inter-
erences, lower surface porosity, higher heating rate, much lower
ower supply, and compactness [16–18]. It should be pointed out
hat W-coil ETV has disadvantages such as limited sampling vol-
me, impurity of W-coil material, and lower temperature stability
ompared to graphite ETV. Nevertheless, W-coil has already been
requently used as an ETV for ICP-based spectrometry [19–22]. In
his work, W-coil ETV is coupled to an FF-AAS system for introduc-
ng dry sample aerosol. Sample aerosol was first vaporized from
he W-coil surface and then delivered into the flame furnace via a

ixture of Ar and H2 gas, and the temperature of the flame furnace
ould not be significantly lowered by sample introduction. In addi-

ion, thermospray FF-AAS was also investigated in order to compare
he performance of the methods by introducing dry aerosol and
iquid sample into FF-AAS.

. Experimental

.1. Instrumentation

A Model GGX-9 flame atomic absorption spectrometer (Geologi-
al Instrument Co., Beijing, China) equipped with a deuterium lamp
or background correction was used in this work. The manufacturer-
ecommended working parameters (analytical wavelength, slit
idth, and hollow cathode lamp current) were used for the atomic

bsorbance measurements. A quartz tube (10/11 mm i.d./o.d., and
0.5 cm in length) was used as the flame furnace. The arrangement
f the quartz tube on the flame was similar to our previous work
10]. Generally, 5.5 L/min air-1.5 L/min acetylene was used for the
ame.

For thermospray sampling (mode A in Fig. 1), a peristaltic pump

Model HL-2D, Huxi Analytical Instrumental Co., Shanghai, China)
as used to aid the sampling and a quartz capillary (10 cm in length

nd 0.4/1 mm i.d./o.d.) as the thermospray device. The quartz tube
ad additional holes on the bottom for the flame to spread in. For
-coil ETV (mode B in Fig. 1), a “T” type quartz furnace without

ig. 1. Instrumental arrangement of flame furnace AAS system (not to scale). (A)
hermospray; and (B) W-coil electrothermal vaporization. In thermospray, the
uartz tube with additional holes facing flame was used, while in W-coil electrother-
al vaporization, the “T” type quartz tube had no additional holes.
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dditional holes (4 cm in length for the “T” tip) was connected
irectly to the ETV device via a silica tube to minimize the dead
olume of the transport. The construction of the W-coil ETV device
s the same as described in our previous work [23]. A commercial DC
ower supply (HY 1791-10S, 0–30 V, Huai’an Yangguang Electronics
td. Co., Huai’an, China), which was redesigned and controlled by
Single Chip Micyoco (SCM), was used as a programmable power

upply for the W-coil ETV. Mixed gas of Ar/H2 was used as the car-
ier gas to deliver the sample aerosol into the flame furnace. For all
lements, gas flow rates at 400 mL/min Ar and 80 mL/min H2 were
sed.

An ICP-OES instrument (Iris Advantage, Thermo Jarrell Ash Cor-
oration, MA, USA) was used to determine the possible analyte loss
uring W-coil ETV FF-AAS measurements. The major instrumental
arameters were: power, 1150 W; sampling rate, 2.0 mL/min; nebu-

izer pressure, 27 psi; and integration time, 20 s. Analytical lines for
ach element were recommended by the manufacturer. Two-line
cheme was used for the background correction.

.2. Operation procedure

For thermospray sampling, a similar operation procedure as
escribed in our previous report [10] was adapted; and for W-coil
TV sampling, 20 �L sample solution was manually pipetted onto
he coil surface through the sample introduction hole using a micro-
yringe. Then, a rubber plug was inserted into the hole, and the
eating program was started: 3.2 A, 65 s for desolvation; 7.8 A, 5 s

or vaporization; and 8.2 A, 4 s for cleaning.

. Results and discussion

.1. Optimization of major experimental conditions and general
erformance

In this work, 25 elements were investigated using either TS-
F-AAS or W-coil ETV-FF-AAS. The optimization for the W-coil
TV-FF-AAS determination was carried out first by evaluating the
ffect of argon and hydrogen flow rates, the vaporization temper-
ture (the current) and the duration. Argon plays a key role in
ransporting the vaporized analyte aerosol from the W-coil ETV
o the flame furnace. For most of the elements, when the argon
ow rate was below 300 mL/min, the atomic absorbance signal

ncreased with argon flow rate, but the precision of measurements
as poor; when it was higher than 600 mL/min, decreased resi-
ence time of analyte atoms in the absorption zone led to decreased
ignal. Therefore, 400 mL/min of argon flow rate was chosen for
he subsequent experiments. This result was somewhat different
rom the previous work involving W-coil ETV for sample introduc-
ion into quartz tube atomizer of Ar/H2 flame atomic fluorescence
pectrometry, probably because the dead volume in this work was
maller, as the W-coil electrothermal vaporizer was directly con-
ected to the “T” type quartz flame furnace. Hydrogen was used
o protect the tungsten coil from oxidation, and its flow rate of
0 mL/min was used as a compromise of safety consideration and
ffective protection of the W-coil. Considering efficient atomiza-
ion/vaporization and safety, vaporization temperature was set at
bout 2000 ◦C (7.8 A) for 5 s for all elements.

All calibration curves were established by using single element
tandard solutions and peak-height absorbance for quantification.

imits of detection (LODs) were evaluated based on 3� of 11 mea-
urements of a blank solution. Among these elements, 15 volatile
nd semi-volatile elements (Cd, Tl, Ag, Pb, Zn, Hg, Cu, Sb, Bi, Te, In,
s, Se, Sn and Au) exhibited improved LODs compared to those of
onventional FAAS (Table 1); other elements (Fe, Co, Ni, Cr, Mn, Pd,
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Table 1
Limits of detection (3�) and upper linear ranges for 21 elements by TS-FF-AAS and W-coil ETV-FF-AAS, respectively, in comparison with those by FAAS and GF-AAS.

Element Limits of detection (�g/L) Upper linear range (�g/mL) Improved power of detection
(over FAAS)a

Temperature of GF-AAS
(◦C)b

FAAS GF-AASc TS-FF-AAS W-coil
ETVd

FAAS TS-FF-AAS W-coil
ETV

TS-FF-AAS W-coil
ETV

Pyrolysis Atomization

Cd 20 0.002 0.5 0.5 2 0.1 0.05 34 39 300 900
Ag 40 0.005 4 0.9 5 0.4 0.2 13 21 450 1100
Pb 400 0.05 25 25 40 2 0.6 25 31 800 1200
Tl 300 0.1 20 10 50 2 0.5 20 30 700 1200
Hg 3000 0.6 700 – 500 20 – 20 – 200 750
Zn 40 0.02 2 3 2 0.05 0.1 16 15 700 1100
Cu 120 0.014 5 2 6 0.2 0.2 15 17 850 2100
Sb 500 0.05 20 15 50 2 1 34 34 800 2300
Bi 100 0.05 20 15 20 2 0.5 19 30 350 1600
Te 200 0.1 10 10 20 2 1 23 22 400 2300
Sn 30000 0.1 900 1000 500 20 40 102 46 800 2300
In 500 – 300 10 50 10 1 4 43 750 2100
As 20000 0.05 600 30 100 10 10 26 18 400 2100
Se 2000 0.05 100 100 20 2 5 20 6 300 2300
Au 200 0.15 200 50 20 5 10 1.8 1.2 800 1900
Fe 100 0.06 4000 250 10 50 10 0.045 0.6 1100 2100
Co 100 0.15 1000 300 5 20 10 0.15 0.27 1100 2100
Ni 80 0.07 400 200 10 10 5 0.33 0.26 1000 2500
Cr 100 0.004 – 250 100 – 5 – 0.34 1200 2500
Mn 20 0.005 400 10 2 20 0.5 0.2 2.4 900 1800
Pd 150 0.09 600 200 5 10 5 0.4 1 1100 2200

a Defined as the slope ratio of calibration curves by the proposed method to FAAS.
b Recommended by Thermo-Electron Corporation.
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c Values from Ref. [24], with 50 �L sample volume.
d Based on a sampling volume of 20 �L.

t, Al, Be and V) involved in this work are non-volatile or refractory
lements, and inferior sensitivity over direct FAAS was observed
or these elements by TS-FF-AAS or W-coil ETV-FF-AAS. Although

arked sensitivity increase was obtained by FF-AAS, it cannot rival
F-AAS which still represents one of the most sensitive approach

or elemental analysis [24]. Details are further discussed in the fol-
owing sections.

.2. Volatile and semi-volatile elements

FF-AAS has exhibited better performance for volatile and semi-
olatile elements, especially for Hg, Cd, Pb and Zn, over traditional
AAS [3,6,8]. Such effects were also observed in the present work
sing either thermospray or W-coil ETV as the sampling tool for
F-AAS. Meanwhile, it was found that the typical linear range of
he calibration curve for W-coil ETV FF-AAS was shorter than that
f TS-FF-AAS (Table 1), just as the case of GF-AAS in comparison
ith FAAS. It can be seen from Table 1 that the improved power of
etection of W-coil ETV-FF-AAS over FAAS is generally larger than
hat of TS-FF-AAS for most elements except Sn, As and Se. In TS-FF-
AS, the energy of flame furnace is partially used for desolvation
f aqueous sample and not totally for atomization, so the sampling
olume should be strictly controlled to achieve the best analyti-
al performance. In this work, 20 �L sample solution was chosen
or use; and for the purpose of comparison, 20 �L sample solu-
ion was also injected for W-coil ETV-FF-AAS measurements. One
f the advantages of ETV is that it permits the atomization source to
rive its full energy for atomization/ionization. For Hg, however, no
ppreciable signal was obtained by W-coil ETV-FF-AAS because it
as totally vaporized in the desolvation step due to the extremely

igh volatility of its metal form.

The analyte transport efficiency in electrothermal vaporization
as been carefully studied by Holcombe et al. in ETV-ICP-MS sys-
em [25,26], and they found that analyte loss was inevitable during
he transport. Although the dead volume in this work was greatly

N
s
t
p
D

inimized, the analyte loss was still observed during the trans-
ort; and the analyte loss was higher in the case of W-coil ETV. The

CP-OES results showed that Cu, Sn and Au were detectable in the
ashing solutions of the vaporization cell as well as the connec-

ion tube (treated with 10 mL nitric acid after the measurements
f the calibration curves). Therefore, the driven force for the sen-
itivity difference of TS-FF-AAS and W-coil ETV FF-AAS is probably
he temperature/energy for atomization in the flame furnace. In
act, transport tubes of different length were also tested for Cd, Pb
nd Ag, and decreased atomic absorbance signal with the length
f the transport tube was observed as expected, and this further
onfirmed the analyte loss during their transport in W-coil ETV
F-AAS.

It is also interesting to find that although the W-coil ETV-FF-
AS for As and Se determination is not as sensitive as TS-FF-AAS,

he LODs obtained by W-coil ETV-FF-AAS are better than (As) or
quivalent (Se) to those by TS-FF-AAS. The resonance lines of As
193.7 nm) and Se (196.0 nm) lie in the vacuum ultraviolet region
<200 nm), so flame gases cause serious background and lead to
oor precision by FAAS. In TS-FF-AAS, a tube (flame furnace) with
dditional holes for flame gases to enter in was used, and this
eteriorates the blank signals during the low temperature atom-

zation [27]. In W-coil ETV-FF-AAS, on the other hand, a “T” type
ube without additional holes was employed and better stability
or blank signals was obtained, leading to improved LODs over
S-FF-AAS.

.3. Non-volatile elements

Non-volatile elements investigated in this work includes Fe, Co,

i, Cr, Mn and Pd. Gáspár and Berndt have reported that the sen-

itivity for Na, Li, Mg, Mn, Cr, Fe, Co and Ni by FF-AAS was lower
han that by conventional FAAS [3], and this was also true in the
resent work except Mn by W-coil ETV-FF-AAS (Table 1). Although
onati et al. used TS-FF-AAS to determine Co in biological samples,
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ig. 2. Atomic absorption profiles of iron obtained by TS-FF-AAS and W-coil ETV-FF-
AS. (curve a) 20 �g/mL Fe by W-coil ETV-FF-AAS; (curve b) 5 �g/mL Fe by W-coil
TV-FF-AAS; and (curve c) 20 �g/mL Fe by TS-FF-AAS.

erivatization of Co with APDC is needed based on the thermo-
hemical behavior of Co-PDC complex [28]. Most probably the high
ppearance temperature for these elements led to the sensitivity
oss by FF-AAS, and no calibration curve can even be established
or Cr using TS-FF-AAS in this work because of the relatively low
emperature of flame furnace.

ICP-OES analysis showed that appreciable amount of analyte
as condensed in the transport tube and the flame furnace. Because

he appearance temperatures of these elements are higher than
hose volatile and semi-volatile elements, after sputtering from the
ungsten coil, their free atoms are prone to congregate together and
ondensed on the inner wall of the tube. Fig. 2 showed the typical
e signal profiles obtained by TS-FF-AAS and W-coil ETF-FF-AAS,
nd the phenomena were generally the same for other elements.
n TS-FF-AAS, the signal tailing is serious (Fig. 2 curve c). After Fe
olution entering into the flame furnace, due to its high appear-
nce temperature and the low energy of flame furnace, very small
mount of Fe can be atomized, and this leads to the low sensitivity
f TS-FF-AAS. Meanwhile, the relatively “cold” tube wall can trap
ree atoms, subsequent release of Fe atoms from the flame furnace
s expected to be much slower than that of volatile elements [29],
eading to a tailed signal profile.

For W-coil ETV-FF-AAS, a well-shaped signal profile can be
btained at a low concentration of Fe (Fig. 2 curve b), while the
ignal tailing can also occur at a high concentration (Fig. 2 curve a).
ost probably in W-coil ETV, the temperature of the flame furnace
ould not decrease significantly upon the sample introduction, and

hus the trap effect of the furnace toward the atom cloud is minimal
hen the atom population is small. But the trap did exist because

he signal profile tailed again at a higher concentration (Fig. 2 curve
).

The results of Mn determination by TS-FF-AAS is this work
s different from Nascentes et al.’s results for direct determina-
ion of Mn in beer samples, in which a sevenfold of detection
imit improvement was obtained [30]. This is probably originated
rom different experimental conditions, such as geometry and ana-
yte medium, thus leading to varied atomization mechanism and
fficiency.

.4. Refractory elements

In this work, we also investigated some refractory metals,

amely Pt, Al, Be and V, by TS-FF-AAS and W-coil ETV-FF-AAS,
espectively. None of these elements produced measurable sig-
als in either TS-FF-AAS or W-coil ETV-FF-AAS. It is known that
itrous oxide-acetylene flame is usually used for these elements

[
[

[
[
[
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n FAAS [31,32], and the pyrolysis temperatures and atomization
emperatures for these elements are above 1200 ◦C and 2600 ◦C,
espectively. It is obvious that the flame furnace cannot atomize
hese elements, so neither TS-FF-AAS nor W-coil ETV-FF-AAS is
ood for the determination of these elements. Besides, the common
tomization mechanism for these elements is often a three-step
rocess in graphite furnace [33]. Take Al as an example, aluminum
alt firstly decomposes to Al2O3 at 1100 K, then Al2O3 vaporizes
t 1750 ◦C and enters into the gas phase to disassociate to AlO.
inally, free Al atoms are generated by pyrolytic decomposition
f AlO. Obviously, the energy of the flame furnace can only sat-
sfy the first step in TS-FF-AAS. In W-coil ETV-FF-AAS, the energy
f W-coil may be enough for the atomization of Al [34], but free
l atoms would quickly condensate on the transport tube as well
s the flame furnace, and this was also confirmed with ICP-OES
nalysis.

. Conclusion

W-coil ETV was employed to deliver dry sample aerosol into
he flame furnace, and it compared favorably with thermospray for
ample introduction. The sensitivity improvement of different ele-
ents was directly associated with their volatility. For the volatile

nd semi-volatile elements, the sensitivity of W-coil ETV and
hermospray sampling was similar; while for those non-volatile
lements, W-coil ETV was generally better because the energy of
he flame furnace is not needed for desolvation. In the case of refrac-
ory elements, neither thermospray nor W-coil ETV sampling can
ain detectable sensitivity as the low temperature flame furnace
annot atomize these elements efficiently, and the analyte loss is
ignificant during the sample transport in the case of W-coil ETV-
F-AAS.
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a b s t r a c t

The aim of this paper was to demonstrate a fluorescence measurement method for rapid detection of two
bacterial count by using water-soluble quantum dots (QDs) as a fluorescence marker, and spectrofluo-
rometer acted as detection apparatus, while Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus)
were as detection target bacteria. Highly luminescent water-soluble CdSe QDs were first prepared by
eywords:
scherichia coli
taphylococcus aureus
apid detection
luorescence
dSe quantum dots

using thioglycolic acid (TGA) as a ligand, and were then covalently coupled with target bacteria. The
bacterial cell images were obtained using fluorescence microscopy. Our results showed that CdSe QDs
prepared in water phase were highly luminescent, stable, and successfully conjugated with E. coli and
S. aureus. The fluorescence method could detect 102–107 CFU/mL total count of E. coli and S. aureus in
1–2 h and the low detection limit is 102 CFU/mL. A linear relationship of the fluorescence peak intensity
and log total count of E. coli and S. aureus have been established using the equation Y = 118.68X − 141.75
(r = 0.9907).
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. Introduction

Rapid and sensitive detection of total bacteria count is extremely
mportant in biotechnology, medical diagnosis, and food safety.
ecause of slow detection speed and complicated procedures, plate
ount, as a conventional method, could not ideally meet the require-
ents of fast and efficient microbe detection any more. Recently,

everal new methods including enzyme linked immunosorbent
ssay (ELISA) [1], polymerase chain reaction (PCR) [2], diffraction-
ased cell detection [3], and flow cytometry detection [4] have been
eported. However, most of current available methods for detecting
race amounts of bacteria need either amplification or enrichment
f the target bacteria in the sample, and moreover the apparatus
re expensive. Therefore, simple and sensitive methods, which do
ot need target amplification or enrichment, are currently being
ursued. It has been shown that fluorescence analysis is a rapid,
echnically simple, and efficient method for directly isolating tar-
et bacteria from originals or pre-enriching samples without any

xpensive apparatus [5,6]. Furthermore, demands of greater sensi-
ivity, speed, and ease of manipulation in detecting microbes are
lso increasing as evidenced by fluorescent markers have been
eveloped one after another [7–10].
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Quantum dots (QDs), as novel fluorescent markers, have been
pplied broadly to biological imaging and analysis including cell
taining [11,12], DNA detection [13], cell surface receptor targeting
14], and detection for pathogenic bacteria [15,16]. Unlike conven-
ional fluorescent dyes, QDs have long-term photostability, high
uantum yield, broad absorption spectra and narrow, symmet-
ic emission [17,18]. Hence, the sensitivity can be improved, and
he optical systems can be simplified if the conventional dyes
ere replaced by QDs as a fluorescent labeling [16]. These advan-

ages suggested that QDs bio-conjugates have greater potential in
icrobe monitoring, such as detection of total bacterial count and

athogen [16,19].
Immunoassays with QDs-labeled antibodies and enzymes have

een well documented to rapidly detect and identify pathogens
acteria [16,20], while limited information is available regarding
o use QDs for detecting total bacterial count. It was supposed
hat surface of water-soluble ODs, coated with TGA or MPA in
queous phase during preparation, could be easily coupled with
acteria to detect bacterial count. So far, although use of QDs as
biological imaging tool has clearly been established for eukary-

tic cells [21,22], relatively little is known about if QDs could

e truly coupled with bacteria and feasible in detecting bacterial
ount.

