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a b s t r a c t

The partial least-squares regression method (PLS) was employed to predict the amount of ethanol and
specific gravity in automotive gasoline using distillation curves (ASTM-D86). Additionally, a comparison
was made between regression coefficients of all the algorithms, after selecting the number of latent
variables. The low values obtained for RMSEC and RMSEP, associated with high accuracy when compared
vailable online 4 March 2009

eywords:
thanol
asoline
artial least-squares regression
istillation curve
pecific gravity

to the standard methodologies (NBR-13992, ASTM-D4052 and D1298) showed that PLS was efficient
to determine the ethanol content and specific gravity in gasoline, since the model contains samples of
different gasoline compositions, thus reflecting the variety of fuel in the Brazilian market. In addition, the
proposed method is low cost, time reducing and easy to implement, as it utilizes the results of a routine
assay carried out to evaluate the quality of automotive fuel.

© 2009 Elsevier B.V. All rights reserved.
. Introduction

With the increase in energy demands throughout the latest cen-
uries, fossil fuels are becoming limited. As a result, there is a major
nterest in developing alternative energy resources. Brazil was the
rst country in the world to change tetra-ethyl lead for ethanol as
n antiknocking additive in automotive gasoline. This occurred after
he introduction of Programa Nacional do Álcool (PROALCOOL) in
975, which was created to stimulate the production and consump-
ion of alcohol in the domestic and external markets. The addition
f alcohol to gasoline has had some benefits such as the reduction of
armful emissions and the lessening of dependence on petroleum
1].

Since 1979 different amounts of ethanol, varying from 19 to 27%
v/v), have been added to Brazilian gasoline and, nowadays, this per-
entage is approximately 24–26% (v/v) of anhydrous ethanol [2].
ccording to ANP (Brazilian regulatory authority), around 23 bil-

ion liters of ethanol–gasoline mixture were commercialized [3] in
008, and about 30% of these samples violated Brazilian legislation

4]. In Brazil, the determination of ethanol content in gasoline is car-
ied out according to NBR 13992 [5], based on an extraction with
olvent, whereby an aqueous NaCl solution is added to the sample.
he alcoholic content, % (v/v), in the sample is determined by the

∗ Corresponding author. Tel.: +55 3134095767; fax: +55 3134096650.
E-mail address: barbeira@ufmg.br (P.J.S. Barbeira).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.02.042
difference between final and initial volumes of water, after phase
separation.

The specific gravity of gasolines commercialized in gas sta-
tions has no limits defined by ANP [2], with the exception of the
gasolines used for the first filling and motor homologation, but it
is an important parameter to evaluate in order to guarantee the
good functioning of the engine. This assay can be performed by
standardized methods such as American Society for Testing and
Materials (ASTM) D1298 and D4052. ASTM-D1298 [6] describes the
use of glass hydrometers, while ASTM-D4052 [7] explains the dig-
ital density meter. In the latter, a small volume of liquid sample is
introduced into an oscillating U-tube, excited into oscillation by a
Piezo element, and the oscillating frequency of the U-tube is directly
related to the specific gravity of the filled sample.

The addition of ethanol to gasoline causes some changes in its
volatility, vapor pressure and enthalpy of vaporization. In general,
the increase of ethanol concentration causes a reduction of the
vapor pressure and an increase in the enthalpy of vaporization [8].

Multivariate calibration associated to infrared and gas chro-
matography techniques has been used to predict several automo-
tive fuel properties as specific gravity [9–11], viscosity [9,11–13],
distillation fractions [9,11,13,14], octane number [14,15], cetane

number [9,11,14–16], sulfur content [17,18], oxygen (MTBE) [15,19],
aromatics [12,15,20], flash point [12,13], benzene [15], motor octane
number (MON) [10,21] and research octane number (RON) [21].

Eight parameters (flash point, aromatics, freezing point, viscos-
ity and distillation—initial, 10% (v/v), 90% (v/v) and final boiling
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oint) of kerosene were predicted by Gómez-Carracedo et al. [13]
pplying vapor-phase generation, Fourier transform mid-infrared
FT-MIR) spectra and partial least-squares regression (PLS). The cor-
ected average prediction errors are low and the joint test for the
lope and intercept ensures that no bias is being introduced. Fur-
her, the precision values (repeatability and reproducibility) are
ower than those from the corresponding official methods, the
nique relevant exception being viscosity.

Oliveira et al. [10] evaluated MON and specific gravity for gaso-
ine and alcoholic content, and specific gravity for hydrated ethanol
y PLS and FT-NIR (Fourier transform near infrared). In the deter-
ination of alcoholic content and specific gravity, the method

roposed herein – compared to the correlation spectra method
or choosing the adequate spectral region – leads to PLS models
ith lower root mean square error of prediction (RMSEP) values.

or specific gravity, the RMSEP values obtained were 0.0026 and
.00019, for gasoline and hydrated ethanol respectively, and 0.0399
or alcoholic content.

Santos et al. [11] carried out a comparative study using infrared
pectroscopy techniques (FTIR, FT-NIR and FT-Raman) associated
ith PLS and artificial neural network (ANN) along with diesel

il samples, for the determination of specific gravity, distillation
emperatures at 50 and 85% (v/v) volume evaporated, viscosity
nd total sulfur content. In the specific gravity determination, con-
idering the entire spectra region, the RMSEP values obtained in
he range of 0.00071 and 0.0029 for other types of techniques
ed us to conclude that the best technique was Fourier trans-
orm infrared spectroscopy with conventional attenuated total
eflectance (FTIR-ART1), since it provides a larger spectral range,
etter signal-to-noise ratios and lower RMSEP values.

Balabin et al. [22] used infrared (NIR) spectroscopy data and
ompared the performances of linear (MLR – multiple linear regres-
ion, PCR – principal component regression and PLS) and non-linear
alibration techniques (polynomial and spline PLS, ANN) to predict
ix important gasoline properties: specific gravity and the temper-
tures of initial boiling point (IBP), final boiling point (FBP), and
0, 50 and 90% (v/v) volume evaporated points. The results showed
hat the non-linear methods proved their superiority over the lin-
ar ones, and neural networks turned out to be the most suitable
ethods for building a calibration model, providing low root mean

quare error of calibration with cross validation (RMSECV) values.
In order to simplify and speed up the analytical process for

asoline during inspection or production procedures, this research
roposes to quantify the ethanol content in gasoline samples –
hich is the main nonconformity detected with the ANP regu-

ations in Brazil – and the specific gravity, employing distillation
urves (ASTM-D86), a routine assay that is done to evaluate the
uality of gasoline associated with multivariate calibration, based
n the PLS method.

ASTM-D86 [23] describes the method for distillation at atmo-
pheric pressure of several petroleum products in order to deter-
ine volatility features, another critical problem of nonconformi-

ies in Brazil. This is carried out by checking if the light and heavy
roportions of the fuel produced are appropriate to enable good
erformance during combustion, and to detect adulterations with
ther products. For Brazilian automotive gasoline, the ANP estab-
ishes maximum temperature values for 10, 50 and 90% of the vol-
me recovered, beyond final boiling point and residue volume [2].