In this study, a fluorescence measurement method was
emonstrated for rapid detection of two bacterial count using
ater-soluble QDs as marker, spectrofluorometer as detection
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excitation spectra and broad emission spectra make simultaneous
measurements very difficult. CdSe QDs allow the use of a single
excitation wavelength, which greatly simplified the optical sys-
tem used to make these measurements and makes simultaneous
detection easier [23–25]. In this study, for studies difference of
X. Xue et al. / Talan

pparatus and Escherichia coli and Staphylococcus aureus as detec-
ion target bacteria.

. Materials and methods

.1. Materials

Fluorescein isothiocyanate (FITC) and tetramethyl rhodamine
ethyl ester (TMRM) were purchased from Sigma–Aldrich (St.

ouis, USA). Cadmium chloride, sodium borohydride, selenium
owder and sodium hydroxide (Shanghai Chemical Reagents
ompany, Shanghai, China) were used for the preparation of CdSe-
Ds. Thioglycolic acid (TGA, Chengdu Kelong Chemical Reagents
o., Chengdu, China) was employed for surface modification
f CdSe-QDs. 1-Ethyl-3-(3-dimethyllaminopropyl)-carbodiimide
EDC, Shanghai Medpep Co., Shanghai, China) was used for acti-
ator. Other inorganic reagents include the sodium phosphate
onobasic, sodium phosphate dibasic heptahydrate, hydrochloric

cid, phosphate buffered saline (PBS, pH 7.4). All reagents were of
nalytical grade without further purification. Ultra pure water was
sed throughout.

.2. Synthesis of water-soluble CdSe quantum dots

Water-soluble CdSe QDs solution was prepared as reported in
ef. [19] using the reaction between Cd2+ and NaHSe solution with
GA as stabilizer. Mixture of NaHB and Se was incubated for 2 h at
◦C to synthesize NaHSe. For preparation of Cd precursor solution,
solution of CdCl2 and TGA were mixed, and pH value was then

djusted to 11. This solution was placed in a three-necked flask,
nd was deoxidized with N2 bubbling for 30 min. Under vigorous
tirring, the prepared oxygen free NaHSe solution was injected.
ypical molar ratio of Cd:Te:TGA was 2:1:4 in our experiments.
he resulting mixture solution was heated to 90 ◦C and refluxed
o 2 h for obtaining the green CdSe QDs. The CdSe QDs precipitates
ere rinsed with ethanol and dried by vacuum oven, and then were

tored at 4 ◦C in dark.

.3. Bacterial aerobic plate count

Microbial strains of S. aureus and E. coli were kind gifts from
he lab of Dr. Yu (Anhui Entry-Exit Inspection and Quarantine
ureau, China). They were cultured in 100 mL of Luria Bertani
LB) broth. After incubation overnight at 37 ◦C, the bacterial cells
ere centrifuged for 10 min at 1600 × g. The bacteria were washed

wice with the sterilized PBS (pH 7.4) and then resuspended in
BS (pH 7.4) under gentle vortex mixing. Aerobic plate count was
etermined by inoculating 1 mL of samples onto nutrient agar
lates and incubated aerobically at 37 ◦C for 24 h and colonies
ounted.

.4. QDs coupled with bacterial

At the mid-log phase, E. coli and S. aureus solutions were cen-
rifuged for 10 min at approximately 1600 × g, and the supernatant
as discarded. After discarding the supernatant, the bacterial pellet
as resuspended in 10 mL PBS by vortexing for approximately 10 s.
TA-coated water-soluble CdSe quantum dots were conjugated to E.
oli and S. aureus using EDC as a coupling reagent. For measuring the
est condition of water-soluble CdSe quantum dots coupled with

he bacterial cells, 50–400 �L (1.0 mg/mL) CdSe QDs and 100 �L
.1 mg/mL EDC were reacted together with bacteria for 10–40 min
t 37 ◦C, and then the mixtures were purified using ultra-filtration
embrane (0.22 �m) to wash away the excess CdSe QDs. Further,

uorescence intensity and fluorescence images of different E. coli

F
o
e
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nd S. aureus were identified by labeling water-soluble CdSe QD of
olution certain concentrations. Moreover, EDC was not added into
he reaction solution in contrast.

.5. Fluorescence microscopy

An IX-71 Olympus microscope system (Tokyo, Japan), equipped
ith a DP30BW cooled CCD camera and 500–560 nm BP emission
lter was used to observe the images of bacterial cells.

.6. Fluorescence spectra

Absorption spectra were obtained using a UV-1600 spectropho-
ometer (Beijing, China). Fluorescence intensity and emission
pectra of CdSe QDs coupled with bacteria were recorded with the
xcitation wavelength fixed at 400 nm using an F-970 spectrofluo-
ometer (Shanghai, China).

. Results and discussion

.1. Spectrum and stability of water-soluble CdSe QDs

CdSe QDs were synthesized in aqueous phase using the reac-
ion between Cd2+ and NaHSe solution in the presence of TGA
s a stabilizer. Fig. 1 shows the absorption spectrum and fluores-
ent emission spectra of green CdSe QDs used in bacterial cells
abeling in this study. The absorption spectrum (curve a) indi-
ates that CdSe QDs have a wider range of absorption, and the
bsorption peak is at 400 nm and 460 nm. Their broad absorp-
ion spectra allows for the efficient excitation at any wavelength
ith a single light source. The emission spectrum (curve b) is

haracterized by good symmetry and relatively narrow spectral
idth, which provided sufficient spectral resolution for quantita-

ive detection of the fluorescence intensity. Generally, when using
onventional organic dyes as fluorescent labeling, their narrow
ig. 1. Absorption spectra (curve a) and fluorescence emission spectra (curve b)
f water-soluble CdSe quantum dots. Excitation wavelength is at 400 nm, and the
mission peak is at 524 nm.
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Fig. 2. Fluorescent intensities and photostability of water-soluble CdSe QDs, FITC
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3
coupled with water-soluble CdSe quantum dot

The fluorescence microscopy images demonstrate that the flu-
orescence signals of the E. coli and S. aureus cells coupled with
water-soluble CdSe QDs were clear seen approximately 30 min after
nd TMRM. Liquid solutions containing similar concentrations (1.0 mg/mL) were
xposed under respective optimal excitation wavelengths and fluorescent intensi-
ies were measured at 5 min intervals.

uorescence property both CdSe QDs and organic dye, fluorescence
ntensity of CdSe QDs was compared to that of FITC and TMRM.
he comparison results indicate that water-soluble CdSe QDs solu-
ions have high fluorescence intensity. CdSe QDs have improved
rightness compared with two typical fluorescence dyes, which
akes it easier for quantitative measurement of fluorescence inten-

ity.
The photostability of water-soluble CdSe QDs was further com-

ared against FITC and TMRM (Fig. 2). In the solution state, the
uorescence intensity was measured every 5 min and versus time
ata was directly obtained from the spectrafluorometer, which was
xcited continuously at its optimal excitation. The results show that
he CdSe QDs are more stable than FITC and TMRM. As shown in
ig. 2, within 5 min, total fluorescence intensity of FITC and TMRM
ere reduced about 70%. The fluorescence signature of FITC and

MRM was evenly disappeared at 10 min, whereas it was not change
hat of CdSe QDs within 20 min.

These data illustrated that CdSe QDs display high luminescence,
ood water-solubility and photo-stability. It was similar to the
eports in the references about applications of CdSe QDs in bio-
ogical imaging and analysis [11–16].

.2. The best condition of water-soluble CdSe quantum dots
oupled with bacterial cells

In order to identify whether the water-soluble CdSe QDs bind
n the bacterial cells, in this experiment, E. coli and S. aureus was
hosen as detection target bacteria because they possess different
ell walls and the component which was well understood. To deter-
ine the best integration time of CdSe QDs coupled with bacteria,

0–400 �L (1.0 mg/mL) CdSe QDs and E. coli and S. aureus were
eacted together for 40 min, respectively. The fluorescence inten-
ity of different integration time was obtained at 524 nm. As shown
n Fig. 3, prior to 25 min, fluorescence intensity both of E. coli and S.
ureus increase linearly with integration time, but the fluorescence

ntensity was not increase approximately 30 min after addition of
he CdSe QDs solution to the bacteria in log phase. Thus the best
ntegration times of CdSe QDs coupled with bacteria was 30 min in
his study. 400 �L (1.0 mg/mL) CdSe QDs and E. coli and S. aureus

F
o
a

ig. 3. Effect of integration time on the fluorescence intensity of the water-soluble
dSe QDs bind on E. coli and S. aureus (107 CFU/mL of E. coli and S. aureus).

ere respectively reacted together for 10–40 min at 37 ◦C to deter-
ine the likely CdSe QDs concentrations of CdSe QDs coupled with

acteria. As shown in Fig. 4, fluorescence intensity both of E. coli
nd S. aureus coupled with CdSe QDs solution increased with CdSe
Ds concentrations from 50 �L to 400 �L, but CdSe QDs coupled
ith bacteria was restricted with QDs concentrations and did not

ncrease when CdSe QDs concentrations achieved 350 �L. Thus, to
repare effective QDs-bacterial conjugates, the minimum level of
he concentration of the CdSe QDs was 350 �L, and integration
imes of CdSe CdSe QDs coupled with bacteria was approximately
0 min in this level.

.3. Microscopic image and the principle of the bacterial cells
ig. 4. Effect of water-soluble CdSe QDs concentrations on the fluorescence intensity
f the QDs bind on E. coli and S. aureus in log phase (107 CFU/mL of E. coli and S.
ureus). The concentration of QDs is 1.0 mg mL−1.
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Fig. 5. Fluorescence and bright-field images (1000×) of E. coli and S. aureus cells. (A) and (a) indicate bright-field and fluorescence images of E. coli cells (107 CFU/mL cell
s cells 7

w y, ima
b ent m

a
p
o
t
a
.
o

o
a

uspension) treated with QDs and EDC, (B) and (b) indicate the images of S. aureus
ere observed under a fluorescent microscope (a, b). (C) and (c) show, respectivel
right fields and fluorescent. Few luminescent dots were observed under a fluoresc

ddition of the CdSe QDs solution and EDC to the bacteria in log
hase. A lot of luminescent the E. coli and S. aureus cells were

bserved under a fluorescent microscope (Fig. 5a and b). In contrast,
he fluorescence signals of the E. coli and S. aureus cells without
ddition of the EDC were invisible in control experiments (Fig. 5c)

It also showed that only a few CdSe QDs bind on the well surface
f E. coli and S. aureus cells.

a
p
t
p

Fig. 6. Diagrammatic sketch of principle for bacterial c
(10 CFU/mL cell suspension)under the same condition. A lot of luminescent dots
ges of E. coli cells (107 CFU/mL cell suspension)treated with QDs (without EDC) in
icroscope (c). The scale bars are 1 �m.

Furthermore, these images reveal water-soluble CdSe QDs bind
n the E. coli and S. aureus, but it is nonspecific. The possible mech-
nisms are that the water-soluble CdSe QDs with surface carboxylic

cids bind on the surface of Skin cells [26,27]. But another published
aper indicated that QDs are able to label to bacteria only if the par-
icles are <5 nm in diameter. They through that the diameter of the
articles was about 3–4 nm could pass through bacterial cell walls

oupled with water-soluble CdSe quantum dots.
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nd membrane entry the cell, so the QDs could label to bacteria. But
he luminescent bacterial cells were observed approximately 12 h
fter addition of the QD solution to the bacteria in log phase [21].
n this study, we used CdSe QDs as a fluorescent labeling and EDC
s a crosslinking agent to explore whether the water-soluble CdSe
Ds bind on the surface of two bacterial cells. EDC is a commonly
sed coupling agent that can link between amine groups of pro-
eins and carboxylic group of some compounds [28,29], so EDC was
hosen to confirm whether CdSe QDs were effectively conjugated
ith amine groups of bacteria. As shown in Fig. 5, the fluorescence

ignals of the two bacterial cells with addition of the EDC are clear
nd bright (Fig. 5a and b), but the fluorescence signals of the bac-
erial cells without addition of the EDC become invisible (Fig. 5c).
t indicated that the water-soluble CdSe QDs bind on the surface of
wo bacterial cells. Since the surface of CdSe QDs were coated with
ertain GTA, the thiol group of GTA was linked to the surface of CdSe
Ds by thiol group-Cd coordination, and the functional carboxylic
roup was free, which can be easily coupled with amine groups the
urface of bacteria, such as proteins, peptides and amino acids.

Fig. 6 illustrates the coupling process of bacteria with QDs. For
implification, only one protein is shown on one bacterial cell mem-
rane and one protein on one QD conjugate. In fact, one bacterial
ell membrane carries numerous proteins and one protein typi-
ally bind on numerous QD conjugate. Briefly, the detection was
ased on coupling amino group of bacterial cell membranes with
D bio-labeling.

.4. Fluorescence detection of total count of E. coli and S. aureus

The fluorescence intensity of 101–107 CFU/mL total count of E.
oli and S. aureus was presented in Fig. 7. As shown in this figure,
he fluorescence intensity peak intensity increases with increas-

ng cell count in the range of 101–107 CFU/mL E. coli and S. aureus
ells. The fluorescence peak intensity increases with increasing
wo bacterial count and a linear relationship could be established
sing the equation Y = 118.68X − 141.75 (r = 0.9907) over the range
f 102–107 CFU/mL.

t
1
a
t
c

ig. 8. Fluorescence images of bacterial cells coupled with water-soluble CdSe QDs (1000
xposed to 107, 104, 102 CFU/mL cells suspension, respectively. (D–F) The images of E. co
�m.
oli and S. aureus. The concentration of water-soluble CdSe QDs is 1.0 mg/mL. The
etection target bacteria are mixture of E. coli and S. aureus. The relationship between
uorescence signal intensity and log total count of E. coli and S. aureus follows the
quation of Y = 118.68X − 141.75 (r = 0.9907). The low detection limit is 102 CFU/mL.

Fig. 8 shows the fluorescence images of 102, 104 and 107 CFU/mL
. coli and S. aureus cells. The luminescent bacterial cells become
isible approximately 30 min after addition of the QDs solution to
he 102–107 CFU/mL bacteria. However, the signals of the blank
nd the samples of 101 CFU/mL bacterial are indistinguishable,
hich might not be coupled with CdSe QDs or might be due to

he high background reflection. The detection limit obtained in

his study is 102 CFU/mL. The fluorescence method could detect
02–107 CFU/mL total count of E. coli and S. aureus in 1–2 h from
dding a sample solution to obtaining the final result, with a detec-
ion limit of 102 CFU/mL, that of at least 10–20 times lower than
onventional plate count.

×). (A–C) The images of different quantities S. aureus cells coupled with QDs when
li cells coupled with QDs in the same quantities bacterial cells. The scale bars are
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. Conclusions

This study has prepared highly luminescent and stable water-
oluble CdSe QDs using thioglycolic acid (TGA) as a ligand. A
ensitive and rapid fluorescence detection method of total bacte-
ial count has been demonstrated based on the water-soluble CdSe
uantum dots coupled with bacterial. The fluorescence method
ould detect 102–107 CFU/mL total count of E. coli and S. aureus
n 1–2 h and the low detection limit is 102 CFU/mL. The fluores-
ence peak intensity increases with increasing total count of E.
oli and S. aureus and a linear relationship could be established
sing the equation Y = 118.68X − 141.75 (r = 0.9907) over the range
f 102–107 CFU/mL.
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a b s t r a c t

A simple and sensitive assay system for glucose based on the glutathione (GSH)-capped CdTe quantum dots
(QDs) was developed. GSH-capped CdTe QDs exhibit higher sensitivity to H2O2 produced from the glucose
oxidase catalyzed oxidation of glucose, and are also more biocompatible than other thiols-capped QDs.
vailable online 31 October 2008

eywords:
uantum dots
2O2-sensitive
lucose

Based on the quenching of H2O2 on GSH-capped QDs, glucose can be detected. The detection conditions
containing reaction time, the concentration of glucose oxidase and the sizes of QDs were optimized and
the detection limits for glucose was determined to be 0.1 �M; two detection ranges of glucose from 1.0 �M
to 0.5 mM and from 1.0 mM to 20 mM, respectively were obtained. The detection limit was almost a 1000
times lower than other QDs-based optical glucose sensing systems. The developed glucose detection
system was simple and facile with no need of complicated enzyme immobilization and modification of
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etection QDs.

. Introduction

Semiconductor nanocrystals (quantum dots, QDs) exhibit
nique properties such as size-dependent emission, narrow
mission peak and resistance to photo-bleaching [1]. Intensive
esearches have been done in the study of synthesis and pho-
ophysical properties of QDs during the past two decades [2–5].
lthough the development of QDs-based chemical (bio) analysis
ad a relative late start compared with their intensive applications

n bioimaging, a rapid progress has been achieved within the latest
everal years by analytical scientists with several review papers
ublished very recently [2,6–10]. Taking full advantages of the
Ds unique property, various pathways were adopted to develop
ptical sensors based on the variation of QDs photoluminescence
PL) intensity induced by the changes of QDs surface conditions.
revious studies were focus on the QDs-based sensing system
or ions [11–13] and small molecules [14,15]. In order to achieve
he selective analysis, the surfaces of QDs were modified with

ost molecules to selectively encapsulate ions or small molecules
16,17]. On the other hand, sensing analytes or bio-recognition
vents were also achieved through fluorescence resonance energy
ransfer or electron transfer process with QDs as fluorescence labels
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stry, Changchun Institute of Applied Chemistry, Chinese Academy of Sciences,
hangchun, 130022, China. Tel.: +86 431 85262003; fax: +86 431 85689711.
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18–23]. QDs display great potential in the analytical areas espe-
ially in the development of biosensing systems.

Glucose is a major component of animal and plant carbohy-
rates, and the detection of glucose is of great importance in food
nalysis as well as in diagnosing metabolites. Various methods have
een developed for glucose by electrochemical and optical analy-
is and so on [24–28]. Recently, several groups paid efforts to the
esign of QDs based optical sensing systems for glucose determi-
ation. Cavaliere-Jaricot group [29] and Huang group [30] reported
n the glucose detection based on the quenching of QDs photo-
uminescence (PL) emission by H2O2 and acidic changes produced
y glucose oxidase (GOD) catalyzed glucose oxidation, respectively.
hee group [31] functionalized the mercaptopropionic acid (MPA)
apped QDs with GOD and horseradish peroxidase (HRP), and
hen glucose was sensed by the quenching of QDs through FRET
rom QDs to the enzymatic reactions. However, the detection lim-
ts were relatively high (at 0.1 mM level). In order to achieve the
ensitive detection of glucose, a QDs–bienzyme hybrid system has
een developed by our group. An efficient QDs PL quencher benzo-
uinone (BQ) was produced from GOD-HRP catalyzed with glucose
nd hydroquinone as substrates, and the highly sensitive detection
f glucose was achieved with detection limit of 10 nM [32], however
he detection range was relatively narrow. Very recently, Willner

roup [33] proposed that controlling the photophysical proper-
ies of QDs by H2O2 might provide versatile method to develop
Ds-based sensors as numerous oxidase generated H2O2, and then
etection of glucose and acetylcholine esterase inhibition were
erformed to prove the feasibility with the H2O2-sensitive QDs



ta 77 (2009) 1858–1863 1859

(
t
H
a

b
o
s
l
a
o
w
g
t
Q
T
s

2

2

f
c
C
p
G
(
F
n
t
(

2

U
i
s
m
o
a
o

2

i
t
1
r
t
c
5
c
g

2

b
d
fl
e

F
Q

3

3

b
G
Q
U
c
d
T
a
4

3
M

M
i
m
M
a
s
3 min for 6 times. As shown in Fig. 2, with the increase of the scan
times, the PL intensity of QDs decreased, and the PL emission of
GSH-capped QDs was quenched more intensively by H2O2. Results
of the sixth scan showed that there was a 71.8% decrease of the
PL intensity of GSH-capped QDs, while only a decrease of 30.9%
J. Yuan et al. / Talan

mercaptoundecanoic acid and GSH-capped CdSe/ZnS QDs) func-
ionalized with enzymes. A lower detection limit of 0.1 mM for
2O2 was achieved and the requirement of QDs PL quencher was
voided.