. Experimental
.1. Samples

.1.1. Alcoholic content prediction
Two different sets of samples were used to build calibration and

alidation PLS models. In the first group, named ethanol doped
8 (2009) 1422–1428 1423

gasoline (EDG), different amounts of anhydrous ethanol were used
to dope a gasoline in a final proportion of 15–30% (v/v). The sec-
ond group was composed by samples collected in fuel stations by
the ANP’s Fuel Quality Control Program (FQCP-ANP), with different
amounts of ethanol. As these samples have different origins, which
directly affect the properties of the fuel [24–26], a representative
set of samples from different refineries was selected and named
Monitoring Program Group (MPG).

The gasoline, without ethanol, used to prepare the EDG samples
was supplied by REGAP (Gabriel Passos Refinery) and doped with
anhydrous ethanol (BR Distribuidora). The calibration matrix was
constructed with 34 samples, whereas validation matrix with 14
samples.

The MPG group was built with a total of 135 samples of regu-
lar gasolines, collected in the east of Minas Gerais, Brazil. In this
group, the addition of 19–31% (v/v) of ethanol has been a routine
procedure performed by fuel distributors. For these sets of moni-
toring samples, 100 samples were used as calibration matrix and
35 samples were used as the validation matrix.

2.1.2. Specific gravity prediction
Another set of 135 samples was used in the determination of

specific gravity. In this set, 35 samples were used for validation,
aiming at determining the specific gravity of the gasoline, and the
values were later compared with those obtained using the digital
density meter (ASTM-D4052). The samples of this set came from
five different refineries, all of them belong to FQCP-ANP, and have
different quantities of ethanol, varying from 19 to 31% (v/v) and
specific gravities in the range of 0.740–0.768 g mL−1.

The gasoline samples were stored in appropriate polyethylene
flasks, sealed and kept in cold storage (8–15 ◦C) until distillation
analysis in order to avoid loss of volatile components [23].

2.2. Equipment and materials

Gasoline samples were distilled in a Herzog HDA 627 Automatic
Distillation Analyzer, according to ASTM-D86 assay [23].

In the ethanol addition procedure, a graduated cylinder of
100 mL with 1 mL resolution, calibrated and covered according to
NBR-13992 [5] was used. The 10% (w/v) NaCl solution was prepared
by dissolving the salt (Reagen) in distilled water.

The specific gravity was determined by using an Anton Paar DMA
4500 digital density meter, according to ASTM-D4052 assay [7].

2.3. Experimental procedure

2.3.1. Distillation
For the distillation procedure, 100 mL of gasoline were trans-

ferred to a specific distillation flask equipped with a thermocouple
sensor, and heated to keep the distillation ratio between 4 and
5 mL min−1. The distilled and condensed steam was collected in
a cooled test-tube (13–18 ◦C) and the recovered volume was mea-
sured with a digital volume sensor. Distillation curves (distillation
temperature according to the recovered volume) were obtained
after correcting temperature readings to atmospheric pressure of
101.3 kPa, and volume loss after measuring residue volume, accord-
ing to ASTM-D86 [23].

2.3.2. Ethanol content
In the ethanol addition procedure, 50 mL of gasoline were added
to a clean and dry graduated cylinder of 100 mL. Volume was com-
pleted with a 10% (w/v) NaCl solution, followed by a non-vigorous
agitation and allowed to rest for 15 min, as described in NBR-13992
[5]. The final volume of the aqueous phase was read after this
time and expressed in milliliters. The ethanol content is calculated
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ccording to the equation below:

thanol content (v/v%) = [(A − 50) × 2] + 1 (1)

n which A is the final volume of the liquid phase given in milliliters.
he addition of 1% (v/v) to the final result is necessary to com-
ensate the volume contraction resulting from the water–ethanol
ixture. When the difference (A − 50) is less than 0.5 mL, the result
ust be written as ≤1% (v/v) [5].

.3.3. Specific gravity
In this assay, approximately 0.7 mL of the gasoline previously

ooled down to 10 ◦C is introduced, with a dry and clean syringe,
nto an oscillating sample tube, and the change in oscillation fre-
uency caused by the change in the mass of the tube is used in
onjunction with calibration data to determine the specific gravity
f the sample [7]. After temperature stabilization of the measure-
ent cell at 20 ◦C the specific gravity is noted.

.3.4. Calibration multivariate tool
The aim of PLS is to find a small number of relevant factors that

re predictive for Y and utilize X efficiently. The method effectively
chieves a canonical decomposition of X in a set of orthogonal fac-
ors which are used for fitting Y [27]. In this method, each latent
ariable of the X matrix is modified for its covariance and the vec-
or of matrix Y was maximized. In PLS, matrixes X and Y were
ecomposed in lesser matrixes according to the equations below:

= TPT + E (2)

= UQ T + F (3)

here X and Y are matrixes that will be decomposed, T and U are
core matrixes with perpendicular rows (T and U are n-rows and
-columns matrixes, respectively), P is the matrix of d-rows and p-
olumns of loading matrix X, and E is the error (residue). Q is the
atrix of d-rows and m-columns of the loading matrix of Y, F is the

rror (residue) for the Y matrix [28].
All calculations were performed with Minitab Release software

version 14 for Windows).

.3.5. Evaluation of repeatability and reproducibility
The evaluation of repeatability and reproducibility of the meth-

ds were carried out according to ISO-5725-2 [29]. Therefore, 10
amples of gasoline were used and, for each sample, assays were
one by three different analysts with seven replicates for each one
30], producing a total of 21 results.

. Results and discussion

In order for the distillation to occur within a rate of 4–5 mL min−1

23], the resistance needs to be significantly heated. Initially, this
an lead to a vigorous ebullition – causing oscillation in tempera-
ure values – which raises from the initial point to approximately 4%
v/v) and produces low reproducible measurements. Another issue
hat should be emphasized on is that not all the distillation curves
ave equivalent temperatures in 94–98% (v/v) range due the pyroly-
is phenomenon, in which the larger molecules are broken causing
he decrease of boiling temperature [23]. Therefore, the interval
–93% (v/v) (T4 to T93) was used to construct the PLS models.

The addition of ethanol leads to an essential change in the
hape of the distillation curve: a plateau appears at about 70–77 ◦C.

ig. 1 shows that the distillation curves from the mixtures of
asoline–ethanol – up to a concentration of 40% (v/v) of ethanol
have lower boiling temperatures than the distillation curves of

he gasoline without the addition of ethanol. This occurs due to
he formation of an azeotropic mixture of hydrocarbons–ethanol
Fig. 1. Distillation curves (ASTM-D86) obtained for a gasoline doped with different
ethanol contents. (a) 0% (v/v); (b) 5% (v/v); (c) 10% (v/v); (d) 15% (v/v); (e) 20% (v/v);
(f) 25% (v/v); (g) 30% (v/v); (h) 35% (v/v); (i) 40% (v/v); (j) 50% (v/v); (k) 60% (v/v).

that have lower boiling temperatures than the original hydrocar-
bons [31], since mixtures of ethanol with hydrocarbons exhibit large
deviations from ideal mixing. Consequently, Raoult’s law cannot
be used. It has also been observed that, the more ethanol added,
the higher the plateau formed in the distillation curve. As from the
concentration of 50% (v/v) of ethanol the plateaus become closer
to each other and the initial temperatures rise. Fig. 1 also shows
that at the beginning of the distillation process the influence of the
azeotropic mixture is stronger that at the end, because the amount
of ethanol in the system is higher at the beginning. Most of the
ethanol boiled in the 75–80 ◦C range and did not form an azeotropic
mixture at the end of the distillation process [32]. Another fact to be
considered is the dispersed structure of ethanol–gasoline mixture,
demonstrated by Balabin et al. [33] using the method of correla-
tion spectroscopy of scattered light. The results showed that the
colloidal structures are microspheres, whose size depends on the
concentration of ethanol.

Due to the fact that the samples are from different refineries,
and therefore have different chemical composition, some normal-
izations were used in an attempt to minimize the differences in
behavior of the distillation curves, and to improve the RMSEC val-
ues. For this, each distillation point was divided by the temperature
reading at different evaporated volumes, from 5% (v/v) (T5) to the
final boiling point (FBP), out of a total of 19 normalizations.

The PLS data pre-processing was carried out in two different
ways, as reported by Geladi and Kowalsky [34]: autoscaling and cen-
tering. In the first one, each data was subtracted from the average of
its column and divided by the standard deviation. In the latter, each
data was subtracted from the average value of its corresponding col-
umn. The cross validation was carried out using the leave-one-out
method.

3.1. Alcoholic content prediction

The PLS model was built from calibration data. The alcoholic
content of the prediction sample set was obtained using the best
number of factors. The selection of components in PLS is very
important to reach a good prediction [34,35]. With numerous and
correlated X-variables there is a substantial risk of “over-fitting”,
thus creating a well fitting model with little or no predictive

power. Hence, a strict test of the predictive significance of each
PLS component is necessary, stopping when components start to
be non-significant [36].

The number of latent variables with higher Q2 values (coeffi-
cient of linearity for prediction using cross validation) were chosen
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ig. 2. RMSEC and Q2 values obtained for models with different normalizations for
he determination of alcoholic content in gasoline with the MPG set. (a) Q2; (b)
MSEC.

o build the PLS model [37], and it was calculated by PRESS val-
es, according to Wakeling and Morris [38]. For the EDG set, it was
bserved that only three variables were used to build the model,
nd for the MPG set, 4–10 latent variables were used, depending on
he type of normalization applied. Fig. 2 (curve a) shows that the
igher values were obtained for the normalization with tempera-
ure reading at 25% evaporated volume (T25).

The weight graphs of sets EDG and MPG showed a different
ehavior of the variables in the distillation curve. This difference
ay be related to the fact that the EDG set is composed of samples

f only one gasoline doped with different concentrations of ethanol,
nlike the MPG set composed of samples from various refineries.

n the EDG set, three latent variables were responsible for 81.9% of
he total variance explained by the model (Table 1), out of which
6.4% were from the first latent variable.

Analysis of Fig. 3A shows that three areas of distilled volume,
(v/v), were formed in the EDG set. The first area (I) is related to

he initial part of the distillation curve, between 4 and 55% (v/v).
he second area (II) is related to the interval between 56 and 63%
v/v), and a third area (III) between 64 and 93% (v/v). It was also
bserved that these areas have similar weights in latent variable 1.
n the MPG set without normalization (Fig. 3B), three latent vari-
bles explained 80.8% of the model variance, 31.1% corresponds to
he first latent variable and 45.6% to the second latent variable. The

hree areas have different weights for the two first latent variables,
nd show a distinct behavior from the EDG set. This behavior is due
o the different origin of the samples, thus indicating that gasoline
omposition has a significant impact on the weight of variables. A

able 1
MSEC, RMSEP and Q2 values, among other parameters, obtained for several models
uilt with different sets (EDG and MPG), in the determination of alcoholic content

n gasoline as from the distillation curves.

arameter EDG MPG without
normalization

MPG normalized
by 25% (v/v)
point

2 0.992 0.959 0.972
umber of latent variables 3 9 10
xplained variance LV1 (%) 76.4 31.1 42.9
xplained variance LV2 (%) 3.6 45.6 21.7
xplained variance LV3 (%) 1.9 4.1 11.7
MSEC 0.227 0.321 0.248
MSEP 0.304 0.691 0.538
MSEP autoscaled 0.437 0.665 0.652
MSEP mean centered 0.422 0.641 0.534
est t (tcalc) 1.0 1.7 1.8
est t (ttab) 2.1 2.0 2.0
Fig. 3. Weight graphics obtained for the determination of alcoholic content in gaso-
line with EDG (A), MPG (B) and MPG25 (C) sets, highlighting three different areas of
the distillation curves: (I) 4–55% (v/v); (II) 56–63% (v/v); (III) 64–93% (v/v).

previous study [26] confirmed that the initial part of the distillation
curve, between 34 and 45% (v/v), had greater weight in the model
for prediction of gasoline origin with distillation curves.

For the MPG set normalized by the temperature reading at
25% volume evaporated, MPG25 (Fig. 3C) three latent variables
explained just 76.3% of the model variance, with 42.9% for the first
one. The use of this normalization provided a weight increase of the
first latent variable in area C, which corresponds to the distillation

of ethanol. Thus, the variables of area C have greater weight in the
explanation of the model, mainly in the 77–93% (v/v) range, since
the first latent variable is the most important in determining the
alcoholic content.
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Several latent variables were used in this work, depending on the
ig. 4. Behavior of vapor pressure according to the volume of ethanol added to
asoline. Figure adapted from Brand et al. [39].

After building the calibration models, it was observed that the
amples of sets EDG and MPG had separated according to the dif-
erent alcoholic content in the two first latent variables. In the EDG
et, the data set was separated into two groups with alcoholic con-
ent ranging from 15 to 23 and 24 to 30% (v/v), whereas for the

PG set the separations ranged from 19 to 24 and 25 to 31% (v/v),
ith or without normalizations. This separation is not only related

o the formation of azeotropes mentioned above, but also to the
apor pressure variance in ethanol–gasoline mixtures, an impor-
ant characteristic which is indicative of the behavior of fuel in
ifferent operating conditions in spark-ignition engines, and is also
irectly related to its volatility.