In this manuscript, the GSH-capped CdTe QDs were proved to
e more sensitive to H2O2 than the CdSe/ZnS QDs. The sensitivity
f QDs with different sizes on H2O2 was investigated and results
howed that QDs with smaller size presented higher sensitivity. Uti-
izing the sensitivity of the GSH-capped QDs PL emission on H2O2,

simple glucose detection method was further developed based
n the oxidation of glucose by GOD. The detection limit of glucose
as determined to be 0.1 �M. Also, two wide detection ranges of

lucose were obtained from 1.0 �M to 0.5 mM and from 1.0 mM
o 20 mM. Compared with other thiols-capped QDs, GSH-capped
Ds was more biocompatible, as GSH can detoxify Cd2+ ions [34].
he avoidance of modification of QDs and GOD made this method
imple and facile.

. Experimental

.1. Reagents

All the starting materials of CdTe QDs synthesis were obtained
rom commercial suppliers and were used without further purifi-
ation. Mercaptosuccinic acid (MSA) was obtained from Aldrich
hemical (Milwaukee, WI, USA). Glutathione (reduced form) was
urchased from Beijing Dingguo Biotechnology (Beijing, China).
lucose oxidase (from Aspergillus niger) was purchased from Sigma

St. Louis, MO, USA). Chemicals used are at least analytical grade.
rozen human serum samples were obtained from Hospital of Chi-
ese Integrative Medicine of Jilin Province (Changchun, China). All
he solutions were prepared with water purified by a Milli-Q system
Millipore, Bedford, MA, USA).

.2. Instrumentation

UV/vis absorption spectra were recorded by a CARY 500
V/vis–near IR Varian spectrophotometer. Fluorescence exper-

ments were recorded on a PerkinElmer LS 55 luminescence
pectrometer. Transmission electron microscopy (TEM) measure-
ents were made on a JEOL 2000 transmission electron microscope

perated at an accelerating voltage of 200 kV. Samples for TEM char-
cterization were prepared by placing a drop of QDs colloid solution
nto a carbon-coated copper grid and drying at room temperature.

.3. Synthesis of CdTe QDs

Four millilitres of 0.04 M cadmium chloride was diluted to 25 mL
n a one-necked flask, and trisodium citrate dihydrate (0.1 g), glu-
athione (0.05 g) or mercaptosuccinic acid (0.1 g), Na2TeO3 (0.01 M,
mL) and NaBH4 (0.05 g) were added with stirring. The mixture was

eacted at 90 ◦C under open-air conditions for a certain period of
ime. The obtained QDs were precipitated with ethanol and the pre-
ipitates were separated by centrifugation and were redissolved in
0 mM phosphate buffer solution (pH 7.4). The precipitation pro-
ess was repeated for three times in order to eliminate the free
lutathione ligands and salts in the crude CdTe QDs colloids.

.4. Fluorescence experiments
Thirty microlitres of QDs colloids were diluted with phosphate
uffer solution and a certain volume of H2O2 was added into the
iluted colloids. Under the excitation wavelength of 400 nm, the
uorescence spectra of QDs were recorded. The slot widths of the
xcitation and emission were both 10.0 nm.

F
Q
s

ig. 1. UV/vis absorption and PL emission spectra of synthesized GSH-capped CdTe
Ds with four sizes ((1) 2.17 nm; (2) 2.86 nm; (3) 3.28 nm; (4) 3.45 nm).

. Results and discussion

.1. Optical characterization of GSH-capped CdTe QDs

The synthesis of GSH-capped CdTe QDs have been achieved
y several groups [34,35]. Here in this work, the water-soluble
SH-capped QDs were easily synthesized according to the CdTe
Ds synthesis method proposed by our group previously [36]. The
V/vis absorption and PL emission spectra of synthesized GSH-
apped CdTe QDs with different sizes were shown in Fig. 1. The
iameters of QDs were calculated following Peng’s method [37].
he obtained QDs exhibited a broad absorption spectra and narrow
nd symmetrical emission peaks with the excitation wavelength at
00 nm.

.2. Comparison of responses of GSH-capped QDs and
SA-capped QDs on H2O2

The effects of H2O2 on the PL emission of both the GSH and
SA-capped CdTe QDs were studied and compared. It was found

n our experiment that the PL emission of GSH-capped QDs was
ore easily influenced by the presence of H2O2 compared with
SA-capped QDs. The time-dependent experiments of both GSH

nd MSA-capped QDs–H2O2 system were investigated with the PL
pectra of the mixture of QDs and 1 mM H2O2 were recorded every
ig. 2. PL spectra represented comparison of the six sequential scans of GSH-capped
Ds and MSA-capped QDs with the addition of 1 mM H2O2. Scan rate, 500 nm/min;

can delays, 3 min.
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ig. 3. UV/vis absorption spectra of GSH-capped CdTe QDs (A) and MSA-capped C
espectively; and the TEM images of GSH-capped CdTe QDs before (C) and after the

ccurred to the MSA-capped QDs. The quenching effect of H2O2 on
SH-capped QDs was more than two times intensive than that on
SA-capped QDs. And the quenching effect of H2O2 on GSH-capped

dTe QDs was more intensive than that on CdSe/ZnS QDs as a
uenching effect of about 40% was observed as reported previously
33]. The quenching effect of H2O2 on the PL emission of GSH-
apped CdTe QDs might be due to the oxidation of QDs surfaces.
i group reported that QDs could be destroyed by H2O2 in alka-
ine solution [38]; however, the detailed mechanism was not very
lear yet [33]. In this work, TEM images of GSH-capped CdTe QDs
efore and after the H2O2 treatment were obtained, and the UV/vis
pectra of both GSH-capped CdTe QDs and MSA-capped CdTe QDs
efore and after the addition of 0.01 M H2O2 were also compared.
s shown in Fig. 3A and B, UV/vis absorption peak of GSH-capped
dTe QDs decreased intensively after reacting with H2O2 for 6 h,

ndicating that the lattice structure of QDs were partly destroyed
y H2O2, while the decrease of UV/vis absorption peak of MSA-
apped CdTe QDs was at a relatively lower extent. TEM images of
SH-capped CdTe QDs indicated that the QDs were non-aggregated
fter the addition of H2O2, which can also be proved by the fact that
here was no blue-shift or red-shift of PL spectra observed. The
bove results showed that GSH-capped CdTe QDs were more eas-
ly to be oxidized and then destroyed compared with MSA-capped
Ds. The obtained results were consistent with the phenomenon
bserved by Li group [38], the lattice structure of GSH-capped CdTe
Ds can be partly destroyed after the oxidation of H2O2, leading
Ds PL quenching effect. Based on GSH-capped CdTe QDs, glucose
etection with higher sensitivity can be established.

.3. Detection of H2O2 by the quenching PL emission of
SH-capped CdTe QDs
In order to achieve the sensitive detection of H2O2, the quench-
ng kinetics of GSH-capped CdTe QDs by H2O2 was investigated.
esults showed that the QDs PL intensity decreased with the

ncrease of incubation time of GSH-capped QDs with H2O2 within

t

i
G
q

Ds (B) before (a) and after the addition of 0.01 M H2O2 for 10 min (b) and 6 h (c),
ion of 0.01 M H2O2 (D).

min, and it was found that linear relationship existed between
he PL intensity decrease and incubation time. As the decrease of
L intensity became slow down after 5 min, an incubation time of
min was chosen in our experiment.

Utilizing the intensive quenching effects on GSH-capped CdTe
Ds, optical sensing method of H2O2 can be established. The
uenching effect of H2O2 with different concentrations on GSH-
apped CdTe QDs with size of 2.50 nm was studied and shown
n Fig. 4 with the incubation time of 5 min. PL intensity of QDs
ecreased gradually with the increase of H2O2 concentration. The
etection limit of H2O2 was determined to be 1.0 �M, which
as 100 times lower than other QDs PL quenching-based H2O2
etection method [29,33]. An extremely wide linear range was
btained between I0/I (I0 and I are the PL intensity of QDs in the
bsence/presence of quencher) and the concentration of H2O2 with
he concentration range between 0.1 mM and 10 mM.

.4. Glucose sensing system based on the GSH-QDs and glucose
xidase system

The sensitive detection of H2O2 with broad linear range based
n GSH-capped CdTe QDs made it possible to develop a sensitive
lucose determination system with the coupling of GSH-capped
dTe QDs and GOD that catalyzed oxidation of glucose to pro-
uce H2O2. The responses of GSH-capped CdTe QDs on 1.0 mM
lucose, 3.2 mg/mL GOD and the mixture of glucose and GOD were
nvestigated. As shown in Fig. 5, the mixture of glucose and GOD

ith 5 min incubation exhibited a quenching effect of 40% on GSH-
apped QDs, while glucose and GOD itself presented no influences
n the PL spectra of QDs. The above results showed that quenching
ffects were attributed to H2O2 generated from glucose oxida-

ion.

To achieve sensitive detection of glucose, some key factors that
nfluence the glucose detection were studied. The concentration of
OD was optimized. With the increase of GOD concentration, the
uenching effect of 1 mM glucose also enhanced. I/I0 was linear
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Fig. 4. (A) PL spectra represent the quenching effect of H2O2 with concentrations
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to n, 0, 1.0 �M, 10 �M, 50 �M, 0.1 mM, 0.3 mM, 0.6 mM, 1.0 mM, 2.0 mM, 3.0 mM,
.0 mM, 6.0 mM, 8.0 mM, 10 mM. (B) Linear relationship between I0/I and the con-
entration of H2O2. Incubation time of QDs and H2O2, 5 min; 50 mM phosphate
uffer solution (pH 7.4).

ith the concentration of GOD within 0.16 mg/mL, and when the
oncentration of GOD was above 0.16 mg/mL, the quenching effects
id not enhance any more. Thus 0.16 mg/mL GOD was utilized in
he following experiments. Then, the enzymatic reaction time was
tudied. A linear relationship of I/I0 and reaction time of 1.0 mM
lucose–0.16 mg/mL GOD system within 5 min were observed. The

nzymatic reaction can reach its equilibrium within 5 min, and the
ncubation time of 5 min was chosen.

The size of QDs is a crucial parameter that decides the sensitiv-
ty and detection range of glucose detection. With the decrease of
Ds size, more atoms of the total number of atoms comprising the

ig. 5. PL spectra represent the quenching effect of GOD–glucose system on GSH-
apped QDs; (a) QDs; (b) QDs with the addition of 1 mM glucose; (c) QDs with
he addition of 0.32 mg/mL GOD; (d) QDs with the addition of 1 mM glucose and
.32 mg/mL GOD. Enzymatic incubation time, 5 min; incubation time of QDs and
lucose–GOD system, 5 min, 50 mM phosphate buffer solution (pH 7.4).
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ig. 6. Relationship between the quenching effects (I/I0) of 1 mM H2O2 on GSH-
apped CdTe QDs PL intensity and QDs diameters. Incubation time of QDs and H2O2,
min; 50 mM phosphate buffer solution (pH 7.4).

article will locate at the particle surface, and the QDs with smaller
iameter can be more sensitive to their surfaces. We investigated
he response of PL intensity of QDs with different sizes on 1 mM
2O2. As shown in Fig. 6, the quenching effect (1 − I/I0) of H2O2
n QDs PL intensity enhanced with the decrease of their diameters
D). The quenching extent of 1 mM H2O2 on the PL intensity of QDs
ith the size of 2.17 nm was about 88.6%, while a quenching effect

f about 63.6% was achieved when the QDs size was 2.86 nm. When
he sizes of QDs were above 3.11 nm, the quenching effects of H2O2
ere almost the same and at about 55% levels.

Here, we further investigated the influences of QDs sizes on
lucose detection. GSH-capped CdTe QDs with three different
iameters (2.17 nm, 2.50 nm and 3.11 nm) were utilized in this
tudy. As to the determination of glucose, the glucose with various
oncentrations was first oxidized with the catalysis of 0.16 mg/mL
OD in 50 mM phosphate buffer (pH 7.4) for 5 min, and then certain
olume of QDs was added into above reaction system for another
min and underwent fluorescence experiments. Under the opti-
ized reaction conditions, the response of QDs PL intensity on

lucose with different concentrations was shown in Fig. 7. It can be
een from Fig. 7A that QDs with diameter of 2.17 nm were more sen-
itive to glucose than that of 2.50 nm and 3.11 nm. Fig. 7B showed
he Stern–Volmer curves that represented the relationship of I0/I
nd the concentration of glucose.

Different detection limits can be obtained when QDs with differ-
nt sizes were used. Utilizing QDs with smaller size, determination
f glucose with higher sensitivity can be achieved. The detection
imit of glucose was determined to be 0.1 �M utilizing QDs of
.17 nm, which was 10 times lower than that obtained using QDs of
.50 nm and 3.11 nm. The linear ranges of glucose detection were
lso different when using QDs of different diameters as seen in
able 1. With QDs diameters of 2.17 nm and 2.50 nm, two linear
anges were obtained; while only one linear range can be obtained
hen the diameter of QDs was 3.11 nm as shown in Fig. 8. The
etailed linear ranges and linear regression equations of glucose
etection with QDs diameters with 2.17 nm, 2.50 nm and 3.11 nm
ere listed below.

For QDs of 2.17 nm, two linear ranges were obtained. In the range
rom 1.0 �M to 0.5 mM, I0/I was linear with the concentration of glu-
ose with the linear regression equation of (I0/I) = 1.1 + 2744 Cglucose
r = 0.995), and in the in the range from 1.0 mM to 20 mM

I0/I) = 2.9 + 138.8 Cglucose (r = 0.993). For QDs of 2.50 nm, in the
ange from 1.0 �M to 0.5 mM (I0/I) = 1.1 + 1064.1 Cglucose (r = 0.996);
nd in the range from 1.0 mM to 15 mM (I0/I) = 1.8 + 33.1 Cglucose
r = 0.993). For QDs of 3.11 nm, in the range from 0.05 mM to 1.0 mM
I0/I) = 1.1 + 620.5 Cglucose (r = 0.986). The above results indicated
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Table 1
Comparison of QDs PL quenching-based optical detection methods for glucose and the detection ranges of glucose based on GSH-capped CdTe QDs with different sizes.

QDs Ligands Enzymes Quenching mechanism Detection range Reference

CdSe/ZnS@ SiO2 Not given GOD H2O2 0.5–3 mM [29]
CdSe/ZnS MSA GOD Acidic change 0.2–10 mM or 2–30 mM [30]
CdSe/ZnS MPA GOD-HRP FRET 0–5.0 g/L, 0.2–5.0 g/L or 1.0–5.0 g/L [31]
CdTe MSA GOD-HRP BQ 1.0 �M to 0.15 mM and 0.15–1.0 mM [32]
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p
detection. Na+ with concentration of 300 mM exhibits no obvi-
ous influence on QDs PL emission. Similar to all the H2O2-based
bioassays, some reducing substances in the plasma or other body
fluids may interfere with the glucose assay as they can consume
dSe/ZnS GSH GOD H2O2

dTe (2.17 nm) GSH GOD H2O2

dTe (2.50 nm) GSH GOD H2O2

dTe (3.11 nm) GSH GOD H2O2

hat the detection limits became poor and detection range became
arrow with the increase of QDs diameters.

The detection limit of this method was much lower than other
2O2 and acidic change influenced QDs PL emission-based meth-
ds [29,30]. The detection range of rather wide, as glucose with
oncentration from 1.0 �M to 20 mM could be quantified. Detail
omparison of the glucose detection method based on quenching
f QDs PL emission was also listed in Table 1. Also, the proposed
ethod exhibited excellent reproducibility with the relative stan-

ard deviation (R.S.D.) of 3.82% for 12 reduplicate detection of
.0 mM glucose.
.5. Interference and real sample analysis

Certain metal ions such as Cu(II) [39], Co(II) [40] and Hg(II) [41]
an intensively quench the PL emission of CdTe QDs as reported

ig. 7. (A) PL spectra represent the quenching effect of glucose–GOD system with
ifferent glucose concentrations on QDs PL intensity with three different QDs
iameters; for 2.17 nm QDs, glucose concentration from a to m, 0, 0.1 �M, 1.0 �M,
0 �M, 50 �M, 0.1 mM, 0.25 mM, 0.5 mM, 1.0 mM, 2.0 mM, 10 mM, 15 mM, 20 mM;
or 2.50 nm QDs, a–k, 0, 1.0 �M, 50 �M, 0.1 mM, 0.25 mM, 0.5 mM, 1.0 mM, 2.0 mM,
.0 mM, 10 mM, 15 mM; for 3.11 nm QDs, a–h, 0, 1.0 �M, 50 �M, 0.1 mM, 0.25 mM,
.5 mM, 1.0 mM, 2.0 mM. (B) The relationship between I0/I and the concentration
f glucose using QDs with different diameters; inset, relationship between I0/I and
he concentration of glucose within 0.5 mM. 0.16 mg/mL GOD; enzymatic incuba-
ion time, 5 min; incubation time of QDs and glucose–GOD system, 5 min; 50 mM
hosphate buffer solution (pH 7.4).

F
2
t
p

Not given [33]
1.0 �M to 0.5 mM and 1.0–20 mM Current method
1.0 �M to 0.5 mM and 1.0–15 mM Current method
0.05 mM to 1.0 mM Current method

reviously, and these metal ions will interfere with the glucose
ig. 8. Linear regression curves of glucose detection using QDs with diameters of
.17 nm, 2.50 nm and 3.11 nm, respectively. 0.16 mg/mL GOD; enzymatic incuba-
ion time, 5 min; incubation time of QDs and glucose–GOD system, 5 min; 50 mM
hosphate buffer solution (pH 7.4).
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Table 2
Glucose content determination in serum samples.

Sample Content determined by
local hospital (mM)

Content determined
by this method (mM)

Relative
error (%)

1 5.46 5.27 −3.48
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5.79 6.40 10.54
6.31 6.37 0.95
9.37 9.79 4.48
9.60 9.43 −1.77

2O2 produced from GOD catalyzed glucose oxidation. It should
e noticed that ethylenediaminetetraacetic acid dipotassium salt
EDTA2K) that is usually used as anticoagulant existing in the anti-
oagulant blood, can bind to the surface Cd site on CdTe QDs and
educe the stability of QDs reaction with QDs [42], resulting serious
nterference on glucose detection.

To investigate the feasibility of the sensing system for analy-
is glucose in biological samples, glucose concentration in human
erum was examined. Serum was mixed with phosphate buffer
olution that containing 0.16 mg/mL GOD, allowing inhibition for
min, and a certain volume of GSH-QDs was added into the mix-

ure for another 5 min. The quenching extent of QDs PL intensity
as used to calculate the glucose concentration in serum. Serum

lucose detection results were listed in Table 2. It can be seen that
he glucose concentration determined using the current method
ere close to the values provided by the local hospital.