Fuels with high vapor pressure present a high rate of emission
f volatile compounds [8], and the addition of different concen-
rations of ethanol causes alterations in vapor pressure, since the
ressure of gasoline is approximately three times higher than that
f ethanol, as shown in research done by Brand et al. [39]. In this
esearch, vapor pressure measurements were carried out in several
thanol–gasoline mixtures, demonstrating that the vapor pressure
f the gasoline was initially raised by the addition of up to 4%
v/v) of ethanol, but at an ethanol concentration of 15% (v/v) the
apor pressure dropped, as can be observed in Fig. 4 (reproduced
rom Brand et al. [39] results). Vapor pressure reduced approxi-

ately 0.159 kPa ◦C−1 in the range of 15 and 25% (v/v) of ethanol,
hereas in the range of 25 and 30% (v/v) it decreased slightly less at
rate of 0.110 kPa ◦C−1. These first two ranges coincide, to an extent,
ith the ranges observed in the separation of sets EDG and MPG,
emonstrating a close relationship between vapor pressure and the
eparation of alcoholic content.

RMSEC values were calculated from the calibration models for
ach set of samples (Table 1), and showed that the EDG set pre-
ented the lowest value for the model whose data had neither been
ormalized nor preprocessed. The same did not occur with the MPG
et, which presented the lowest RMSEC for the data normalized
y the temperature reading at 25% volume evaporated. The EDG
odel was built with only one type of gasoline and, therefore, it pre-

ented lower RMSEC values than the MPG set. Test F [40] was carried
ut to determine the existence of a significant statistical difference
etween the RMSEC values obtained for the different normaliza-
ions. Using this test, it was determined with a confidence level of
5% that in the MPG set there was a significant difference between
he models normalized by the temperature reading at 25% volume

vaporated and those with no normalization. This demonstrates
hat this normalization was the most appropriate to determine the
lcoholic content in automotive gasoline. In addition, for the EDG
et the F test showed that all the RMSEC values are statistically
8 (2009) 1422–1428

equivalent; indicating that in this instance there is no need to use
normalizations.

The accuracy of each of the models may be verified by calculating
the RMSEP [16]. According to Table 1, for the EDG set, the lowest
RMSEP values were obtained for the models whose data had not
been preprocessed nor normalized, and this value was lower than
those for the MPG set. This is due to the higher linearity, that is, a
higher Q2 value of the analytical curves of set EDG over those of the
MPG set.

The application of test F to the obtained RMSEP values demon-
strated with a confidence level of 95% that, in general, preprocessing
did not provide a significant improvement of the values in any of
the sets studied. However, for the MPG set, the normalization by
the temperature reading at 25% volume evaporated provided a sig-
nificant decrease in the values found, and showed it is the best
option.

An evaluation of the accuracy of the proposed method was done
by comparing its results with those obtained through a different
method such as NBR-13992, using test t (Eq. (4)) and analyzing the
calculated t value (tcalc) [40]:

tcalc = d̄√∑
(di − d̄)

2
/n − 1

√
n (4)

where d̄ is the average difference between methods, di the differ-
ence between methods for each sample, and n the number of data
pairs.

The t values in the tables (ttab) for the EDG and MPG sets of
samples were lower than the calculated values (tcalc), with a confi-
dence level of 95%, showing that there was no significant difference
between the PLS models based on distillation curves and those
of the NBR-13992 method. This demonstrates the accuracy of the
proposed method.

To evaluate the repeatability and reproducibility of the method,
the model chosen was one whose data was normalized by the tem-
perature reading at 25% volume evaporated with the MPG set. The
repeatability and reproducibility values obtained for NBR-13992
were 0.37 and 0.44% (v/v), respectively, whereas for the proposed
method, the values were 0.54 and 0.57% (v/v), respectively. Test F,
applied to these values, showed with a confidence level of 95% that
the repeatability and reproducibility of both methods are equiva-
lent and lower than the maximum limit established by NBR 13992
[5], 1 and 2% (v/v), respectively, thus demonstrating the effective-
ness of the proposed method.

In addition to supplying the same results as the normalized
method, the proposed method provides more decimal digits, i.e., it
is more accurate, as the results obtained by NBR-13992 have no dec-
imal digits due to the inexactness of the graduated cylinder. When
the values obtained by the proposed method have no decimal digits,
the repeatability and reproducibility values drop slightly (0.60 and
0.68, respectively), although they are still significantly equivalent
to NBR-13992.

3.2. Prediction of specific gravity

The same normalizations and preprocesses mentioned above
were applied to determine specific gravity, using distillation curves
associated to multivariate calibration as well as cross validation
(leave-one-out), in a set of samples from different refineries con-
taining 100 samples for the calibration set and 35 for validation.
type of normalization used. Nine latent variables were employed
to build the calibration curve in the non-normalized data, whereas
7–10 latent variables were used to build the calibration of data,
depending on the type of normalization applied. As opposed to the
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Table 2
RMSEC, RMSEP and Q2 values, among other parameters, obtained in the determina-
tion of specific gravity in gasoline as from the distillation curves.

Parameter Values

Q2 0.841
Number of latent variables 9
Explained variance LV1 (%) 72.1
Explained variance LV2 (%) 5.3
Explained variance LV3 (%) 3.5
RMSEC 0.00063
RMSEP 0.00088
RMSEP autoscaled 0.00136
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MSEP mean centered 0.00088
est t (tcalc) 0.33
est t (ttab) 2.0

etermination of alcohol content, normalizations produced higher
MSEC values, as shown in Table 2 and Fig. 5. Test F, applied to
hese values showed, with a confidence level of 95%, that all the
ormalizations provided higher RMSEC values as well as statisti-
ally different, thus indicating that the calibration model should be
uilt taking into consideration non-normalized data.

Compared to the values presented in other studies, the RMSEC
alue for this model (0.0006) was lower than the RMSECV value
btained by Balabin et al. [22] (0.0028) using PLS and FT-NIR. This
omparison of values was feasible because the calibration model
as built with the best amount of latent variables (associated to

he highest Q2 value), which was calculated using a cross-validation
ethod, i.e., in this case the RMSEC value can be considered similar

o the RMSECV value.
In the weight graph of non-normalized data, the first latent vari-

ble provided 72.1% of the model variance, whereas the second one
resented 5.3%. Fig. 6 shows that the 8–53% (v/v) interval of the
istillation curve presented the highest weight of the first latent
ariable, indicating that this variable is the most relevant to build
he PLS model.

In the graph analysis of the three first latent variables, the same
eparation of samples was observed – according to the specific
ravity – in two groups in the 0.740–0.750 and 0.751–0.768 g mL−1

ntervals. Although the addition of anhydrous alcohol to gasoline
auses significant alterations in the distillation curve, the specific
ravity of the mixture increases linearly in the 10 and 70% (v/v)
nterval.
For each sample, the estimate of RMSEP values was carried out
sing different preprocesses, and indicated (with a confidence level
f 95% according to test F) that the lowest value is also associated
ith the model containing non-preprocessed or self-scaled data.

ig. 5. RMSEC and Q2 values obtained for models with different normalizations for
he determination of specific gravity in gasoline. (a) Q2; (b) RMSEC.
Fig. 6. Weight graphics obtained for the determination of specific gravity in gaso-
line, highlighting four different areas of the distillation curves: (A) 8–33% (v/v); (B)
34–53% (v/v); (C) 55–66% (v/v); (D) 70–93% (v/v).

Test t was also performed to check the accuracy of the proposed
method compared to the ASTM-D4052 method. This test proved
that the tcalc value was lower than the ttab value, i.e., the accuracy
of the proposed method is statistically similar to the accuracy of
the ATSM-D4052 method. The analyses of the Q2 values of the cal-
ibration models, as well as the results of tests t and F, indicated
that the best method to determine specific gravity is the method
with non-normalized distillation curves, unlike the result obtained
in the determination of alcohol content.

Compared to the values presented in other studies, the RMSEP
value for this model (0.0009) was lower than those obtained
by Oliveira et al. [10] (0.0026 and 0.0050) using PLS and
FT-NIR, thereby showing the great accuracy of the proposed
method.

To evaluate the repeatability and reproducibility of the method,
the model chosen included non-normalized and non-preprocessed
data. The values obtained for repeatability and reproducibility for
ASTM-D4052 were 0.00012 and 0.00020 g mL−1, for ASTM-D1298
values were 0.00034 and 0.00040 g mL−1, and for the method
proposed in this work, values were 0.00065 and 0.00076 g mL−1,
respectively.

4. Conclusions

The distillation curves obtained by ASTM-D86, together with
the PLS multivariate calibration method, managed to predict the
alcoholic content in the 19–31% (v/v) range, with gasoline specific
gravity in the 0.74–0.76 mg L−1 range, regardless the refineries from
which they came from, with low RMSEC and RMSEP values.

The weight graphs presented different behaviors of the distil-
lation curve, of the EDG and MPG sets in the determination of the
alcoholic content, and of the set of samples used in the determina-
tion of specific gravity.

For the determination of alcoholic content it was found that
it is best to use a non-preprocessed, normalized by the tempera-
ture reading at 25% volume evaporated model with different origins
and ethanol concentrations (as the MPG set). The repeatability and
reproducibility values in the determination of the alcoholic content
using the distillation curves and PLS were equivalent to those of the
NBR-13992 method.

In the determination of specific gravity the best model was the

one whose data had no preprocess nor normalization, with lower
RMSEP values than those found in the literature. In addition to
accuracy, the proposed method provides higher repeatability and
reproducibility values and it is statistically different from the ASTM-
D1298 and D4052 methods.
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The use of distillation curves associated with chemometric tech-
iques leads to high accuracy, demonstrating that it can be easily

mplemented in routine analyses, providing different parameters
n only one assay.
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a b s t r a c t

A new modified version of the well-known flow-through partial-filling technique [viz. multiple sequential
injection of equal volumes (MSI-EV) of neutral marker, antigen (Ag) and antibody (Ab)] was used to
calculate the apparent binding constant (Ka) of monoclonal Ab (mAb) and polyclonal Ab (pAb) to their
specific antigens (Ags). Such a constant is very important in immunoassays. The procedure involves the
sequential injection of small, identical volumes of a neutral marker (dimethyl sulfoxide, DMSO), an Ag
eywords:
ntibody
ntigen
inding constant
apillary electrophoresis
LISA

and an Ab into a capillary column for electrophoresing. The apparent Ka values thus obtained from a
Scatchard plot were 0.76 ± 0.15 mg−1 mL for the complex of anti-canine Immunoglobulin G (IgG) as mAb
and canine IgG as Ag, and 0.79 ± 0.14 mg−1 mL for that between anti-human IgG as pAb and human
IgG as Ag. These values are of the same order to those provided by indirect competition enzyme-linked
immunosorbent assay (ELISA) (viz. 0.42 ± 0.28 mg−1 mL for the mAb–Ag complex and 0.81 ± 0.09 mg−1 mL
for the pAb–Ag complex). The high sensitivity of the MSI-EV–CE technique affords the detection of very

.
low-through partial-filling technique low concentrations of Ab

. Introduction

Characterizing receptor–ligand interactions, which are essential
ith a view to understanding some essential biological processes,

equires the use of effective methods to examine biomolecular
nteractions. The idea of using capillary electrophoresis (CE) to
xamine binding interactions was conceived in the 1990s and
as been developed in several subsequent studies [1–13]. The
E technique not only provides the advantages derived from the
mall dimensions of a capillary [e.g. high mass sensitivity, reduced
onsumption of expensive reagents such as antigens (Ags) and
ntibodies (Abs), short analysis times, automatability, operational
exibility], but also affords efficient separation and reproducible
uantitation by on-line detection of unlabeled components in the
ulk solution rather than at the liquid–solid interface. Moreover,
E is a unique choice for directly examining interactions between
olecules under near-physiological conditions without the need to

reviously immobilize the reactants in a solid phase [14].

CE variants including the Hummel–Dreyer (HD) [15], vacancy

eak (VP), frontal analysis (FA) [16], affinity capillary electrophore-
is (ACE) [17,18] and vacancy affinity capillary electrophoresis
VACE) methods have been used to estimate binding constants (Ka)

∗ Corresponding author.
E-mail address: qa1meobj@uco.es (M. Valcárcel).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.02.049
© 2009 Elsevier B.V. All rights reserved.

[19]. Based on existing literature, ACE has to date been the most
frequently used CE method for this purpose.

In ACE, the mobility of a ligand (e.g. an antigen (Ag) is altered by
the presence of a receptor (e.g. an additive such as antibody (Ab))
in the electrophoretic solution. The ability to easily monitor mobil-
ity changes via shifts in migration time of the ligand allows the
presence of interacting substances to be readily detected. ACE is
therefore a convenient tool for identifying interacting substances
[14]. However, the accuracy of the Ka values it provides can be com-
promised by some shortcomings of this technique. Thus, changes
in viscosity with increase in concentration of the buffer additive
can alter electrophoretic and electroosmotic mobilities [20,21];
also, accurately determining Ka with traditional ACE methods may
be impossible unless the procedure is appropriately modified if
the amount of ligand or receptor available is inadequate. The use
of partial-filling modes in CE has proved an effective method for
measuring some types of interaction [22]. Thus, receptor–ligand
interactions can be studied by using three modified versions of
the parent partial-filling technique, namely: partial-filling affinity
CE (PFACE) [22,23], flow-through PFACE [24,25], and multiple-step
ligand injection affinity CE [26,27].
The aim of this work was to develop a new electrophoretic
method to determine apparent Ka for two different Abs [viz. mono-
clonal Ab (mAb) and polyclonal Ab (pAb)] with their specific Ags. To
this end, we developed a new version of flow-through PFACE called
“multiple sequential injection of equal volumes” (MSI-EV). The pro-
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osed technique uses only a few nanoliters of receptor and ligand
o calculate apparent Ka with a high sensitivity. For this purpose,
mall, identical volumes of a neutral marker, receptor and ligand are
equentially injected into a capillary in order to extract qualitative
nd quantitative information about their molecular interactions.
ppropriate mathematical treatment of the relationship between

he mobility change in the complex formed inside the capillary and
he Ab concentration allows one to establish a simplified equa-
ion that affords calculation of Ka from a conventional Scatchard
lot [14]. The main differences between the proposed, MSI-EV–CE
ethod and flow-through PFACE are that Ab is not dissolved in the

eparation electrophoresis buffer used to fill the capillary and that
ur method uses identical volumes of Ag and Ab. Also, no elec-
roosmotic flow (EOF) marker need be injected together with Ag or
b in order to avoid contaminating such valuable substances and

acilitate their reuse.
The apparent Ka value obtained with MSI-EV–CE was compared

ith that provided by ELISA. Classical ELISA [28] measures the
mount of Abs interacting with Ags coated on a microtiter plate
o obtain a relative dissociation constant. By contrast, the proposed