. Conclusion

With the utilizing of GSH-capped CdTe QDs that was highly
ensitive to H2O2, a sensitive glucose determination system was
eveloped. Quantitative detection of glucose ranging from 1.0 �M
o 20 mM with a detection limit of 0.1 �M was achieved. The rel-
tively low detection limit, wide detection range and the simple
etermination procedure make this GSH-capped CdTe QDs-based
ethod component for glucose detection. And also, based on
SH-capped CdTe QDs, sensing systems for various analytes or bio-
rocesses that produce H2O2 could also be developed.
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a b s t r a c t

Studies of aconitine-type alkaloids in the Chinese herb Aconitum Carmichaeli were performed by
HPLC/ESIMS/MSn and FTICR/ESIMS in positive ion mode. The characteristic fragmentation pathways in
the MSn spectra were summarized based on previously published research literature and further study.
According to the fragmentation pathways of mass spectrometry, results from the analysis of standard
vailable online 22 October 2008

eywords:
PLC/ESIMS/MSn

TICR/ESIMS
conitine-type alkaloids

compounds and reports from literature, 111 compounds were identified or deduced in a total of 117 found
compounds in A. Carmichaeli. In the 11 monoester-diterpenoid alkaloids (MDA), 10 diesterditerpenoid
alkaloids (DDA) and 81 lipo-alkaloids, the novel alkaloids including 1 MDA, 2 DDA and 48 lipo-alkaloids
were detected. In addition, 1 DDA, 7 lipo-alkaloids and 2 alkaloids with small molecular weights that
possess C19-norditerpenoid skeleton were reported in A. Carmichaeli for the first time.
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. Introduction

Aconitum Carmichaeli is widely distributed in the northern
emisphere of China [1]. Aconitine-type alkaloid extracts from the
oots of A. Carmichaeli have analgetic, diuretics, anti-inflammatory
nd cardiotonic actions [2–4]. At the same time, they also present
normous toxicity [5,6]. The NMR and MALDI/TOFMS techniques
ave been applied to characterize structure of the compounds iso-

ated from the Aconitum genus [7–10]. In our previous work, the
ragmentation pathways of aconitine-type alkaloids in extracts of
conitum Kusnezoffii and A. Carmichaeli were studied by ESIMS/MSn

nd MALDI/TOFMS [11–13]. A series of aconitine-type alkaloids
ad been detected based on the known fragmentation path-
ays. Because high performance liquid chromatography (HPLC)

oupled with mass spectrometry (MS) provides selective and
ensitive for the analysis of complex mixtures without compli-
ated component isolation, it has been applied to the analysis of
nown aconitine-type compounds [14–16]. Moreover, FTICR/ESIMS
Fourier transform ion cyclotron resonance) has been also played

n important role in the identification of compound’s structures
ue to the fact that it not only provide structural information on
he analysis, but also determines the precise mass/charge ratio and
he elemental composition of ions.
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Aconitine-type alkaloids share a common C19-norditerpenoid
keleton. Traditionally, they can be divided into three major
ypes according to the substitute at the C8 position of the diter-
enoid skeleton. These are monoester-diterpenoid alkaloids (MDA),
iester-diterpenoid alkaloids (DDA) and lipo-alkaloids, in which
he C8 position is occupied by hydroxyl group, an acetyl or a fatty
cid acyl, respectively. The structures of the known alkaloids are
ummarized in Table 1.

In this study, HPLC/ESIMS/MSn was used to identify aconitine-
ype alkaloids in A. Carmichaeli (Fuzi). Firstly, the fragmentation
athways for the characterization of structure of aconitine-type
lkaloids were studied by ESIMS/MSn. According to the obtained
haracteristic fragmentation pathways, a total of 111 alkaloids in
uzi were characterized and identified by HPLC/ESIMS/MSn and
TICR/ESIMS. Fifty-one novel alkaloids were firstly detected in Fuzi
alkaloids denoted double asterisk in Table 2).

. Experimental

.1. Materials

Standards of aconitine (AC), hypaconitine (HA), and mesaconi-

ine (MA) were purchased from the Chinese Authenticating
nstitute of Material and Biological Products (Beijing, China). Other
lkaloid standards were kindly provided by the west China Col-
ege of pharmacy, Sichuan University. Fuzi (Processed roots of
. Carmichaeli) were purchased from a Changchun drugstore.
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Table 1
The structures of some known aconitine-type alkaloids in Aconitum.

.

Aconitines [M+H]+ R1 R2 R3

Hypaconitine 616 CH3 H H
Deoxyaconitine 630 C2H5 H H
Mesaconitine 632 CH3 OH H
Aconitine 646 C2H5 OH H
10-OH-mesaconitine 648 CH3 OH OH
10-OH-aconitine 662 C2H5 OH OH
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hen C8 is occupied by OH group, monoester-diterpenoid aconitines is formed.
hen C8 is occupied by a fatty acyl, such as linoleic, oleic, nonadecenoic acid and

ipo alkaloids is formed.

ethanol and acetonitrile were HPLC grade and other reagents
sed were analytical grade. Deionized water was prepared using
Millipore water purification system.

All standards were prepared in dichloromethane at the concen-
rations of 75 �g mL−1. Five grams dried power of Fuzi was soaked
ith 50 mL ether for 12 h after mixing with 10% aqueous ammonia

t room temperature. Then the extracted solution was diluted with
ethanol and filtered through a syringe filter (0.45 �m), before

eing analyzed by HPLC–ESIMS/MSn and ESI-FTICR–MS.

.2. HPLC–ESI-MSn

The HPLC system consisted of a Waters (Milford, MA, USA)
690 with a photodiode-array 969 detector coupled with a
illenniium32 workstation. HPLC/ESIMS/MSn experiments were

erformed using a LCQ ion trap mass spectrometer (Finnigan MAT,
an Jose, CA, USA) equipped with an electrospray source in the pos-
tive ion mode which is capable of analyzing ions up to m/z 2000.
he electrospray voltage was set to 5.0 kV. The capillary tempera-
ure was 260 ◦C. The HPLC was connected to the mass spectrometer
ia the UV cell outlet. Nitrogen gas was used as both a sheath gas
nd an auxiliary gas. The collision gas used was helium gas, and the
ollision energy (%) for the MSn analyses ranged from 25 to 42%.

To develop a chromatographic method about three type
conitine-alkaloids, three columns (Agilent Zobax XDB-C18, Waters
18, and Agilent RP18 column) were used in various conditions. A
eries of parameters were set to optimize the separation, includ-
ng organic modifiers, buffer concentrations, column temperatures
nd flow rates. According to the experimental results, good sep-
ration could be carried out by using an Agilent RP18 column
150 mm × 2.6 mm, 5 �m). The mobiles used for HPLC separation
ere acetonitrile (A) and water (0.2% triethylamine and 0.5% acetic

cid) (B). The gradient elution of mobile was 0–50 min 15–50% B,
0–90 min 50–80% B and 90–130 min 50–80% B. The flow rate was
et at 0.6 mL min−1, and the column temperature was maintained
t 23 ◦C.
.3. ESI-FTICR–MS

The high-resolution mass spectrometry was performed using an
onSpec Ultima 7.0T FTICR instrument (IonSpec, CA, USA) with an

P
(
t
d
h

2009) 1800–1807 1801

lectrospray source in the positive ion mode. The probe heater was
et at 100 ◦C and the source heater was set at 80 ◦C. The probe HV
as set to 3.8 kV. The sample cone voltage was set to −30 V. The

xtractor cone was set to 5 V. The desolvation gas was set to 0.1 V.
he cone gas was set to 0.85 V, and the collision gas N2 was set to
00 ms pulse (40 Torr).

. Results and discussion

.1. ESIMS/MSn analysis

In the previous work, the specific fragmentation pathways of
he aconitine-type alkaloids were studied [11,17–19]. In some lit-
rature reports, the explanation on the neutral losses of CO and
H3OH in MSn spectra of DDA was different. The proposed gen-
ral mechanism for successive losses of AcOH, CO, C6H5COOH, H2O
nd CH3OH from DDA was deduced, as shown in Scheme 1 (HA
s as an example). The predominant daughter ion (m/z 556) in

S/MS spectrum of HA corresponded to a neutral loss AcOH from
A. The formation of [M+H–AcOH–CH3OH–CO]+ suggested that

he AcOH eliminated from C7 and C8 and the CH3OH eliminated
rom C15 and C16. Then the enol was yielded and tautomerized
nto carbonyl and CO was lost. The conclusion about the losses
f CO by Li agreed well with our analytical results [18]. The loss
H3OH within the daughter ion [M+H–AcOH–CH3OH]+ was elimi-
ated from the methoxyl on C16 and the proton on C15 because the

oss CO was detected in MS3 spectrum of [M+H–AcOH–CH3OH]+.
n the MS3 experiment with the precursor ion at m/z 556, m/z 524
F+H–CH3OH]+, 506 [F+H–CH3OH–H2O]+, 496 [F+H–CH3OH–CO]+,
32 [F+H–3CH3OH–CO]+, 402 [F+H–CH3OH–BzOH]+ and 338
[F+H–3CH3OH–BzOH]+ [11]. The unknown aconitine-type com-
ounds could be identified according to the fragmentation
athways.

.2. HPLC/ESIMS/MSn and ESI-FTICR–MS

When using the total ion chromatograms (TIC) of A. genus
xtracts alone (not shown), the identification of peaks was dif-
cult. But a total 117 peaks can be identified by extracted ion
hromatograms (EIC), according to the information of retention
ime (tR), protonated molecules ([M+H]+), the product ions and data
eported from literature (Table 2).

.2.1. Diester-diterpenoid alkaloids and their analogues
Fig. 1 shows typical EIC at m/z 616, 632, 646 of Fuzi extracts. The

ompounds with m/z 616 (tR 23.26 min), 632 (tR 20.28 min), 646
tR 22.45 min) corresponded to HA, MA and AC, respectively, which
ere confirmed by tR and the comparison with the MS/MS data

btained from the analysis of standards (Table 2-peaks 24, 17 and
1). The peaks at 17.97 min and m/z 648, 20.73 min and m/z 662,
s well as 26.67 min and m/z 630 had the similar fragmentation
athways of AC (Table 2-peak 12, 19 and 29). The loss of acetic acid is
he dominant fragmentation. According to the MS/MS data and the
iterature reports [11], it could be concluded that m/z 630, 648 and
62 corresponded to the protonated molecules of deoxyaconitine
DA), 10-OH-mesaconitine and 10-OH-aconitine, respectively.

For the m/z 614 ion in EIC, there were two peaks at tR 25.68 min
Table 2-peak 28) and 29.88 min (Table 2-peak 32) (Fig. 2a). Peak 28
howed the neutral losses of acetic acid (60 Da), methanol (32 Da),
nd carbon monoxide (28 Da) in the ESIMS/MS analysis (Fig. 2b).

eak 32 did not give the fragment ion of [M+H–AcOH–CH3OH–CO]+

m/z 494), but showed the [M+H–AcOH–H2O]+ ion at m/z 536 in
he MS/MS spectrum compared with that of peak 28 (Fig. 2c). This
ifference indicated that they are isomers. Only peak 28 has a
ydroxyl group at C15 because of the neutral losses of CO according
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Table 2
Compounds identified in Aconitum Carmichaeli by HPLC–MSn and FTICR–MS.

tR [M+H]+ Alkaloids tR [M+H]+ Alkaloids

1 3.45 438 Neoline** 60 48.48 850 8-ndd-Benzoylhypaconine
2 4.93 454 Fuziline** 61 48.73 864 8-ndd-Benzoyldeoxyaconine
3 5.38 438 Neoline** 62 49.91 868 8-ndc-Benzoyldeoxyaconine
4 6.44 422 Talatizamine** 63 50.25 852 8-ndn-Benzoylhypaconine
5 8.35 452 Chasmanine* 64 50.48 810 8-ttd-Benzoylaconine
6 9.58 464 14-Acetyltalatizamine** 65 50.67 866 8-linolen-10-OH-Benzoylmesaconine*

7 10.57 606 14-Benzoyl-10-OH-mesaconine* 66 51.90 890 8-htt-Benzoyldeoxyaconine
8 12.61 620 14-Benzoyl-10-OH-aconine* 67 52.55 824 8-pmd-Benzoylmesaconine
9 13.51 590 14-Benzoylmesaconine* 68 52.69 890 8-htt-Benzoyldeoxyaconine

10 15.48 604 14-Benzoylaconine** 69 53.37 840 8-str-Benzoylhypaconine
11 16.54 574 14-Benzoylhypaconine** 70 54.78 840 8-pme-Benzoylaconine**

12 17.97 648 10-OH-mesaconitine** 71 55.01 840 8-hdc-Benzoyldeoxyaconine
13 18.01 558 14-Benzoyl-3,13-deoxyaconine 72 55.71 850 8-linolen-Benzoylmesaconine**

14 18.63 588 14-Benzoyldeoxyaconine** 73 56.96 868 8-lino-10-OH-Benzoylmesaconine**

15 19.71 556 Dehydrated benzoylhypaconine** 74 58.32 812 8-pdn-Benzoylmesaconine**

16 20.02 500 Aconine** 75 58.43 864 8-linolen-Benzoylaconine**

17 20.28 632 Mesaconitine** 76 59.10 800 8-ttac-Benzoylmesaconine
18 20.55 542 14-Benzoylnoeline 77 59.64 834 8-linolen-Benzoylhypaconine**

19 20.73 662 10-OH-aconitine* 78 60.16 882 8-lino-10-OH-Benzoylaconine**

20 21.67 588 Dehydrated 14-benzoyl-10-OH-mesaconine** 79 61.34 826 8-pme-Benzoylmesaconine**

21 22.45 646 Aconitine** 80 61.92 826 8-pdn-Benzoylaconine**

22 22.83 572 Dehydrated benzoylmesaconine** 81 62.47 858 8-esp-Benzoylhypaconine
23 23.01 618 8-Methoxyl-14-benzoylaconine* 82 62.99 796 8-pdn-Benzoylhypaconine
24 23.26 616 Hypaconitine** 83 63.91 848 8-linolen-Benzoyldeoxyaconine**

25 24.33 600 13-Deoxyhypaconitine 84 64.33 784 8-ttac-Benzoylhypaconine
26 25.06 700 Unknown 85 65.11 852 8-lino-Benzoylmesaconine**

27 25.22 628 Foreaconitine** 86 66.47 810 8-pme-Benzoylhypaconine
28 25.68 614 3,13-Deoxyaconitine 87 67.42 844 8-pal-10-OH-Benzoylmesaconine**

29 26.67 630 Deoxyaconitine** 88 67.84 814 8-pdc-Benzoylmesaconine**

30 27.01 570 Dehydrated deoxyaconitine** 89 68.86 866 8-lino-Benzoylaconine**

31 27.88 684 Unknown 90 71.10 836 8-lino-Benzoylhypaconine**

32 29.88 614 Chasmaconitine 91 73.58 858 8-pal-10-OH-Benzoylaconine**

33 30.23 668 Unknown 92 74.98 798 8-pdc-Benzoylhypaconine**

34 31.62 726 Unknown 93 75.23 840 8-htn-Benzoylmesaconine
35 32.78 770 Unknown 94 77.63 850 8-lino-Benzoyldeoxyaconine**

36 34.93 784 Unknown 95 78.81 884 8-ole-10-OH-Benzoylaconine*

37 35.85 900 8-esc-10-OH-Benzoylmesaconine* 96 79.28 824 8-htn-Benzoylhypaconine
38 37.28 868 8-ndc-Benzoyldeoxyaconine 97 80.85 828 8-pal-Benzoylmesaconine**

39 39.03 902 8-dcs-Benzoylaconine 98 83.80 812 8-pdc-Benzoyldeoxyaconine
40 42.36 904 8-esp-10-OH-Benzoylaconine 99 83.90 796 8-pal-Benzoyl-15-deoxyhypaconine
41 42.99 904 8-hct-Benzoylaconine 100 84.00 854 8-ole-Benzoylmesaconine**

42 44.98 882 8-esc-Benzoyldeoxyaconine 101 86.78 842 8-pal-Benzoylaconine**

43 45.22 882 8-ecn-Benzoylmesaconine** 102 88.69 822 8-ole-Benzoyl-15-dexoyhypaconine
44 45.96 882 8-ndd-10-OH-Benzoylmesaconine 103 90.33 812 8-pal-Benzoylhypaconine**

45 46.12 868 8-esc-Benzoylhypaconine 104 92.60 868 8-ndn-Benzoylmesaconine**

46 46.23 866 8-htt-Benzoylhypaconine 105 93.12 834 8-lino-Benzoyl-3,13-deoxyaconine
47 46.35 866 8-ndn-Benzoyldeoxyaconine 106 93.87 880 8-ndt-10-OH-Benzoylmesaconine
48 46.86 938 8-tsn-Benzoylaconine 107 94.10 838 8-ole-Benzoylhypaconine**

49 46.86 938 8-ttec-Benzoyldeoxyaconine 108 97.22 796 8-pdc-Benzoyl-3,13-deoxyaconine
50 46.97 938 8-psc-Benzoylhypaconine 109 99.65 842 8-hdc-Benzoylmesaconine*

51 46.98 938 8-tten-Benzoylmesaconine 110 101.14 826 8-pal-Benzoyldeoxyaconine**

52 47.01 922 8-tsn-Benzoyldeoxyaconine 111 103.52 864 8-ecd-Benzoylhypaconine
53 47.01 922 8-tten-Benzoylhypaconine 112 105.72 852 8-ole-Benzoyldeoxyaconine*

54 47.05 922 8-tsd-Benzoymesaconine 113 106.66 856 8-hdc-Benzoylaconine*

55 47.14 952 8-psc-Benzoyldeoxyaconine 114 112.63 826 8-hdc-Benzoylhypaconine*

56 47.14 952 8-tten-Benzoylaconine 115 122.32 810 8-pal-Benzoyl-3,13-deoxyaconine
57 47.31 854 8-ndc-Benzoylhypaconine 116 125.89 856 8-str-Benzoylmesaconine
58 47.86 936 8-tten-Benzoyldeoxyaconine 117 126.84 838 8-str-Benzoyl-3,13-deoxyaconine
59 48.35 936 8-tsd-Benzoylaconine

Ttd, ttac, pdn, pdc, pmd, pme, pal, htn, hdc, linolen, lino, ole, str, ndt, ndd, ndn, ndc, esp, ecd, ecn, esc, dcs, hct, htt, tsd, tsn, tten, ttec and psc represent the residues of
tetradecadienoic acid, tetradecanoic acid, pentadecenoic acid, pentadecanoic acid, palmitadienoic acid, palmitoleic acid, palmitic acid, heptadecenoic acid, heptadecanoic acid,
linolenic acid, linoleic acid, oleic acid, stearic acid, nonadecatrienioica acid, nonadecadienoic acid, nonadecenoic acid, nonadecanoic acid, eicosapentaenoic acid, eicosadienoic
acid, eicosenoic acid, docosanoic acid, heneicosapentaenoic acid, heneicosatetraenoic acid, tricosadienoic acid, triosenoic acid, tetradecenoic acid, tetracosanoate acid and
p

t
s
p
f
F

entacosanoic acid, respectively.
* Denotes the known alkaloids in Aconitum L.

** Denotes the known alkaloids in A. Carmichaeli.
o fragmentation pathways of the aconitine-type alkaloids. In a full-
can high-resolution mass spectra both alkaloids showed the same
rotonated molecular ion [M+H]+ at m/z 614.33209. The proposed
ormula was C34H48NO9

+ and measurement error was −0.44 ppm.
rom the obtained results of structural information, the compound

o
f
[
M
l

f peak 32 was identified as chasmaconitine from the described
ragmentation pathways that were reported previously (Table 3)
20]. The characteristic product ions of [M+H–AcOH–H2O]+ in the

S/MS spectrum of chasmaconitine was yielded from the neutral
oss of acetic acid at C8 and C15 and H2O at C13 and C16. Compared
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were as following: m/z 568 [M+H–AcOH] , 596 [M+H–CH3OH] ,
Scheme 1. Proposed fragmen

ith the structure of chasmaconitine, the unique product ions
f peak 28 may be attributed from OH substitution at C15 and
ot at C13. Therefore, the compound corresponding to peak 28
as identified as 3,13-deoxy-aconitine, whose structure was

entatively deduced and shown in Table 3. Similarly, the peak 25
m/z 600) eluted at 24.33 min showed the characterized fragments,
uch as [M+H–AcOH]+, [M+H–CH3OH]+, [M+H–AcOH–CH3OH]+,

M+H–AcOH–2CH3OH]+ and [M+H–AcOH–CH3OH–CO]+ in MS/MS
pectrum (Fig. 3). Its high-resolution mass spectrometry data
ave the proposed formulae of C33H46NO9

+ with the observed
ass of 600.31611 and measurement error of −1.00 ppm. Thus,

ig. 1. The extracted ion chromatogram of mesaconitine (20.28 min), aconitine
22.45 min) and hypaconitine (23.26 min).