SI-EV–CE method calculates apparent Ka in solution without the
eed to immobilize Ag or Ab.

. Experimental

.1. Reagents

Anti-human immunoglobulin G (IgG) developed in goat
whole molecule), IgG from human serum, anti-goat IgG (whole

olecule)-peroxidase developed in rabbit, anti-mouse polyvalent
mmunoglobulins (IgG, IgA, IgM)-peroxidase, phosphate buffer
aline (PBS) in tablets, sodium borate, sodium carbonate, sodium
zide, dimethyl sulfoxide (DMSO), dimethyl formamide (DMF) and
et–Arg–Phe–Ala synthetic peptide were obtained from Sigma (St.

ouis, MO). Boric acid, Tween 20, sodium hydroxide and methanol
ere purchased from Panreac (Barcelona, Spain). Anti-canine IgG
Ab and canine IgG were produced by the Mixed Research Unit

n Molecular Genetic Markers of the University of Córdoba (Spain)
29]. Working solutions were prepared on a daily basis by diluting
he stock solutions to an appropriate extent with electrophoretic
uffer. All water used was purified by passage through a Milli-Q
ystem from Millipore (Bedford, MA). Ag and Ab solutions were
tored at −20 ◦C and allowed to reach room temperature prior to
se. Also, the separation buffer and NaOH solution were passed
hrough a microporous nylon filter of 0.45 �m pore size and 25 mm
iameter purchased from Macherey–Nagel (Easton, PA).

.2. Apparatus and procedure

CE was performed on a P/ACE MDQ System from Beckman Coul-
er (Palo Alto, CA) equipped with a diode array detector (DAD).
eutral marker, Ag and Ab, all dissolved in buffer solution, were
ach injected hydrodynamically at 0.5 psi for 5 s, which was equiv-
lent to ca. 25 nL as calculated from the Hagen–Poiseuille equation.
eparation was done by applying 10 kV voltage at 25 ◦C for 10 min
nd monitoring at 214 nm. An uncoated narrow bore silica capil-
ary (Beckman Coulter) with an inner diameter of 75 �m, a total
ength of 60.2 cm and an effective separation length of 50 cm was
sed for this purpose. The P/ACE MDQ System software was used for
ata acquisition and OriginPro 7.0 for data processing. An uncoated,

arrow bore fused-silica capillary was used in the tests since the

ntrinsically negatively charged wall at pH 8 reduced adsorption of
he anionic Ab–Ag complex.

Prior to first use, the capillary was conditioned by rinsing with
M HCl for 5 min, H2O for 1 min, 0.1 M NaOH for 10 min, H2O for
8 (2009) 1446–1451 1447

1 min and separation buffer for 10 min. The capillary was prepared
for daily use by rinsing with 0.1 M NaOH for 10 min, H2O for 5 min
and separation buffer for 5 min. Before each analysis, the capillary
was flushed with H2O for 1 min, 0.1 M NaOH for 4 min, H2O for 1 min
and separation buffer for 2 min prior to injection. The separation
buffer was prepared by freshly mixing 65 mM boric acid and 15 mM
sodium borate [28,30], and adjusting to pH 8 with 0.1 M NaOH.

2.3. Sample preparation

Anti-canine IgG mAb (CA3B8) recognizing antigenic determi-
nants on canine IgG heavy and light chains was previously produced
and characterized by Arce et al. [29]. Anti-canine IgG mAb was
obtained at a final concentration of 3.57 mg mL−1 and dissolved in
PBS for subsequent dilution in electrophoretic buffer.

Serum samples were collected from adult dogs at the Veteri-
nary Clinic Hospital of the University of Córdoba. The serum was
separated from cells by centrifugation and stored frozen at −20 ◦C
until use. Immunoglobulin was isolated from a normal pool serum,
using affinity chromatography with protein A as affinity ligand.
The total protein content was determined with the commercial
Bio-Rad kit (Munich, Germany). Finally, the purity of the canine
IgG was checked by sodium dodecyl sulphate–polyacrylamide gel
electrophoresis (SDS-PAGE). Canine IgG was obtained at a final
concentration of 5.95 mg mL−1, which was estimated from its UV
absorbance at 280 nm as measured in a cell of 1 cm path length,
A280 nm being unity for a 0.685 mg mL−1 concentration of IgG. Sub-
sequent dilutions were also made in electrophoretic buffer. The
samples were split into aliquots and stored frozen until use in the
binding tests. Commercial anti-human IgG pAb at a concentration
of 0.3 mg mL−1 and human IgG at 15.23 mg mL−1 were also diluted
in electrophoretic buffer. These samples were also split into aliquots
and stored frozen until use in the binding tests.

2.4. Data analysis

The methodology used in this work relies on measuring dif-
ferences in electrophoretic mobility (��) between the Ab–Ag
complex and uncomplexed Ag at variable Ab concentrations:

�� = �Ag–Ab − �Ag (1)

where �Ag–Ab is the mobility of the Ab–Ag complex and �Ag that
of Ag. The electrophoretic mobility of the analytes was calculated
from the observed migration time, using the following equation:

�� = LwLt

V [(1/tAg − 1/tEOFAg) − (1/tfree − 1/tEOF)]
(2)

where Lw and Lt are the effective and total capillary length, respec-
tively; tAg is the migration time of Ag in the presence of Ab; tfree
is the migration time of Ag in the absence of Ab; tEOFAg and tEOF
are the migration times for the neutral marker in the presence and
absence of Ab, respectively; and V is the applied voltage [31].

We used the following linear equation to estimate Ka for a 1:1
Ag–Ab complex from a Scatchard plot:

��

Ab
= −Ka�� + Ka��max (3)

where �� is the change in electrophoretic mobility of the complex
in the presence of variable concentrations of Ab and ��max the
mobility of Ag upon saturation with Ab. A plot of ��/Ab against
�� provided a straight line of slope −Ka and intercept Ka ��max.
The Scatchard analysis of the data was done by using OriginPro
7.0. Ka values were expressed in mg−1 mL and all concentrations in
mg mL−1.