5
c
C

T
T

A

3
C
1
8

pathway of DDA in ESI-MSn.

he peak at tR 24.33 min corresponded to 13-deoxy-hypaconitine,
hich was confirmed by comparing the MS2 spectra with those of

ypaconitine and 3,13-deoxyaconitine (Table 3).
Additionally, the peak (m/z 628) eluted 25.22 min showed the

ame retention time and MS/MS data as those of the standard fore-
conitine. The daughter ions of foreaconitine in MS/MS spectrum

+ +
36 [M+H–AcOH–CH3OH]+ and 504 [M+H–AcOH–2CH3OH]+. The
ompound (Table 2-peak 27) had been found and identified in A.
armichaeli [9].

able 3
he possible structure of diterpenoid alkaloids found firstly in Fuzi.

.

lkaloids tR (min) [M+H]+ R1 R2 R3 R4 R5

,13-Deoxy-aconitine 25.89 614.33209 C2H5 H ACO OH H
hasmaconitine 29.88 614.33209 C2H5 H ACO H OH
3-Deoxy-hypaconitine 24.50 600.31611 CH3 H ACO OH H
-Methoxy-14-
benzoylaconine

23.01 618.32664 C2H5 OH CH3O OH OH
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572 (tR 65.11 min), and 570 (tR 105.72 min), corresponding to the
ig. 2. The extracted ion chromatograms of m/z 614 (a) as well as the corresponding
S/MS spectra of peaks at 25.89 min (b) and 29.88 min (c).

.2.2. Monoester-diterpenoid alkaloids
Monoester-diterpenoid aconitines showed less toxicity than

DA. During the processing of Aconitum roots, DDA is decayed
o MDA. MDA can be divided into two types according to the
ubstitution at the C8 and C15 positions, namely the hydrolyzed
DA, in which the C8 position is occupied by a hydroxyl

roup, and the pyrolysated MDA, in which the C8 and C15 posi-
ions are assigned to C C bond. Peak 9 (m/z 590) eluted at
3.51 min showed the product ions at m/z 572 [M+H–H2O]+, 558
M+H–CH3OH]+, 540 [M+H–H2O–CH3OH]+, 526 [M+H–2CH3OH]+

nd 522 [M+H–2H2O–CH3OH]+ in the MS/MS spectrum. The
ompound could thus be identified as 14-benzoylmesaconine by

omparing its MS/MS data with those of mesaconitine. Simi-
arly, other six hydrolyzed MDA were identified (Table 2). On
he other hand, peak 22 at 22.83 min and m/z 572 showed
ragment ions in MS/MS spectrum as well as the MS3 data of

n
a
m
(

ig. 3. The extracted ion chromatogram of m/z 600 (a) and MS/MS spectrum (b).

esaconitine. The compound was assigned to deacetoxy ben-
oylmesaconine that was major component of processed Fuzi
eated with sand. Accordingly, three pyrolysated MDA can also
e identified and are summarized in Table 2. 14-benzoyl-3,13-
eoxyaconine (Table 2-peak 13) was possibly resulted from the
ydrolysis of 3,13-deoxyaconitine.

.2.3. Lipo-alkaloids
In general, MS3 spectra of the predominant [M-lipo]+ ion of

ipo-alkaloids was the same as that of [M-AcOH]+ of the related
DA. For example, MS3 spectra of 8-lino-benzoylaconitine and
conitine were similar. Based on the obtained fragmentation path-
ays, a total of 81 lipo-alkaloids were found and identified from

he HPLC/ESIMS/MSn analysis. For example, three peaks of reten-
ion time at 48.48, 55.71 and 77.63 min were detected with the
rotonated molecules at m/z 850 in Fuzi extract (Fig. 4a). Their
S/MS spectra gave predominant product ions at m/z 556, 572

nd 570, corresponding to the neutral losses of nonadecadienoic
cid (ndd, 294 Da), linolenic acid (linolen, 278 Da) and linoleic acid
lino, 280 Da), respectively (Fig. 4b–d). The MS3 results indicated
hat they were derived from HA, MA and DA. Therefore, it was likely
hat the ions at m/z 850 corresponded to 8-ndd-benzoylhypaconine
Table 2-peak 60), 8-linolen-benzoylmesaconine (Table 2-peak
2) and 8-lino-benzoyldeoxyaconine (Table 2-peak 94). To the
est of our knowledge, this was the first report about 8-ndd-
enzoylhypaconine being involved in the extraction of Aconitum
armiechaeli. Similarly, the MS/MS data of ion at m/z 852 gave
hree major predominant product ions at m/z 556 (tR 50.25 min),
eutral losses of 296 Da (nonadecenoic acid), 280 Da (linoleic acid)
nd 282 Da (oleic acid), respectively (Fig. 5). Thus, the ions at
/z 852 corresponded to the protonated 8-ndn-benzoylhypaconine

Table 2-peak 63), 8-lino-benzoylmesaconine (Table 2-peak 85) and
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ig. 4. The extracted ion chromatogram of m/z 850 (a), MS/MS spectra of peak at
7.10 min (b), 55.71 min (c) and 77.72 min (d).

-ole-benzoyldeoxyaconin (Table 2-peak 112), respectively. 8-ndn-
enzoylhypaconine identified in this study was also reported for
he first time.

The peaks at m/z 834 were eluted at 59.64 min (Table 2-

eak 77) and 93.12 min (Table 2-peak 105) (Fig. 6a). Peak 77
as easily confirmed as 8-linolen-benzoylhypaconine by its frag-
ent ions [10]. Peak 105 produced the fragment ions at m/z

02 [M+H–CH3OH]+, 554 [M+H–lino]+ (predominate ion), 522
M+H–lino–CH3OH]+, and 494 [M+H–lino–CH3OH–CO]+, similar to

a
9
5
(
c

ig. 5. The extracted ion chromatogram of m/z 852 (a), MS/MS spectra of peak at
0.25 min (b), 65.11 min (c) and 105.72 min (d).

he MS/MS spectrum of protonated 3,13-deoxyaconitine (Fig. 6b).
he MS3 data of its [M+H–lino]+ was the same as that of
M+H–AcOH]+ of 3,13-deoxyaconine. Thus, peak 105 was iden-
ified as 8-lino-benzoyl-3,13-deoxyaconine which had not been
reviously reported. Additionally, the peaks at m/z 796 eluted
t 62.99 min (Table 2-peak 82), 83.90 min (Table 2-peak 99) and

7.22 min (Table 2-peak 108), gave three major product ions at m/z
56, 540 and 554, corresponding to the neutral losses of 240 Da
pentadecenoic acid), 256 Da (palmitic acid) and 242 Da (pentade-
anoic acid). The MS3 spectra of the ions at m/z 556, 540 and 554
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ig. 6. The extracted ion chromatogram of m/z 834 (a) and MS/MS spectrum of peak
t 90.66 min (b).

ere similar to those of peak 24, 33 and 26, respectively. These
ompounds were confirmed as 8-pdn-benzoylhypaconine (peak
2), 8-pal-14-benzoyl-15-deoxyhypaconine (peak 99) and 8-pdc-
enzoylchasmaconine (peak 108), all of which were reported for
he first time. As mentioned above, all lipo-alkaloids found in Fuzi,
ncluding 48 kinds of unknown lipo-alkaloids and 7 kinds of known
ipo-alkaloids in Aconitum, were listed in Table 2. Lipo-alkaloids

ith occurrence of the 14C, 21C, 23C, 24C, 25C saturated or unsat-
rated fatty acid residues at C8 had not been reported previously

n Aconitum genera.

.2.4. Other alkaloids
Peak 23 (m/z 618) gave the product ions of [M+H–H2O]+

m/z 600), [M+H–CH3OH]+ (m/z 586), [M+H–CH3OH–H2O]+ (m/z
68), [M+H–2CH3OH]+ (m/z 554), [M+H–2CH3OH–H2O]+ (m/z 536),
M+H–3CH3OH]+ (m/z 522) in the ESIMS/MS spectrum (Fig. 4).
ompared with the literature reports, it was identified as 8-
ethoxy-14-benzoylaconine, which was already found in Aconitum

seudostapfianum (Table 3) [21,22].
In addition, some low m/z ions were detected within the

etention time of 10 min. For example, peak 1 and 3 (m/z 438
t 3.45 and 5.38 min) were identified as isomer of neoline,
s a result of the comparisons of the retention time, [M+H]+

on and characteristic fragment ions with those data of related
uthentic standards. The differentiation of compounds 1 and 3
ould not be performed by ESIMS. Peak 2 eluted at 4.93 min
nd m/z 454 has the similar neutral losses to neoline, includ-
ng product ions at m/z 436 [M+H–H2O]+, 418 [M+H–2H2O]+,
04 [M+H–H2O–CH3OH]+, 386 [M+H–2H2O–CH3OH]+ and 372
M+H–H2O–2CH3OH]+. Thus, peak 2 was identified as fuziline

hich was the general compound in Aconitum [23,24]. Similarly,

alatizamine (m/z 422 and 6.44 min), chasmanine (m/z 452 and
.35 min) and 14-acetyltalatizamine (m/z 464 and 9.58 min) were
onfirmed by the previously reported methods [25]. When C8
cetyl and C15 benzoyl of DDA were substituted by hydroxyl,

[

[

[

Fig. 7. MS/MS spectrum of peak at 32.78 min and m/z 770.

orresponding amine compounds were produced. Only aco-
ine (m/z 500) in hydrolysate of DDA was found at 20.02 min
data not shown), mostly due to the instability of aconitine in
DA.

Interestingly, another type of DDA was detected by
PLC–ESIMS/MS in Fuzi. For example, in the MS/MS spec-

rum of m/z 770 (Fig. 7), the predominated fragment ion was at
/z 648 [M+H–BzOH]+, and other ions were interpreted as 710

M+H–AcOH]+, 668 [M+H–AcOH–CH2CO]+, 588 [M+H–BzOH–
cOH]+, 560 [M+H–BzOH–AcOH–CO]+ and 546 [M+H–BzOH–
cOH–CH2CO]+. These six compounds showed the fragmentation
athways that were different from that of the known DDA. But
he lipo-alkaloids corresponding to the fragmentations were not
dentified in this study.
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oupled to sequential injection analysis
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a b s t r a c t

A simple, sensitive method for determining free cyanides is described. The assay is based on automated
gas diffusion of the analyte using sequential injection analysis (SIA) coupled to amperometric detection
on a silver working electrode. The effects of varying several parameters affecting the analytical procedure
(including the flow rates of the donor and acceptor streams, the concentrations of the reagents and the
sample volumes) were studied. The validity and quality of the method were also assessed, by examining its
vailable online 1 November 2008

eywords:
yanide
as diffusion
equential injection
mperometric detection

linearity, limits of detection and quantitation, precision, selectivity to potentially interfering substances.
Its sensitivity can be enhanced by applying a simple preconcentration step, following which limits of
detection were found to be 0.05–0.12 �g L−1. Application of the proposed assay to the analysis of tap, min-
eral and table water samples spiked at concentrations ranging from 1 to 10 �g L−1 CN−, yielded satisfactory
recoveries (88–112%).

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Hydrogen cyanide and its simple sodium and potassium salts
re among the most rapidly acting poisons affecting the central
ervous system (CNS) of both animals and humans. Cyanides are
oth human-made and naturally occurring substances, which are
eleased to the environment from industrial sources and car emis-
ions [1] in addition to being present in plants of several species as
yanogenic glycosides and produced by certain bacteria, fungi, and
lgae.

Hydrogen cyanide is rapidly absorbed by the gastrointestinal
nd respiratory tracts, while in solution and possibly the concen-
rated vapor, it can be absorbed directly through the intact skin
2]. It exerts its toxic effects by forming a complex with the Fe(III)

f mitochondrial cytochrome oxidase, thereby preventing use of
xygen by cells [3]. The most specific symptom in acute cyanide
oisoning is the bright red color of venous blood, which provides
vidence of the inability of the tissues to use oxygen [4].

∗ Corresponding authors. Tel.: +30 2310997721/7673; fax: +30 2310997719.
E-mail addresses: zacharis@chem.auth.gr (C.K. Zacharis),
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039-9140/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
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Recommendations and regulations regarding its use and permit-
ed levels are updated periodically as more information becomes
vailable. Typical examples include the following [5]. The highest
oncentration of cyanide allowed in drinking water by the US EPA
Environmental Protection Agency) is 200 �g L−1 or 0.2 ppm. Limits
re also set for amounts of hydrogen cyanide in stored foods that
ave been treated with cyanide to control pests (e.g. 50 ppm for cit-
us fruits by the US EPA) and in workplace air (11 mg m−3 averaged
ver an 8-h workday and 40-h workweek by the US Occupational
afety and Health Administration [1].

Official methods for determining cyanides in environmental
amples are mainly based on spectrophotometric [6], potentio-
etric [7] and amperometric detections [8]. Typical spectrophoto-
etric assays involve converting the analyte to cyanogen chloride

y chloramine-T and subsequent reaction with pyridine and bar-
ituric acid. The applicable range is 5–500 �g L−1 [6]. Off-line
istillation is employed for total cyanide determinations [9]. Sub-
tances that can cause substantial increases in measurements of

yanides include thiocyanates, therefore approaches have been
roposed for the simultaneous determination of both of these
lasses of analytes [10–14]. Alternatives to the pyridine–barbituric
cid system include the isonicotinic acid–barbituric acid [15] and
-picoline–barbituric acid [16] methods. Potentiometry [7] using
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Fig. 1. Schematic diagram of the SIA–GD instrumentation, where C = carrier
(0.2 mol L−1 NaOH), SP = syringe pump (V = 1000 �L), HC = holding coil (700 �L),
S
(
D
s

u
c

3
c
T
i
w
m
g
e
b
r
V
t
u
t
w

d
t
m
r

2

M
i
f
W

C.K. Zacharis et al. / Ta

yanide-selective electrodes enables the determination of free CN−

n various samples at concentrations exceeding 50 �g L−1. In addi-
ion to taking precautions to avoid potential problems caused by
nown interfering species, such as sulfides and hydrogen ions, spe-
ial care should be taken to maintain precise temperature control.
yanide ion-selective electrodes (CN-ISEs) have also been suc-
essfully incorporated into automated flow injection (FI) systems
17–19], improving the sensitivity and sampling rates of analyses.
inally, amperometric detection using a silver working electrode
ncorporated in a FI system [8] offers a wide determination range,
f 2 �g L−1 to 5 mg L−1, with a limit of detection (LOD) of 0.5 �g L−1.

FI coupled to gas diffusion (GD) has proven to be a popular and
ffective approach for the determination of cyanides, exploiting
he formation of gaseous HCN in acidic media [20–28]. Reported
ssays have been carried out using: spectrophotometric detection
20–22], with LODs in the range of 0.025–100 �g L−1; fluorimetry
23–25], with generally lower LODs in the range of 0.4–0.5 �g L−1;
nd electrochemical detection [26–28], offering LODs in the range
f 0.2–26 �g L−1. The sampling throughputs per hour of these FI–GD
etups range between 4 [29] and 60 [22]. From a selectivity per-
pective, sulfide ions seem to be the major interfering species in
I–GD determinations of cyanides [22,26–28]. Apart from the well-
stablished pre-treatment protocol using lead salts [6–8], attempts
ave been made to overcome this problem by using oxidants in
he donor stream to oxidise sulfides to sulfates [22,26]. However,
recipitation of MnO2 in the flow system when using KMnO4 and
he generation of increased signals from the detector due to the
onversion of SCN− to HCN limit their applicability.

Sequential injection (SI) analysis—the second generation of FI
echniques—has been developed as an advantageous alternative to
raditional FI [30]. SI has unique sample handling potential due to
he combined use of a multi-position valve and a bi-directional
ropulsion system. SI has also been effectively coupled to gas
iffusion, combining the advantages of both techniques. SI–GD
eterminations of ammonia [29,31,32], free chlorine [33], sulfide
34], sulfur dioxide [35], dissolved carbon [36] and urea [37] have
een reported recently. However, to the best of our knowledge, no
I–GD method has been previously reported for the determination
f cyanides.

The present study reports the first development and appli-
ation of a SI–GD method for determining trace free cyanides.
yanides were converted on-line to HCN by acidification followed
y diffusion through the hydrophobic PTFE membrane of a GD
nit incorporated in the SI manifold. The analyte was detected
mperometrically in the alkaline acceptor stream using an Ag work-
ng electrode avoiding the need for complex reactions prior to

easurement. Due to the static nature of the acceptor stream
nrichment of the analyte and therefore increased sensitivity was
chieved by repetitive preconcentration cycles. The detection limits
ffered by the proposed method are better or comparable to those
f the most sensitive methods reported to date [8,19,23,24,28] and
ar below limits set by international standards and regulations. The
pplicability of the method was evaluated by analyzing several tap,
ineral and table water samples.

. Experimental

.1. Apparatus

A schematic diagram of the SI–GD configuration is outlined in

ig. 1. The FIALab 3000 system (FIALab Instruments, WA, USA) con-
isted of a Cavro 1000 �L syringe pump (Tecan, Switzerland) and
Cheminert® six-port selection valve (Valco VICI, Houston, USA).
he SI analyzer was controlled by the FIALab software. The volume
f the holding coil (HC) was 700 �L. PTFE tubing (0.5 mm i.d.) was

U

0
r
s

V = selection valve, S = sample, HCl = HCl solution at 0.5 mol L−1, RC = reaction coil
60 cm/0.5 mm i.d.), DC = dilution coil (60 cm/0.5 mm i.d.), W = waste, A = acceptor,
= donor, GDU = gas-diffusion unit, AD = amperometric detector. For further details

ee Section 2.1.

sed throughout including connections, holding, reaction and delay
oils.

The flow-through amperometric cell of a Cyanide Solution®

000 Analyzer (Alpkem®, O.I. Analytical, College Station, TX, USA)
omprised an Ag working electrode and a Pt counter electrode.
he reference electrode (Ag/AgCl) was separated from the flow-
ng stream by an ion-exchange Nafion membrane. The detector
as operated at a potential of 0.0 V. The resulting current (pA) was
onitored by the WinFLOWTM software (O.I. Analytical) and was

raphically represented as a peak. The amperometric detector was
quilibrated at the beginning of each working day for at least 30 min
y continuous propulsion of a NaOH solution (0.2 mol L−1) at a flow
ate of 0.9 mL min−1 using a peristaltic pump (Gilson Minipuls3,
illiers-le-Bel, France). Typical, weekly maintenance of the detec-

or included polishing of the active surface of the working electrode
sing alumina and refilling of the reference solution. On daily usage,
he flow-cell was stored filled with a NaOH solution. De-ionized
ater was used for longer storage periods.

A ChemifoldTM Type V gas diffusion unit (Tecator, Swe-
en) was employed throughout this work. The dimensions of
he gas-diffusion groove were 72 mm × 2 mm. PTFE gas-diffusion

embranes were also provided by Tecator and were typically
eplaced on weekly basis.

.2. Chemicals and solutions

KCN, NaOH and HCl were all of analytical grade and provided by
erck (Darmstadt, Germany). All other reagents used for assess-

ng the effects of potentially interfering substances were purchased
rom Sigma–Aldrich or Merck and were also of analytical grade.

ater was purified by a Milli-Q system (Millipore, Bedford, MA,

SA) and used for preparing all solutions.

Stock CN− solutions (�-CN− = 1000 �g mL−1) were prepared in
.1 mol L−1 NaOH, kept refrigerated at 4 ◦C for a week, and then
eplaced. Working standards were prepared by diluting the stock
olution as appropriate in 0.01 mol L−1 NaOH.
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Table 1
Protocol sequence for the CN− determinations using SI–GD.

Step a/a Time (s) Valve position Pump action Flow rate (mL min−1) Action description

Sample loading (steps 1–12)

1 1 3 Off – Selection of HCl reagent port
2 5 3 Aspirate 0.6 Aspiration of HCl
3 1 4 Off – Selection of sample port
4 6.25 4 Aspirate 1.2 Aspiration of sample
5 1 3 Off – Selection of HCl reagent port
6 5 3 Aspirate 0.6 Aspiration of HCl
7 1 4 Off – Selection of sample port
8 6.25 4 Aspirate 1.2 Aspiration of sample
9 1 3 Off – Selection of HCl reagent port

10 5 3 Aspirate 0.6 Aspiration of HCl
11 1 1 Off – Selection of donor port
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12 300 1 D

etection
13 1 2 O
14 66.6 2 D
15 End of cycle

Stock solutions of NaOH and HCl (2 mol L−1) were prepared by
issolving the appropriate amount of NaOH pellets in de-ionized
ater and appropriate dilution of the concentrated acid (d = 1.19,

7%) in water, respectively.
Carrier and reagent solutions were filtered through 0.45 �m

embrane filters (Schleicher & Schuell, Dassel, Germany) and
egassed ultrasonically for 10 min prior to use.

.3. Safety

Cyanide ions and salts are extremely poisonous and should be
andled with great care. All solutions must be prepared in a well-
entilated hood, while the waste tank from SI experiments should
ontain NaOH in order to avoid any risk of HCN formation. Cyanide-
ontaining wastes were disposed by converting the cyanides to the
ess toxic cyanate ions via alkaline chlorination using NaOH and
aOCl.

.4. SI–GD procedure for aqueous solutions

The assay sequence is shown in Table 1. Each run began by
ashing the donor and acceptor channels with 1000 �L of car-

ier (0.2 mol L−1 NaOH) at a flow rate of 1.2 mL min−1. Samples (S,
× 125 �L) and HCl (R, 3 × 50 �L) were sequentially aspirated in

he holding coil (HC) through ports 4 and 3 of the selection valve,
espectively. The aspiration pattern was R/S/R/S/R and the “sand-
iched” sample zones were propelled to the donor channel (D) of

he GD unit through port 1 at a flow rate of 0.2 mL min−1. Gaseous
ydrogen cyanide was formed as the sample and HCl solution zones
ere allowed to overlap and mix in a 60-cm long reaction coil

RC). The analyte diffused through the pores of the PTFE membrane
nd was trapped in the static acceptor channel (A). The analyte
as preconcentrated by repeating the sample loading cycle 2–5

imes according to the desired sensitivity (sequence steps 1–12).
he acceptor was propelled towards the amperometric detector at
flow rate 0.9 mL min−1 through a 60-cm long delay coil (DC). The
eight of the resulting peaks was equivalent to the CN− concen-
ration in the sample, and was used for all measurements. Three
eplicates were analyzed in all instances.

When switching between samples or standards an additional
ashing step was performed, to avoid carryover effects, in which
× 200 �L portions of the new sample/standard were aspirated

nto the HC, and then flushed through port 5 to the auxiliary waste
W).
.5. Analysis of water samples

Tap water samples were collected from three different areas of
he city of Thessaloniki, while commercially available mineral and

fl
c
f

a

se 0.2 Propulsion of mixture in the donor channel

– Selection of acceptor port
se 0.9 Propulsion of CN towards to the detector

able water were purchased from the local market. All samples were
hecked for residual chlorine and sulfides using suitable potassium
odide-starch and lead acetate test strips (Fluka). All tests were neg-
tive for sulfides. The presence of residual chlorine in tap water was
liminated by ascorbic acid, while sulfide ions—if present—could
e removed by adding lead acetate. The pH of the samples was
rought to 12 by adding 1 mL of a 6 mol L−1 NaOH solution per liter
f sample, followed by filtration through 0.45 �m filters to remove
uspended material.

. Results and discussion

.1. Preliminary experiments

Flow-through electrochemical detectors may require several
econds, or even more, for baseline stabilization, and there are
nevitably disturbances to the flow in serial injection analyses
ecause of the discontinuity of the pumping of the carrier towards
he detector. Hence, it is essential to establish the behavior of
he detector in terms of its response times, reproducibility and
aseline stability under SI conditions. In this study, the ini-
ial experimental parameters for preliminary studies included
(CN−) = 200 �g L−1, V(S) = 100 �L and 0.1 mol L−1 NaOH as carrier.

In order to evaluate the stability of the amperometric detec-
or experiments were performed, using the setup shown in Fig. 1
ithout the GD unit, in which 100 �L portions of a cyanide stan-
ard or blank solution were aspirated into the HC and propelled
o the amperometric detector at a flow rate of 0.9 mL min−1. A
harp negative “spike peak” was recorded even during blank exper-
ments when the selection valve (SV) switched to the detector port,
ossibly due to slight pressure differences between SI channels.

t was therefore necessary to “delay” the analyte peak in order
o avoid possible inaccuracies in signal evaluation. A 60-cm long
elay coil (DC) positioned between the SV and the detector pro-
ided sufficient delay (ca. 8 s) with acceptable loss of sensitivity
ue to additional dispersion.

Another important parameter affecting the response of electro-
hemical detectors is the flow rate of the carrier stream (qv), due
o mass transfer kinetic effects on the active surface of the work-
ng electrode [38]. Therefore, the effects of the carrier flow rate on
he sensitivity, repeatability and sample throughput of the system
ere also investigated. The signals were not significantly affected

n the range of 0.48–0.9 mL min−1, but decreased sharply at higher

ow rates, up to 1.5 mL min−1. Repeatability was satisfactory in all
ases (sr < 2.0%, n = 3). A flow rate of 0.9 mL min−1 was selected for
urther investigations.

The effect of the NaOH carrier amount concentration on the
mperometric detector response was investigated in the range of
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.05–0.5 mol L−1. The carrier flow rate was fixed at 0.9 mL min−1.
n approximately 35% increase in peak height was observed in the
ange 0.05–0.2 mol L−1 and practically leveled-off thereafter. The
alue of 0.2 mol L−1 NaOH was therefore selected for subsequent
xperiments. It should be noted that the NaOH carrier stream also
erves as the acceptor stream when the GD unit is incorporated in
he SI system.

Coupling the GD unit to the SI system yielded irreproducible
esults (sr > 10%) when the donor and acceptor streams flowed in
he same direction. Similar problems were previously reported by
erda and co-workers for the SI–GD determination of ammonia
32]. The cited authors overcame these problems by positioning
he acceptor channel in a “closed loop” of an additional valve. In our
tudy we simply reversed the flow direction of the donor stream,
hereby avoiding the potentially undesirable effects of pressure dif-
erences, as shown in Fig. 1. The relative standard deviation of the
ignals was improved, being less than 2% (n = 6).

.2. Study of SI and chemical parameters

In order to proceed to the final system design, several SI vari-
bles (aspiration order, sample and HCl volumes, reaction coil
ength, and the flow rate of the donor stream) were studied using
he univariate approach. The starting values of the SI and chem-
cal variables were: �(CN−) = 200 �g L−1, V(CN−) = V(HCl) = 100 �L,
V(donor) = 0.3 mL min−1, c(HCl) = 1.0 mol L−1 and l(RC) = 60 cm.
he flow rate and amount concentration of NaOH in the acceptor
tream and the length of the delay coil were as mentioned in the
reliminary studies section above.

Effective diffusion of gaseous HCN from aqueous samples
equires acidification of all of the alkaline cyanide solution. It is
herefore essential to ensure efficient overlapping of the HCl and
ample zones in order to maintain high diffusion yields and sensi-
ivity. For this reason, the effects of varying the aspiration order of
he HCl and sample zones were examined. The results showed that
he diffusion is highest when two zones of sample (S) are “sand-
iched” between three HCl (R) zones (R/S/R/S/R). This pattern was

dopted throughout the remainder of this study.
The flow rate of the donor stream is also an extremely important

arameter in on-line gas-diffusion analyses, since it determines
he length of time that the acidified samples are in contact with
he PTFE membrane. Experiments in which this parameter was
aried showed that reducing the donor stream flow rate from
.6 to 0.1 mL min−1 resulted in a 250% increase in peak heights
Fig. 2). A donor flow rate of 0.2 mL min−1 was selected for fur-
her analyses as a compromise between sensitivity and sampling
hroughputs.

The influence of the total volume of the injected sample was
tudied in the range 50–300 �L, under the optimal aspiration pat-
ern of R/S/R/S/R. An almost linear increase in the recorded current
ith increases in volume was observed in the range of 50–250 �L,

ut the relationship was substantially less linear with a further
ncrease to 300 �L. Therefore the sample injection volume of 250 �L
2 × 125 �L) was selected as optimal. Increases in peak heights were
lso observed with increases in the total volume of HCl from 75
o 150 �L, but further increases in volume, to 225 �L, had little
dditional effect. Thus, 150 �L (3 × 50 �L) was selected for further
nalyses.

The influence of the length of the reaction coil (a potentially
mportant parameter, since it affects the extent of overlapping

ones) was investigated in the range of 10–70 cm, using 0.5 mm
.d. PTFE tubing in all cases. The maximum current was obtained
t a length of 60 cm, indicating that this length allowed adequate
ixing and acidification of the sample, and was thus adopted for

ubsequent experiments.

a
c
w
o
s

Fig. 2. Effect of varying the donor flow rate on the cyanide determination.

The effects of varying two chemical variables were also studied.
he HCl concentration was varied in the range of 0.5–1.5 mol L−1,
nd peak heights were found to be virtually unaffected across the
tudied range. Thus, 0.5 mol L−1 provided sufficient acidity and was
elected as optimal. This hypothesis was confirmed by varying the
mount of NaOH in the samples from 0.005 to 0.02 mol L−1, since
o significant effects on peak height were observed across this
ange, so all samples and standards were preserved in 0.01 mol L−1

aOH.

.3. Preconcentration of CN− by SI–GD

An additional advantage of coupling SI to gas diffusion is the
otential it offers to preconcentrate analytes by exploiting the static
ature of the acceptor zone [32]. This can be done by simply repeat-

ng N times the injection-loading sequence of the sample to the
onor stream, thereby enriching the static acceptor solution with
he analyte. This approach is not commonly applied in flow injec-
ion analyses since the donor and acceptor streams usually flow
ontinuously in the same or opposite directions.

Using the finalized SI setup shown in Fig. 1 and performing one
njection-loading cycle (N = 1), a linear relationship between ana-
yte concentration and peak height was observed in the range of
.4–200.0 �g L−1. The regression equation and corresponding LOD
re included in Table 2.

In order to increase further the sensitivity of the assay, pre-
oncentration experiments were carried out with test solutions
ontaining 1.0 and 10.0 �g L−1 CN−, and N (numbers of precon-
entration cycles) of 1–3 and 5. The results of these experiments
re shown in Fig. 3. As can be clearly seen, the developed setup
llows efficient preconcentration of the analyte, yielding a linear
elationship between peak height and N (across the studied range)
t both concentrations tested. The repeatability of the preconcen-
ration step was satisfactory, since the sr values were < 5% in all cases
n = 5), due to the high reproducibility of the SI–GD hardware’s per-
ormance. Typical SI peaks at 1 �g L−1 concentration level after one
nd five preconcentration steps are depicted in Fig. 4. In order to
valuate the analytical performance of the preconcentration proce-
ure additional calibration curves were constructed for N = 2 and 3.
he corresponding regression equations and LOD/LOQ values are

lso shown in Table 2. Linearity, as expressed by the regression
oefficients, was satisfactory in all cases, while the detection limits
ere in the range of 0.05–0.12 �g L−1, depending on the number

f preconcentration cycles. However, it should be noted that the
ampling throughput will be reduced ca. three-fold reduction when
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Table 2
Regression equations and limits of detection (LOD) obtained for 1–3 preconcentration cycles.

Na Range (�g L−1) Regression equation R2 LOD (�g L−1) Sampling rate (h−1)

1 0.4–200 Yb = 4895 (±14) × �(CN−) + 2543 (±301) 0.9999 0.12 9
2 0.25–100 Y = 9553 (±35) × �(CN−) + 2149 (±218)
3 0.17–70 Y = 13951 (±47) × �(CN−) + 3008 (±274)

a N: number of preconcentration cycles.
b Y: peak height in pA.

Fig. 3. Effects of preconcentration cycles (N = 1–5) on the cyanide peak height.

t
l

3
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Fig. 4. Typical SI peaks for �(CN−) concentrations of 1 �g L−
0.9997 0.07 5
0.9991 0.05 3

wo or three preconcentration steps are applied rather than a single
oading cycle.

.4. Method validation

The quality of the developed method was evaluated in terms of
ts linearity, LOD, LOQ, repeatability and selectivity.

Linearity was evaluated using response factor (R.F.) tests [39],
etting as an acceptance limit the deviation of the R.F. of each point
f the calibration curve to be within ±5% of the experimental slope,
s given by the equation:

peak height (pA) − intercept

.F. =

�[CN−]

or a single preconcentration cycle (N = 1) the R.F. values were less
han ±3% for cyanide concentrations in the range of 2–200 �g L−1.
igher R.F. values in the range of 5–10% were obtained with lower

1 after N = 1 (A) and N = 5 (B) preconcentration cycles.
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Table 3
Analysis of water samples.

Sample CN− added (�g L−1) Recovery (%)

N = 1 N = 2 N = 3

Tap water (I) – N.D.a N.D. N.D.
1.0 89 92 93
2.0 94 96 96
5.0 102 98 103

10.0 98 103 104

Tap water (II) – N.D. N.D. N.D.
1.0 108 88 96
2.0 92 91 94
5.0 95 104 99

10.0 105 106 98

Tap water (III) – N.D. N.D. N.D.
1.0 89 111 112
2.0 95 92 94
5.0 101 101 94

10.0 105 97 103

Mineral water (I) – N.D. N.D. N.D.
1.0 91 95 93
2.0 105 103 99
5.0 103 101 97

10.0 99 97 102

Mineral water (II) – N.D. N.D. N.D.
1.0 93 109 92
2.0 96 95 98
5.0 105 99 94

10.0 96 106 95

Table water – N.D. N.D. N.D.
1.0 110 108 92
2.0 108 96 104
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oncentrations close to the LOQ (0.5–2.0 �g L−1). Similar results
ere obtained using two or three preconcentration cycles; the R.F.

alues exceeded the 5% limit only for cyanide concentrations lower
han 1.0 �g L−1, but were less than 10% in both cases.

The limits of detection and quantitation (LOD and LOQ, respec-
ively) were calculated according to the IUPAC criteria (3 × sb/m and
0 × sb/m, respectively) where sb is the standard deviation of the
lank measurements (n = 8), and m is the slope of the calibration
raph [40]. The results can be found in Table 2.

The repeatability (within-day precision) of the developed assay
as evaluated at three CN− concentrations: 1.0, 5.0 and 10.0 �g L−1,
ith three preconcentration cycles (N = 3) as a “worst case sce-
ario”. Each standard was analyzed in triplicate at the beginning,
iddle and end of a working day (n = 3 × 3). The respective sr val-

es were 5.1, 3.6 and 2.8%, confirming that the procedure has a
igh degree of precision. The day-to-day precision of the proposed
ethod was evaluated by constructing calibration curves for six

onsecutive days at six cyanide levels in the range of 5–200 �g L−1.
he experimental results confirmed the precision of the assay,
s the R.S.D. of the slopes of the obtained regression lines was
8%.

The selectivity of the assay for cyanide versus several species
as examined by measuring the amperometric detector responses

hey induced both in the absence of the analyte (to determine their
otential to interfere with cyanide measurements) and in the pres-
nce of 100 �g L−1 CN−, to determine the tolerance of the method.
nless otherwise stated, interferents were equilibrated with the
ample for 1 h prior to analysis.

Sulfide ions are known to interfere strongly in the amperometric
etermination of cyanides because following acidification H2S dif-
uses through the PTFE membrane and produces a positive response
t the detector [8,27,28]. Conversely, they can also react with the
nalyte, forming SCN− ions, thereby reducing its concentration in
eal samples and leading to underestimates of cyanide concen-
rations. The most widely accepted procedure for removing these
nterferents is to precipitate S2− with PbCO3 as PbS [8]. When this
rocedure was applied here, and the resulting solutions were fil-
ered through 0.45 �m filters immediately after the reaction, S2−

ould be tolerated at concentrations up to 5 mg L−1, corresponding
o a mass ratio of S−2/CN− = 50.

Formaldehyde and acetaldehyde do not induce responses by the
mperometric detector in the absence of cyanide, but they both
eact with the analyte in aqueous solutions to form cyanohydrins.
owever, these species were tolerated up to mass ratios of 50 when

reated with 3.5% ethylene diamine and 10 for untreated samples.
Species such as SCN−, I−, Br−, NO3

−, NO2
−, NH4

+, SO4
2−, OCN−,

scorbic and oxalic acids were not found to interfere, either in the
bsence or presence of cyanides up to mass concentration ratios
f 100, and hypochlorite (OCl−) ions only seriously interfere in the
resence of the analyte. By adding ascorbic acid (ca. 0.5 mg mL−1

f sample), a OCl−/CN− mass concentration ratio of 10/1 causes a
egative interference of ca. 40%.

.5. Analysis of water samples

The applicability of the SI method in practice was evaluated by
nalyzing tap, mineral and table water samples. All samples were
ollected and treated as described in Section 2.4, and they were
nalyzed both without (N = 1) and with preconcentration (N = 2 and
). Each sample was analyzed in triplicate, and the experimental

esults are shown in Table 3. No cyanide was detected in any of
he assayed samples. The accuracy of the results was checked by
piking the samples with known concentrations of the analyte in
he range of 1.0–10.0 �g L−1. Percent recoveries were in the range
f 88–112% at the 1 �g L−1 level. Higher recoveries, in the range of

A

i

5.0 96 102 94
10.0 105 99 106

a N.D. = not detected.

1–108% were obtained at cyanide concentrations between 2.0 and
0.0 �g L−1.