In all calculations, the equilibrium free Ab concentration
used was approximated to the total concentration of Ab (i.e.,
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Fig. 1. Scheme of a multiple sequential injection-capillary electrophoresis run

bfree = Abtotal). This provides a reasonably good estimate when the
otal ligand concentration is much greater than the total solute
oncentration [32,33].

.5. Determination of binding constants by indirect ELISA

Variable concentrations of Ag from 0.15 to 0.9 mg mL−1 were
ixed with a fixed amount of Ab (0.004 mg mL−1) in buffer solu-

ion (65 mM boric acid, 15 mM sodium tetraborate, pH 8). Note
hat the concentrations of Ag and Ab used for monoclonal and
olyclonal complexes were identical. After 12 h of incubation at
2 ◦C, a volume of 250 �L of each mixture was transferred to wells
f a Nunc-Immuno microtitration plate and incubated for 1 h at
7 ◦C; the plate was previously coated with Ag (1 �g mL−1) in
odium carbonate buffer (50 mM, pH 9.6) containing sodium azide
0.02% m/v) overnight at 4 ◦C (100 �L/well). Following washing with
BS containing 0.05% v/v Tween 20, bound immunoglobulins were
etected by addition of anti-mouse polyvalent immunoglobulins
IgG, IgA, IgM) for the monoclonal complex and anti-goat IgG for
he polyclonal complex, both conjugated with peroxidase, and the
eroxidase activity retained in each well was determined according
o Friguet et al. [34].

The dissociation constant in solution was determined by using
n equation derived elsewhere [34] from a Scatchard plot obtained
n the presence of excess Ag, namely: 1

v = 1 + Kd 1
ao

where v is the
raction of bound Ab, ao the total concentration of Ag and Kd the
issociation constant at equilibrium. v denotes Ao−A

Ao
, where A is the

bsorbance at a given concentration as measured by ELISA, and Ao

hat of Ab as measured in the absence of Ag. The dissociation con-
tant, Kd, was calculated from the equation of the best-fit straight
ine where the slope equalled Kd and Ka = 1/Kd.

. Results and discussion

.1. Electrophoretic medium for determining apparent binding
onstants by CE

We considered various factors in optimizing the electrophoretic
uffer with a view to determining mAb–Ag complexes. Thus, the

nti-canine IgG mAb employed contain a single, homogeneous
opulation of Ab molecules specific to a well-defined epitope on
g and should exhibit a single, homogeneous peak in the elec-

ropherogram [12,28,35]. However, the anti-canine IgG mAb was
lso a glycoprotein and thus likely to exhibit multiple peaks in
O = Dimethyl sulfoxide; Ag = antigen; Ab = antibody; EOF = electroosmotic flow.

the electropherogram [28,36] because of its microheterogeneity
in two charged N-linked branched oligosaccharide chains bound
to the CH2 domains [28,37]; this might hinder estimation of the
migration time for the target analyte. Based on the foregoing,
the first step of the process involved examining and optimiz-
ing the CE conditions with a view to ensuring homogeneity
and good recoveries of mAb in the electropherogram. Once the
electrophoretic medium was optimized to identify the mAb–Ag
complex, it was also used to calculate apparent Ka for the pAb–Ag
complex.

The most suitable electrophoretic separation medium compat-
ible with the physiological conditions allowing the molecules to
interact was then identified. In most situations, phosphate buffer
has proved the best running background buffer for this purpose
[14,15,17,38–42]. In our case, however, it resulted in multiple peaks
throughout the studied pH range, probably as the result of a twofold
effect (a reduced EOF and an increased difference in charge between
glycoforms).

Using a solution containing 65 mM boric acid and 15 mM sodium
borate at pH 7.0 as the running buffer [28,30] resulted in multiple
peaks for the mAb–Ag complex, which can be ascribed to micro-
heterogeneity in the sugar chains of mAb [28,43]. At pH 8.0–8.5,
where EOF was faster, Abs was eluted as a single peak and no sepa-
ration of glycoforms was observed [28]. This can be ascribed to the
IgG molecule existing as a negative species at pH 8, and the inter-
action between solutes and the negatively charged capillary wall
being minimized as a result of a charge repulsion effect. We there-
fore assumed that protein adsorption has little effect on affinity
shift measurements and posed no problem in the tests as a result.
For this reason, we chose to use borate at pH 8.0 as running back-
ground buffer, which resulted in a single peak for the complex and
in good repeatability. Also, we used the same electrophoretic buffer
to calculate apparent Ka for the pAb–Ag complex as it also led to a
single peak in the electropherogram.

The EOF marker was used to monitor EOF and determine the
reproducibility of the migration time for the complex. The markers
studied included Met–Arg–Phe–Ala synthetic peptide [28], DMSO
[40], dimethyl formamide [17,41] and methanol, the best among
which was DMSO, with good repeatability.
3.2. In-line complex formation

MSI-EV from one end of the capillary was used to obtain the
Ag–Ab complex in-line. The first parameter to be optimized was
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Fig. 2. Evaluation of antigen binding to monoclonal antibody by multiple sequential
injection-capillary electrophoresis. Concentrations of 0.01% DMSO, 0.05 mg mL−1

antigen and 0.1–0.3 mg mL−1 antibody were sequentially injected into the capil-
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Table 1
Calibration curves and analytical figures of merit of the Ab–Ag complex as obtained
by using multiple sequential injections of equal volumes in capillary electrophoresis.

Analyte y = a + bx R2 LOD mg mL−1

Monoclonal Ab–Ag a = 175,042 ± 661 0.99398 0.05
b = 6351 ± 404

Polyclonal Ab–Ag a = −65,277 ± 84,538 0.99111 0.08
ary at 0.5 psi for 5 s each; analyzed by CE using a 65 mM boric acid—15 mM sodium
orate buffer (pH 8) at a separation voltage of 10 kV and a capillary temperature of
5 ◦C; and detected at 214 nm.

he reaction temperature inside the capillary. Concentrations of
.01% v/v DMSO, 0.05 mg mL−1 Ag and 0.3 mg mL−1 mAb in buffer
ere used for this purpose. A volume of 20 �L of each solution was
laced in electrophoresis minivials (see Fig. 1). Samples were kept
t ambient temperature in the autosampler and injected by pres-
ure at 0.5 psi for 5 s. Injected Ag and Ab reacted inside the capillary
Fig. 1) to form the Ag–Ab complex, which was completely sep-
rated from the neutral marker within 10 min. The complex was
btained at three different temperatures (25, 37 and 47 ◦C) and
eparation was done at 10 kV. Each test series was performed in
riplicate. The increased temperature inside the capillary boosted
ormation of the complex and caused its peak area to increase with
ncreasing temperature. Although the higher temperatures (37 and
7 ◦C) resulted in increased sensitivity, they detracted from repeata-
ility. A temperature of 25 ◦C was thus chosen for subsequent
ests.