. Conclusions

SI has wide potential applications in automated analytical meth-
ds due to the opportunities it provides for the precise, robust and
et flexible handling and manipulation of liquid samples. Exploit-
ng these features, a simple and sensitive assay was developed
or the determination of free cyanides in water samples at low-
pb levels. The employment of an amperometric detector renders
he method practically reagentless. The GD unit not only increased
electivity but the “static nature” of the acceptor stream enabled the
ncorporation of an enrichment-preconcentration step by repeti-
ive loading of the sample. The limit of detection of the developed
rotocols ranged between 0.05 and 0.12 �g L−1 depending on the
umber of preconcentration cycles. These values are well below
he recommended limits in environmental samples set by interna-
ional U.S. and European authorities. Analyte recoveries from real
amples ranged between 88 and 112%. Another highly desirable
eature of the proposed protocol is the compact and readily avail-
ble instrumentation which is suitable for in situ and field analysis.
he combination of SI, gas diffusion and amperometric detection
esulted in an efficient, reliable tool for screening free cyanides at
ow levels in environmental samples.
cknowledgement
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reconcentration of nickel and cadmium by TiO2 nanotubes as solid-phase
xtraction adsorbents coupled with flame atomic absorption spectrometry
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a b s t r a c t

TiO2 nanotubes, a new nanomaterial, are often used in the photocatalysis. Due to its relatively large
specific surface areas it should have a higher enrichment capacity. However, very few applications in the
enrichment of pollutants were found. This paper described a new procedure to investigate the trapping
vailable online 19 October 2008

eywords:
iO2 nanotubes
olid-phase extraction
lame atomic absorption spectrometry

power of TiO2 nanotubes with cadmium and nickel in water samples as the model analytes and flame
atomic absorption spectrometry for the analysis. The possible parameters influencing the enrichment
were optimized. Under the optimal SPE conditions, the method detection limits and precisions (R.S.D.,
n = 6) were 0.25 ng mL−1 and 2.2% for cadmium, 1 ng mL−1 and 2.6% for nickel, respectively. The established
method has been successfully applied to analyze four realworld water samples, and satisfactory results
were obtained. The spiked recoveries were in the range of 90.2–99.2% for them. All these indicated that
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TiO2 nanotubes had great

. Introduction

Heavy metals have been put much more attention nowadays
ecause the toxic effect of them at low concentration has been
ound. Some of them could be accumulated in body tissues and
hen throw a threat on the human health. So novel, sensitive ana-
ytical methods for the determination of heavy metal ions at trace
evels are highly desired. Atomic absorption spectrometry is an
ften used instrument in the analysis of elements. However, sam-
le pretreatment is a necessary procedure because the sample
atrices are usually complex. Recently, many methods for sam-

le pretreatment have been developed and they all gained great
chievements such as solid-phase extraction, supported liquid
embrane, and liquid phase micro-extraction. Wang and coau-

hors have contributed great to preconcentration of the heavy
etal ions. They have developed several novel metal ions sorption

echnology such as cell-immobilized micro-column in the pres-

nce of an external magnetic field, sequential injection reductive
io-sorption on the surface of egg-shell membrane, immobiliz-

ng Chorella vulgaris and Saccharomyces cerevisiae cell onto silica
eads for bio-sorption, cellulose fibre packed micro-column and

∗ Corresponding author. Tel.: +86 373 3325971; fax: +86 373 3326336.
E-mail address: zhouqx@henannu.edu.cn (Q.-x. Zhou).
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tial in environmental field.
© 2008 Elsevier B.V. All rights reserved.

ctadecyl immobilized surface [1–5]. These technologies were suc-
essfully applied to the preconcentration of Cd2+ at ultratrace
evel, Cr6+ and chromium speciation, and Mn2+ and Cr3+, and
rovided alternative modes for the determination of trace metal

ons.
In recent years, nanostructure material has attracted great

ttention in many fields [6–10]. Titanium dioxide, TiO2, a novel
anomaterial, has been in the centre of focus and many reports
bout its application have been reported. The properties of TiO2
anopower determined that it could enrich some environmental
ollutants. Recently, some papers proved that achievements had
een obtained using TiO2 material as solid-phase extraction pack-

ng material to preconcentration and determination of some heavy
etals. Liu and Liang have used a micro-column packed with immo-

ilized nanometer TiO2 to separate and preconcentration of gold
rior to its determination by flame atomic absorption spectrom-
try (FAAS) [11], and the results indicated that there had a better
etection limit of 0.21 ng mL−1, moreover satisfactory results had
een achieved with the method applied for the determination of
race amounts of Au in geological and water samples. Zhang et
l. applied titanium dioxide as solid-phase adsorbent to concen-

rate As, Se and Sb in river water and seawater [12] and favorable
esults were obtained. TiO2 nanoparticles have also been success-
ully explored the adsorptive ability for Cu, Mn, Cr, Ni [13], La, Y,
b, Eu and Dy [14]. The adsorption capacities of nanometer TiO2
ere found as 0.108, 0.149, 0.039 and 0.034 mmol g−1 for Cu, Cr,
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in Fig. 1. It is obvious that 3 mL nitric acid/ethanol (1:9, v/v) is suf-
ficient for quantitative elution of the retained target compound
from the TiO2 nanotubes. Thus 3 mL of nitric acid/ethanol (1:9,
v/v) was used as an eluent for further studies. The amount of 8-
hydroxyquinoline also had impact on the enrichment of metal ions
Q.-x. Zhou et al. / Tala

n and Ni and 7.0, 6.1, 9.8, 8.3 and 8.8 mg g−1 for La, Y, Yb, Eu and
y, respectively.

TiO2 nanotubes has been used for the photodegradation as the
hotocatalyst, However, it should have much higher adsorption
apacity than that of TiO2 nanoparticle and much great poten-
ial for the trapping of compounds because it is proved to have
arger surface area than the TiO2 nanoparticles, the surface area
f TiO2 nanotubes synthesized from hydrothermal treatment can
each 400 m2/g. In our laboratory, the TiO2 nanotubes have been
rstly explored in the analysis of DDT and its metabolites and
u2+. These preliminary experimental results showed that TiO2
anotubes earned outstanding property for the preconcentration of
,p-DDD, p,p-DDT, o,p-DDT and p,p-DDE and Cu2+ [15,16]. However,
uch reports have been found very few.

The main purpose of this work is to investigate the feasibility of
iO2 nanotubes as SPE adsorbents for the extraction of heavy metal
ons with nickel and cadmium as the model analytes for the sake of
nlarging the application of TiO2 nanotubes in the environmental
eld.

. Experimental

.1. Apparatus

A Z-5000 Polarized Zeeman Atomic Absorption Spectropho-
ometer (Hitachi Ltd., Tokyo, Japan) fitted with cadmium and nickel
ollow cathode lamps were used. This apparatus was equipped
ith Zeeman Effect background correction. In these experiments,
modified cartridge used was prepared by modifying an Agi-

ent ZORBAX SPE C18 (EC) cartridge. TiO2 nanotubes of 200 mg
ere packed in the cartridge after the C18 packing was evacu-

ted. The polypropylene upper frit and lower frit were remained at
ach end of the cartridge to hold the absorbent packing in place.

model SHZ-3 (III) vacuum pump (Yuhua Instrument Co. Ltd.,
hengzhou, China) was used in the preconcentration process. Ultra-
ure water was prepared in the laboratory using a water treatment
evice “Ultra-Clear” (SG Wasseraufbereitungsanlagen, Barsbüttel,
ermany).

TiO2 nanotubes were synthesized from hydrothermal treatment
n our laboratory, the specific surface area was 291 m2/g and the

edial aperture was 3.66 nm determined from the linear portion
f the BET plots, and they were examined using JEM2011 scanning
lectron microscope (JEOL, Japan).

.2. Standard solutions and reagents

National certified reference materials (GSB 07-1186-2000, Ni
nd GSB 07-1185-2000, Cd) were purchased from Yingtianyi Stan-
ard Sample Company (Beijing, China). All the other reagents
nd chemicals used are of analytical grade. Stock solutions of
ickel and cadmium at a concentration of 1000 �g mL−1 were
repared with nickelous chloride (NiCl2) and cadmium chlo-
ide (CdCl2·25H2O). Working solutions were obtained by further
iluting the stock solution to the required concentrations before
se. 0.1 mol L−1 8-hydroxyquinoline solution was prepared with
thanol. Hydrochloric acid (5%, v/v) and sodium hydroxide (1%, v/v)
ere used to adjust pH values of the solution.

.3. SPE procedure
Before the preconcentration, TiO2 nanotubes (200 mg) were
ashed with 1.5 mol L−1 HNO3 and ultrapure water in order to

emove the contaminants. The solid-phase extraction procedure
or Cd2+and Ni2+ was as follows: firstly, the cartridge equipped with

F
5

7 (2009) 1774–1777 1775

iO2 nanotubes was washed by 10 mL nitric acid/ethanol (1:9, v/v)
nd 10 mL ultrapure water. Then, the working solution containing
.05 �g mL−1 Cd2+ and Ni2+ ions chelated with 8-hydroxyquinoline
as passed through the minicolumn under the vacuum condition.
hen the preconcentration was completed, 10 mL ultrapure water
as used to clean the impurity. Further the target analytes were

luted with an optimum volume of nitric acid/ethanol (1:9, v/v).
inally, the concentration of the Cd2+ and Ni2+ was determined
ith FAAS. Between the extractions, the minicolumn was dried by
assing the air through it for 30 min.

.4. Water sample

In this investigation, four water samples were used for validating
f the proposed method. They were collected from four differ-
nt factories from Xinxiang City, Henan province and there were
arked as samples 1, 2, 3, and 4, respectively. All of the water sam-

les were immediately filtrated through the 0.45 �m membrane
fter collected and stored in brown reagent bottles at 4 ◦C.

. Results and discussion

.1. Optimization of the elution step

It was an important step to quantitatively recover the retained
nalytes from the SPE cartridge in the SPE procedure. In this
xperiment, a series of experiments were designed and performed
o obtain a reasonable eluent to elute completely Cd2+ and Ni2+

ons after the enrichment of cadmium and nickel chelated with
-hydroxyquinoline from 50 mL buffer solution. In general, inor-
anic acid may be effective to elute the heavy metal ions from the
PE column, hence, 4 mL of 1.5 mol L−1 HNO3, 1 mol L−1 HCl, nitric
cid/ethanol (1:9, v/v), and ethanol were investigated to obtain
he optimal elutent for further experiments. The results showed
hat nitric acid/ethanol (1:9, v/v) could accomplish the quantita-
ive elution of target analytes, Cd2+ and Ni2+ ions chelated with
-hydroxyquinoline, from the cartridge. For the sake of achieving
etter enrichment, the volume of eluent was optimized in the range
f 2–6 mL for obtaining the optimal volume, and the data is given
ig. 1. Effect of eluent volume on the recovery of Cd2+ on TiO2 nanotubes: Cd2+,
0 ng mL−1; Ni2+, 50 ng mL−1.
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Fig. 3. Effect of sample volume on the recovery of Cd2+and Ni2+on TiO2 nanotubes:
Cd2+, 50 ng mL−1; Ni2+, 50 ng mL−1.

Table 1
The effect of coexisting ions (Cd2+ 50 ng mL−1 and Ni2+ 50 ng mL−1).

Coexisting
ions

Concentration of coexisting
ions (�g mL−1)

Recovery of
cadmium (%)

Recovery of
nickel (%)

Na+ 80 95.4 93.6
K+ 50 98.0 95.3
Mg2+ 20 91.5 93.2
Ca2+ 16 91.3 88.2
Cu2+ 1 97.5 92.6
A 3+
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l
also investigated under the optimal conditions for the quantitative
analysis of Cd2+and Ni2+ ions. The characteristics of the proposed
method were shown in Table 2. In order to validate the applica-
bility of the proposed method, certified reference materials were
used and the results were listed in Table 3. From Table 3, it was

Table 2
Analytical parameters of proposed method.

2

ig. 2. Effect of 8-hydroxyquinoline on the recovery of Cd2+and Ni2+on TiO2 nan-
tubes: Cd2+, 50 ng mL−1; Ni2+, 50 ng mL−1.

n the SPE process, preliminary experiments indicated that the best
erformance was achieved with 0.05 mL 8-hydroxyquinoline used
see Fig. 2). Therefore, 0.05 mL 8-hydroxyquinoline was used in the
ollowing experiments.

.2. Effect of pH and flow rates

pH was an import parameter for the chelating reaction of metal
ons. The generation of complexes determined whether it could be
dsorbed onto the SPE adsorbent in most cases. To get excellent
ensitivity, sample pH should be taken into account. In this exper-
ment the effect of the pH on the retention of cadmium and nickel
n the cartridge was studied in the range of 2.0–10.0, and its pH was
djusted by hydrochloric acid (5%, v/v) and sodium hydroxide (1%,
/v). Kept the other parameters being constant, the general proce-
ure was applied and the concentration of cadmium and nickel was
easured by FAAS. The results showed that the two metals were

dsorbed much better at pH of 7–9 and the recoveries exceeded
0% at the pH 8.0. Hence, in the following experiments the sample
H was adjusted to pH 8.0.

Flow rate of sample is an important parameter for quantita-
ive extraction and elution, and it controls the time of analysis
nd affected the retention of target analyte on the micro-column.
o the optimum flow rate was investigated in the range of
.2–1.25 mL min−1. Before the beginning of the SPE procedure, Cd2+

ons and Ni2+ ions in the working solution were chelated with 8-
ydroxyquinoline. The experimental results indicated that there
as no significant impact to the recoveries of metal ion when the
ow rate of sample was increased. So in the following study, the
aximal flow rate was used.

.3. Optimization of the sample volume

A series of experiments were performed to obtain a high enrich-
ent factor. In general, a very simple method was to increase the

olume of the sample. So the sample volume was investigated over
he range of 50–200 mL. The results were exhibited in Fig. 3. From
he figure, it could be seen that the recoveries of cadmium and

ickel were in the range of 97.9–98.4% and 95.7–96.4%, respectively.
here have no significant decrease when the volume of sample
ncreased up to 200 mL. In order to save time, 200 mL was selected
nally.

E

C
N

l 1 95.0 93.0
e3+ 1 101.0 96.8
O4

2− 80 99.8 97.5
l− 50 97.3 94.9

.4. Effect of coexisting ions

In general, the matrix of real environment samples is much
omplex. The existence of coexistence ions would influence the
reconcentration of nickel and cadmium by competitive adsorp-
ion. The presence of cations and anions in the environmental water
amples would interfere the determining of nickel and cadmium.
n order to validate the applicability of proposed method, several
ypical ions such as Ca2+, Mg2+, Na+, Cl−, SO4

2− and other ions
ere investigated. The solutions contained different ions at differ-

nt concentration were passed through the column at the optimum
onditions. The results were given in Table 1. The results suggested
hat the presence of coexisting ions at a much higher level has no
bvious influence on the preconcentration of cadmium and nickel.

.5. Analytical performance

Some important parameters of the proposed method such as
inear range, correlation coefficients and detection limits were
lement Linear range
(ng mL−1)

R LOD
(ng mL−1)

Precision
(R.S.D.) (%)

Enrichment
factor

d 0.4–100 0.9998 0.25 2.2 66.7
i l–150 0.9992 1 2.6 66.7
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Table 3
Determination results of certified reference materials with proposed method.

Element Certified concentration Uncertainty Detec

Ni 0.158 ±0.006 0.152
Cd 0.402 ±0.018 0.386

Table 4
Results of blank and spiked recoveries of cadium and nickel in real environmental
samples.

Sample Blank (ng mL−1) Added (ng mL−1) Spiked recoveries (%) Element

1 7.3 10 91.9 ± 3.9 Cd2+

– 97.0 ± 3.5 Ni2+

2 20.9 10 94.3 ± 4.1 Cd2+

15.4 94.4 ± 3.0 Ni2+

3 19.5 10 90.2 ± 3.7 Cd2+
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10.5 95.3 ± 4.5 Ni2+

4 5.8 10 96.8 ± 4.0 Cd2+

– 99.2 ± 2.8 Ni2+

asily found that the proposed method demonstrated excellent
erformance.

.6. Analytical application

In order to evaluate the applicability of TiO2 nanotubes as SPE
dsorbents in the analysis of cadmium and nickel, four environ-
ental water samples were collected from the region of Xinxiang

ity and used for the analysis. Firstly, blanks of all the samples were
one to determine whether the target compounds were present or
ot. In the four samples, Cd2+ had been detected and their concen-
rations were 7.3, 20.9, 19.5 and 5.8 ng mL−1, respectively. Nickel
ad been detected both in samples 2 and 3, and was not found

n other samples. Further spiked recoveries with a spiked level of
0 ng mL−1 were investigated, and the data were listed in Table 4.
ll these results indicated that proposed method could be used to
etermine cadmium and nickel in real waters.
. Conclusions

This paper proved that a novel nanomaterial, TiO2 nanotubes
ad excellent enrichment ability for metal elements in environ-

[
[
[
[
[
[

ted concentration (�g mL−1) Recovery (%) R.S.D. (%, n = 3)

96.2 1.2
95.9 1.6

ental samples and opened a new application prospect for TiO2
anotubes. The established method using TiO2 nanotubes as SPE
dsorbents for preconcentration of trace cadmium and nickel
as satisfactory. The results obtained showed that the developed
ethod was a rapid, simple, sensitive and effective analytical
ethod for determination of cadmium and nickel at trace level,

nd it would be an alternative for the trace analysis of these two
lements in water samples in the future.
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a b s t r a c t

A novel method for determination of carbaryl in effluent was proposed in this study. The kinetic evolution
of excitation-emission matrix fluorescence (EEM) for the pesticide were recorded and come into being
a four-way data array. The four-way fluorescence data were analyzed using the parallel factor analysis
(PARAFAC). The methodology exploits the second-order advantage of three-order calibration based on
ccepted 30 September 2008
vailable online 14 October 2008

eywords:
arbaryl
hird-order calibration

quadrilinear parallel factor analysis, allowing analyte concentrations to be estimated even in the presence
of an uncalibrated fluorescent background. It gave the satisfactory results for determination of the carbaryl
in effluent samples. In addition, the kinetic study of degradation of carbaryl was performed according to
the kinetic profile provided by the calibration.

© 2008 Elsevier B.V. All rights reserved.
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ydrolysis
uadrilinear PARAFAC algorithm

. Introduction

In recent years, multiway chemometrics techniques have
een introduced to analyze the data involving high-dimensional
tructured information and have gained popularity [1–13]. The
nstruments that generate multidimensional data array are
vailable to chemist, such as the high performance liquid chro-
atograph coupled with a diode array detector (HPLC-DAD) and the

pectrofluorometer which can record excitation-emission matrices
uorescence signals. Furthermore, the advantage of the multiway
ethods is a higher stability towards instrument noise, interfer-

nts and matrix effects, in comparison with first-order methods
nd zero-order methods. The most appealing advantage is that
hey can separate directly the measured signals into the underlying
ontributions from individual analytes.

There are many second-order calibration algorithms in chemo-
ertrics to decompose second-order data array. The algorithms

sually belong to three main groups: (i) the direct solution
lgorithms, including the generalized rank annihilation method
GRAM) [14] and the direct trilinear decomposition (DTLD) [15];

ii) least-squares algorithms, such as bilinear least-squares (BLLS)
16,17]; (iii) the iterative algorithms, including the parallel factor
nalysis (PARAFAC) [18–20], alternating trilinear decomposition
ATLD) [21], the self-weighted alternating trilinear decompo-

∗ Corresponding author. Tel.: +86 731 8821818; fax: +86 731 8821818.
E-mail address: hlwu@hnu.cn (H.-L. Wu).
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ition (SWATLD) [22], multivariate curve resolution-alternating
east-squares (MCR-ALS) [23], N-way partial least-squares (N-PLS)
24].

When the three-way array follows the so-called trilinear model,
he decomposition based on the algorithms, such as PARAFAC and
WATLD, is unique, allowing spectral profiles and relative concen-
rations of individual sample components to be extracted directly in
resence of uncalibarated interferences. This property was named
s the second-order advantage. In the three groups the itera-
ive algorithms, which based on PARAFAC model, ATLD, SWATLD,
RAM, MCR-ALS and bilinear least-squares/residual bilinearization

BLLS/RBL) [3–20] exhibit the second-order advantage too. This
uperiority has made the algorithms employed widely [9–13,25].

Calibration methods are not limited to the second-order cali-
ration or the analysis of three-way data. Three-order calibration
ethods can also be used for the similar purpose and four-way data

an be processed and interpreted in the similar way. In principle,
he advantage of third-order calibration not only contains a simi-
ar second-order advantage that the components of interest can be
etermined even in the presence of uncalibrated interferences in
omplex samples, but also holds some additional advantage. It can
rovide more information about the analytes than second-order
alibration for an additional dimension introduced. The intrinsic

rofiles in each mode can be determined uniquely for each species

n the prediction samples [26]. Because four-way data array cannot
e obtained conveniently nowadays, three-order calibration has
carcely been employed and only several works have been reported
2–8].
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Fig. 1. The degradation of the carbaryl.

Carbaryl (1-naphthol N-methycarbamate), is the successful car-
amate insecticide due to its broad-spectrum efficacy to control
ver 100 species of insects on citrus, fruit, cotton, forests, lawns,
uts, ornamentals, shade trees and other crops. The pesticide is
sed indiscriminately, so the toxicity has raised the public con-
ern about the ecosystem and human health [27]. The carbaryl
s rather stable in acidic condition, in basic conditions, how-
ver, hydrolyses readily in water (Fig. 1). The major degradation
roduct is 1-naphthol. In present work, a novel method for deter-
ination of carbaryl in effluent was proposed by the means of

xcitation-emission-kinetic fluorescence data coupled with three-
rder calibration based on quadrilinear PARAFAC algorithm.

The hydrolysis reaction was monitored by measuring the evo-
ution of EEM fluorescence signals and produced a four-way data
rray. Kinetic experiment introduces the temporal dimension into
he measured data array. The three-order calibration based on the
uadrilinear PARAFAC algorithm was applied to decompose the
our-way data array. We can not only get the concentration of
arbaryl in the samples, the profiles of excitation and emission flu-
rescence, but also obtain the kinetic profile of carbaryl hydrolysis.
ccording to the kinetic profile and the kinetic model, the reaction
ate constant can be determined.

. Theory

.1. Quadrilinear PARAFAC algorithm for three-order calibration

The trilinear decomposition model, the famous PARAFAC model,
as proposed by Harshman [18] and Carroll and Chang [19]. The
odel has been widely accepted in chemistry since it follows the

ambert-Beer law. Fluorescence intensity measurements at several
xcitation and emission wavelengths can be described using the
rilinear model. If an additional dimension is introduced, e.g. the
emporal dimension, the quadrilinear PARAFAC model is required
o describe the four-way data array.

For excitation-emission-kinetic fluorescence data measure-
ents, a given sample produces a three-way data array with

imensions I × J × K. The quadrilinear PARAFAC model can be rep-
esented as following:

ijkl =
N∑

n=1

ainbjnckndln + eijkl (1)

here N is the total number of components, dln is the relative con-
entration of component n in the lth sample, and ain, bjn, and ckn are
he normalized intensities at the excitation wavelength i, emission
avelength j, and time channel k, respectively. eijkl which is the ele-
ent of Eijkl, collect the residual errors. The column vectors an, bn,
n, and dn are collected into the corresponding profile matrixes A,
, C, and D.

The model can be respectively expressed in six fully equiv-
lent slicewise matrices and four fully equivalent stretched
atrix representations owing to the symmetry of the model as

26]:

3

H
q
3
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..kl = Adiag(d(l))diag(c(k))B
T + E..kl,

= 1, 2, . . . , K, l = 1, 2, . . . , L (2)

i..l = Bdiag(a(i))diag(d(l))C
T + Ei..l,

= 1, 2, . . . , I, l = 1, 2, . . . , L (3)

ij.. = Cdiag(b(j))diag(a(i))D
T + Eij..,

= 1, 2, . . . , J, i = 1, 2, . . . , I (4)

.jk. = Ddiag(c(k))diag(b(j))A
T + E.jk.,

= 1, 2, · · ·, K, j = 1, 2, · · ·, J (5)

And
I×JKL = A(D � C � B)T + EI×JKL (6)

J×KLI = B(A � D � C)T + EJ×KLI (7)

K×LIJ = C(B � A � D)T + EK×LIJ (8)

L×IJK = D(C � B � A)T + EL×IJK (9)

The quadrilinear PARAFAC algorithm is commonly carried
ut through an alternating least-squares minimization scheme.
ccording to the Eqs. (6)–(9) one can obtain four equations as fol-

ows:

= XI×JKL [(D � C � B)T]
+

(10)

= XJ×KLI[(A � D � C)T]
+

(11)

= XK×LIJ[(B � A � D)T]
+

(12)

= XL×IJK [(C � B � A)T]
+

(13)

A typical iterative procedure for quadrilinear PARAFAC can be
iven as follows:

1. Estimate the number of factors, N.
. Randomly initialize A, B, and C.
. Compute D using Eq. (13).
. Compute A using Eq. (10) and scale A to be columnwise normal-

ized.
. Compute B using Eq. (11) and scale B to be columnwise normal-

ized.
. Compute C using Eq. (12) and scale C to be columnwise normal-

ized.
7. Compute D using Eq. (13).
. Repeat steps 4–7 until a stopping criterion is satisfied.

Because the four-way array decomposition only provides rela-
ive values, the analyte concentrations in the prediction samples
re obtained after calibration step is performed, which is similar to
calibration curve for one component, or by regression of relative

oncentrations of each component of interest against its standard
oncentrations [21].

. Experimental

.1. Apparatus
The measurement of fluorescence was performed with a
ITACHI F-4500 Fluorescence spectrophotometer with 10 mm
uartz cells. A PINGFAN TGL-16A centrifuge and a BOXUN YXQ-LS-
0 SII autoclave were employed to preprocess the effluent water.
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the 1-naphthol increased.

The four-way data array was processed using the quadrilin-
ear PARAFAC. PARAFAC required the estimated factor number to
analyze the data array. The factor number should be designated
642 S.-H. Zhu et al. / Tala

The spectral data were imported to computer and analyzed
n the Matlab environment. The programs of PARAFAC and linear
egression algorithms were homemade. All programs were run on
BM compatible microcomputer.

.2. Reagents

Carbaryl was purchased from FUTESI (Changsha, China).
aH2PO4 (analytical grade), H3PO4 (analytical grade), Na2HPO4

analytical grade) and methanol (HPLC-grade) were purchased
rom YUFENG (Changsha, China). The effluent, which was sampled
rom a farm, was obtained from Environmental Protection Bureau
f Changsha, China.

Stock solutions of 145 �g ml−1 carbaryl were prepared by dis-
olving appropriate amount in methanol. Working solutions were
repared by appropriate dilution of stock solution. All the solutions
ere stored in the refrigerator at 4 ◦C.

Buffer solutions were obtained by mixing appropriate NaH2PO4,
3PO4 and Na2HPO4 in doubly distilled water.

.3. Procedure

The effluent was centrifuged to remove the particulate matter
nd then was sterilized in autoclave.

The external calibration method was employed in this work.
hereby the calibration set with six samples was constructed by
he following way. Appropriate stock solutions of carbaryl and 2 ml
hosphate buffer (pH 9.3) were added into 10 ml volumetric flask
nd mark in doubly distilled water. The concentration value is in the
ange of 17.2–93.6 ng ml−1 for carbaryl. The prediction set included
even samples, and the concentration of carbaryl was limited to
he range of calibration samples. The first three samples contain
nly the pesticide and 2 ml buffer, which were prepared in the
ame way as for calibration samples. The other four was prepared
y adding 5 ml effluent, 2 ml buffer and the pesticide into 10 ml
olumetric flask. Table 1 lists the concentration of carbaryl in cal-
bration samples and prediction samples. When the buffer was

ixed with the pesticide, the degradation reaction started. The
inetic evolutions of excitation-emission fluorescence matrices of
hese solutions were then recorded and the obtained data were
ubjected to four-way analysis, as described below.

All the samples were measured at excitation wavelength from

65 to 319 nm with 3 nm intervals and the emission wavelength
rom 319 to 487 nm with 8 nm intervals. The excitation and emis-
ion monochromator slit widths were 5 nm and the scanning rate
as maintained at 2400 nm min−1. For each sample EEM fluores-

ence signals at a series of specific moments (2 min, 9 min, 16 min,

able 1
he concentration of carbaryl in calibration samples and prediction samples.

Carbaryl (ng ml−1) Buffer (ml) Effluent (ml)

alibration samples
1 17.2 2 0
2 31.2 2 0
3 46.8 2 0
4 62.4 2 0
5 78.0 2 0
6 93.6 2 0

rediction samples
7 23.4 2 0
8 39.0 2 0
9 54.6 2 0

10 39.0 2 5
11 54.6 2 5
12 70.2 2 5
13 78.0 2 5
(2009) 1640–1646

. ., 51 min, 58 min, 65 min) were scanned and an EEM data array
ith dimensions 22 × 19 × 10 (excitation wavelength × emission
avelength × reaction time) was obtained. All the thirteen samples

t the series of specific moments were measured and the four-way
rray (22 × 19 × 10 × 13) was constructed.

. Result and discussion

In the present paper, the hydrolysis of carbaryl in presence of
lkaline buffer was described. We have tried the buffers with pH
alues (8.2, 9.3, 10.2 and 11.5) in the experiment, and the buffer (pH
.3) was selected as it could provide a measurable reaction rate.

The effluent is a complex mixture which is composed of many
ifferent fluorescent chromophores of different compounds. So it is
atural to exhibit strong and broad native fluorescence, and its flu-
rescence profile will overlap with that of carbaryl and 1-naphthol.
ig. 2 shows the fluorescence filled contour of the effluent.

When the samples were measured within the excitation wave-
ength range (230–350 nm) and the emission wavelength range
300–550 nm) at first, Rayleigh scattering was intense in this range.
he scattering is not correlated with the target concentration of
he analyte, therefore, for the calibration and prediction purposes,
runcating the range that account for Rayleigh scattering signals,
he EEM fluorescence were recorded by measuring the samples
ithin the spectral excitation and emission ranges, 265–319 nm

nd 319–487 nm, respectively. The response data arrays were
oughly compensated just by subtracting the average response
atrix of three blank solutions to avoid and weaken the effects

f Rayleigh scattering and Raman scattering.
The hydrolysis of carbaryl would start up in the presence of

lkaline buffer, and a four-way data array of 22 × 19 × 10 × 13 was
roduced from the measurement of all the samples in all the spe-
ific moments. Fig. 3 shows the kinetic evolution contour plots of
EM for sample 5 within the selected range. In the figure the peak
ntensities of carbaryl were reduced and that of 1-naphthol were
nhanced with the reaction time. This means the hydrolysis was
unning, and the concentration of carbaryl decreased and that of
Fig. 2. The fluorescence filled contour of the effluent.
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Fig. 3. The kinetic evolution contour plots of EEM for samp

n advance. To estimate the factor or component number for the
ecomposition of four-way data array, we tried the core consis-
ency diagnostic at first. However, the core consistency diagnostic
ailed to give the appropriate factor number, and sometimes it cost
everal hours to give a wrong result. But factor indicator function
IND) suggested the appropriate factor number should be five. The
actor number was tried from 1 to 10, and the corresponding func-
ion value of IND descended at first and then increased. The value
eached the inflection point and returned minimum value when the
umber was selected to be five. The quadrilinear PARAFAC decom-
osed the four-way data array with the factor number of five and
ave the satisfactory results.

The three-order calibration provided directly the excitation

pectral profiles, emission spectral profiles and the kinetic profiles,
hich were shown in Fig. 4. Fig. 4(a) shows loadings related to the

xcitation spectral profiles, Fig. 4(b) shows loadings related to the
mission spectral profiles and Fig. 4(c) shows loading related to
he kinetic profiles. In the figure the lines A and D represent car-

r
w

w
r

elected time: (a) 2 min; (b) 23 min; (c) 44 min; (d) 65 min.

aryl and 1-naphthol (the hydrolysate of carbaryl), F represents the
ctual profile of carbaryl, C and E represent the background profiles
f the effluent and B represents Rayleigh scattering. The effluent
s composed of many different fluorescent chromophores of differ-
nt compounds, however the amount of the compounds is low or
ven trace. So it is natural that PARAFAC recognized the effluent as
wo factors. Although we have tried to eliminate the influence from
ayleigh scattering by the measures mentioned above, the residual
till existed in the spectral range monitored. This is an unfavorable
actor for the work, but it can be compensated by three-order cal-
bration based on quadrilinear PARAFAC. The Rayleigh scattering
an be regarded as a component or factor in the step of calibra-
ion model construction. It is similar with the description about

emoval the background drift in chromatographic analysis, which
as proposed by Zhang et al. [28].

From the figure, it could be seen that the spectral profiles
ere overlapped each other. In such a situation, biased or wrong

esults might be obtained using conventional methods. However,
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[29]. Olivieri considered that the use of third-order data leads to an
ig. 4. Resolved the excitation profiles (a), emission profiles (b) and kinetic profiles
as five, the loadings A and D represent carbaryl and 1-naphthol (the hydrolysate o
rofiles of effluent and B represents Rayleigh scattering.

ood estimate concentrations were provided by the method of
he three-order calibration based on quadrilinear PARAFAC. The
esults obtained by implementing the calibration and prediction
teps were displayed in Table 2. The prediction concentration and
ecovery were satisfactory for prediction samples. The PARAFAC
lgorithm with five factors was capable to provide good estimate
oncentrations and spectral profiles despite the fact that the spec-
ral profiles of the five components were heavily overlapped in the
ffluent samples as shown in Fig. 4.

The statistic parameter, the root mean square error of prediction
RMSEP), and figures of merit such as sensitivity, selectivity and

imit of detection were displayed in Table 3. Although the second-
rder calibration has also the capacity to determine the analytes
n presence of uncalibrated interferences, the three-order calibra-
ion has some superiority in resolving and quantifying analytes in

able 2
esolved concentrations of prediction samples.

Added (ng/ml) Found (ng/ml) Recovery (%)

7 23.4 23.3 99.6
8 39.0 39.1 100.5
9 54.6 54.6 100.0

10 39.0 41.0 102.6
11 54.6 56.1 102.7
12 70.2 71.1 101.3
13 78.0 81.2 104.1

i

t

T
T

P

P

[
a

ormalized to unit length, as obtained by PARAFAC when the chosen factor number
aryl), F represents the actual profile of carbaryl, C and E represent the background

omplex sample system. Four-way data array provide the oppor-
unity of introducing an additional dimension to three-way data
ets. In this work, the quadrilinear decomposition could provide
imultaneously the excitation profiles, emission profiles, kinetic
rofiles and concentration for all the components. And this allows
or providing more information about the complex sample and the
nalytes, and increasing predictive ability. Kim et al. compared and
ontrasted the selectivity based on trilinear PARAFAC and quadri-
inear PARAFAC, and they considered that quadrilinear PARAFAC
ould give higher selectivity for each PAH than trilinear PARAFAC
ncrease in sensitivity [30].
In present work kinetic experiments introduce an additional

emporal dimension in the measured data set. This not only

able 3
he statistic parameters and figures of merit.

arameter aRMSEP (ng ml−1) bSEN (AFU ng−1 ml) cSEL dLOD (ng ml−1)

ARAFAC 2.64 24.41 0.915 3.58

a The root mean square error of prediction (RMSEP) is determined as: RMSEP =∑M

m=1
(ci − ĉi)

2
/M

]1/2
, where M is the number of samples, ci and ĉi are the actual

nd predicted concentrations, respectively.
b The sensentivity is determined as: SENn = kn{[(AT A) · (BT B) · (CT C)]−1}−1/2

nn .
c The selectivity can be simply obtained by dividing SEN by kn;
d Limit of detection can be calculated as: LOD = 3.3S0 .
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Table 4
Regression equation, rate constant and correlation coefficient of degradation reaction of carbaryl.

Regression equation Correlation coefficient Rate constant (min−1) Half life (min)
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arbaryl eY = 0.0142x + 0.7838 0.9999

e Y represents the natural logarithm of relative concentration 1/Ct , x represents ti

ncreases the selectivity and sensitivity of spectroscopic-based
etermination, but also provides more information about the ana-

ytes by the three-order calibration. Fig. 4(c), the kinetic profiles,
isplays the change of the fluorescence intensity of the five compo-
ents with reaction time. In fact the intensity for carbaryl increased
s a function of reaction time and the kinetic profile of carbaryl can
e used to investigate the hydrolysis of carbaryl and provided more

nformation about the reaction.
The conversion of carbaryl to 1-naphthol follows the first-order

inetic model. The concentration of carbaryl at t moment can be
etermined by the function:

dCcar

dt
= K × Ccar (14)

ccording to the function one could get the function:

n(Ccar,t) = Ln(Ccar,0) − K × t (15)

here Ln(*) denoted the natural logarithm of *, Ccar,0 is the initial
oncentration of reactant, Ccar,t represented the concentration of
eactant at the monment t since the reaction started. K indicated
he reaction rate constant (min−1). Then one could get:

n(1/Ccar,t) = Ln(1/Ccar,1) + K × (t − t1) (16)

n this case, Ccar,1 represented the concentration of carbaryl at the
rst specific moment t1 = 2 min. According to the relative concen-
ration displayed in Fig. 4(c), the natural logarithm of reciprocal
f the relative concentrations at the 10 specific moments versus
ime t–t1 was plotted in Fig. 5. It could be observed that all the
oints were almost in one line and the logarithm of reciprocal
f concentrations linearly related to time. The regression equa-

ion and correlation coefficient of carbaryl were shown in Table 4.
rom the regression equation the half life of carbaryl could be
btained. The half life of carbaryl was 48.8 min in this condition.
ig. 4(c) implied that the half life was around 47 min which approx-
mated the 48.8 min. All the results verified that the degradation

ig. 5. The plot of the natural logarithm of reciprocal of relative concentration
n(1/Ct) versus time t−t1.

(

R

[

[
[

[

[
[
[
[
[
[

0.0142 48.8

t1 (min).

ollows first-order kinetic model. So after decomposing the four-
ay data array using quadrilinear PARAFAC algorithm, three-order

alibration provided the plentiful information, and according to the
nformation the hidden knowledge, such as that about the hydrol-
sis of carbaryl in this work, could be found.

. Conclusion

In present work excitation-emission-kinetic fluorescence data
rray were analyzed to determining carbaryl in effluent using three-
rder calibration based on quadrilinear PARAFAC algorithm. It
xploited some superiority of three-order calibration. The second-
rder advantage makes it possible that determination of carbaryl
an be performed even in the presence of unknown interferences.
ince an additional temporal dimension was introduced, theoret-
cally, three-order calibration could give a higher sensitivity and
electivity. Therefore, the carbaryl could be quantified accurately in
he effluent samples. And due to introducing the temporal dimen-
ion we could research conveniently the hydrolysis of carbaryl
ccording to the kinetic profile. The rate equation, rate constant
nd half life were obtained and the results revealed and verified
hat the degradation follows first-order kinetic model. The present
aper provides not only a new and simple approach to study the
inetics but also a promising tool for exploring the kinetic behaviors
f complex system.

cknowledgements

The authors would like to acknowledge financial supports by
he National Natural Science Foundation of China (Grant Nos.
0475014 and 20435010) and the National Basic Research Program
No. 2007CB216404).

eferences

[1] E. Bezemer, S.C. Rutan, Chemom. Intell. Lab. Syst. 81 (2006) 82.
[2] P.C. Damiani, I. Duran-Meras, A. Garcıa-Reiriz, A. Jimenez-Giron, A.M. Pena, A.C.

Olivieri, Anal. Chem. 79 (2007) 6949.
[3] R.P.H. Nikolajsen, K.S. Booksh, A.M. Hansen, R. Bro, Anal. Chim. Acta 475 (2003)

137.
[4] J.A. Arancibia, A.C. Olivieri, D.B. Gil, A.E. Mansilla, I. Duran-Meras, A.M. Pena,

Chemom. Intell. Lab. Syst. 80 (2006) 77.
[5] H.C. Goicoechea, S.j. Yu, A.C. Olivieri, A.D. Campiglia, Anal. Chem. 77 (2005)

2608.
[6] A.M. Pena, I.D. Meras, A.J. Giron, H.C. Goicoechea, Talanta 72 (2007) 1261.
[7] S.E.G. Porter, D.R. Stoll, S.C. Rutan, P.W. Carr, J.D. Cohen, Anal. Chem. 78 (2006)

5559.
[8] A.C. Olivieri, J.A. Arancibia, A.M. Pena, I. Duran-Meras, A.E. Mansilla, Anal. Chem.

76 (2004) 5657.
[9] I. Stanimirova, V. Simeonov, Chemom. Intell. Lab. Syst. 77 (2005) 115.
10] D. Arroyo, M. Cruz Ortiz, L.A. Sarabia, F. Palacios, J. Chromatogr. A 1187 (2008)

1.
11] Y. Zhang, H.L. Wu, A.L. Xia, Q.J. Han, H. Cui, R.-Q. Yu, Talanta 72 (2007) 926.
12] A. Espinosa-Mansilla, A.M. Peña, F. Cañada-Cañada, D.G. Gómez, Anal. Biochem.
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