Once the reaction temperature inside the capillary was opti-
ized, the influence of the separation voltage was studied over the

ange of 7–25 kV. Too high voltages resulted in poor separation and
ow repeatability in the capillary current as the likely result of an
xcessive Joule effect. A voltage of 10 kV was therefore adopted as
ptimal. Fig. 2 illustrates the influence of the Ab concentration on
he migration time of the complex under the optimum CE condi-
ions for in-line formation of the complex.

Although the formation kinetics of the complex was not studied
n depth here, we can confirm that Abs of moderate affinity such as
A3B8 mAb bind to Ags in a short time. Thus, Arce et al. [29] charac-
erized this Ab and found the Ab–Ag binding reaction to complete
ithin a few minutes. Also, the moderate-affinity Ab used in this
ork complexed the Ag in less than 8 min (see the electrophero-

ram of Fig. 2). The complex exhibited no dissociation during this
ime, which is consistent with applicable theory and confirms that
he dissociation half-time for a moderate-affinity Ab is 30 min or
onger, whereas that for a low-affinity Ab can be a few minutes or
ven less [44].
.3. Analytical features

The applicability of the proposed CE system was assessed from
ts within-day and between-day repeatability as determined with
b = 467,859 ± 25,635

x = concentration (mg mL−1); y = absorbance; a = intercept; b = slope; R2 = correlation
coefficient; LOD = limit of detection.

standard solutions of the analytes. The within-day repeatability
in the migration time for the mAb–Ag complex was studied in 3
different analyses involving the injection of 0.05 mg mL−1 Ag and
0.3 mg mL−1 Ab; the average relative standard deviation (RSD) thus
obtained was 0.4%. The between-day repeatability in the migration
time, also expressed as RSD, was evaluated by measuring standard
solutions containing 0.05 mg mL−1 Ag and 0.3 mg mL−1 Ab over 9
runs performed on 3 different days; the resulting RSD was 2.6%.
Similar tests were performed for the pAb–Ag complex that provided
a within-day repeatability of 0.7% and a between-day repeatability
of 2.9%.

We used the above-described optimum experimental con-
ditions to obtain calibration curves (see Table 1) as plots of
peak area for the monoclonal and polyclonal Ab–Ag complexes
against the Ab concentration; R2 was 0.994 and 0.991, respec-
tively. Plots were constructed by using a constant Ag concentration
(0.05 mg mL−1) and increasing Ab concentrations over the range
0.1–0.3 mg mL−1. Each point in the calibration graph was the
average of three independent measurements. Limits of detection
(LODs) were determined by using variable concentrations of Ab
and a constant concentration of Ag. The LOD for the complexes
as obtained with the in-line MSI-EV method were 0.05 mg mL−1

for the monoclonal complex and 0.08 mg mL−1 for the polyclonal
complex.

3.4. Determination of apparent binding constants

The apparent Ka for the monoclonal and polyclonal Ab–Ag com-
plexes were calculated by using multiple sequential injections of
5 s at 0.5 psi each of 0.01% v/v DMSO, 0.05 mg mL−1 Ag and variable
concentrations of Ab over the range of 0.1–0.3 mg mL−1. No mAbs
concentrations in other ranges could be studied owing to the low
initial concentration (3.57 mg mL−1) and volume (2 mL) of mAbs
available. Commercial anti-human IgG pAb was also obtained at
quite a low concentration (0.3 mg mL−1).

The migration times for the complexes formed at variable Ab
concentrations were substituted into equation (2) in order to cal-
culate the electrophoretic mobility of the analytes (�). Plotting
such mobility against the ��/|Ab| ratio provided a straight line
of slope −Ka throughout the studied concentration range. Based on
the results, the proposed system is suitable for calculating apparent
Ka in both monoclonal and polyclonal Abs.

Applying the Scatchard equation required assuming the follow-
ing as regards molecular interactions: (a) the binding interaction
was univalent; (b) bound and unbound species were in equilibrium;
(c) interactions of Ag and Ab with the capillary wall had no signifi-
cant effect on their mutual binding interactions; and (d) the electric
field had no influence on Ka [45,46]. The Scatchard method is only
valid for binding systems exhibiting moderate to strong affinity.

In strongly bound complexes, the interacting compounds and the
complex have unique migration mobilities. In weakly bound com-
plexes, the complex dissociates gradually during the run, so only
the interacting compounds—not the final complex—can be detected
[46].
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Fig. 3. Scatchard plot of antigen to monoclonal and polyclonal antibody binding
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[36] H. Schwartz, T. Pritchett, Separation of Proteins and Peptides by Capillary Ele-
btained by using multiple sequential injection-capillary electrophoresis in combi-
ation with Eq. (2).

Fig. 3 shows the Scatchard plots used to determine apparent
a. The correlation coefficients for the monoclonal and poly-
lonal Ab–Ag complexes were greater than 0.932 and 0.952,
espectively. The two apparent Ka values obtained were similar
0.76 ± 0.15 mg−1 mL and 0.79 ± 0.14 mg−1 mL for the monoclonal
nd polyclonal complex, respectively). Based on them, the Ab has
moderate affinity for the Ag. Also, the results testify to the high
uantifying potential of the proposed method. It should be noted
hat the Ka value obtained was an average value characterizing
inding interactions in two “mixtures” of closely related proteins
Ag and Ab) since interactions were measured between two protein

ixtures rather than two specific molecules.
The results obtained with this new MSI–CE method were vali-

ated by comparison with those provided by ELISA. A number of
LISA and radioimmunoassay methods have lately been used to
uantify Ag–Ab interactions. However, only those based on indirect
ompetition ELISA afford accurate quantitation of the actual ther-
odynamic affinity of Abs for their Ags [28,47]; this led us to use an
ndirect competition method based on ELISA [28,38] to determine
he true Ka for the complex and enable a legitimate comparison
ith our MSI–CE method. The experimental Ka values thus obtained

y linear regression were 0.42 ± 0.28 mg−1 mL for the monoclonal

[
[

8 (2009) 1446–1451

Ab–Ag complex and 0.81 ± 0.09 mg−1 mL for the polyclonal com-
plex. As can been seen, the Ka value provided by the MSI–CE method
compares favorably with that calculated by ELISA.

4. Conclusions

The proposed method affords the calculation of statistically reli-
able binding parameters for the complexes of mAb with canine IgG
and pAb with human IgG. Based on its simplicity, wide applica-
bility and adaptability to high-throughput systems, the proposed
MSI-EV–CE method, based on analyte mobility changes, is an effec-
tive alternative to existing Ka calculation methods. Under specific
conditions, our method can be useful for studying the moderate to
high affinity of specific Abs for any type of Ag. In addition, it has the
great advantage that it requires no labeling of the Ag or Ab, which
affords application to unmodified molecules.
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a b s t r a c t

A simple, fast and fully automated method based on headspace solid-phase microextraction coupled on-
line with gas chromatography–ion trap mass spectrometry (HS-SPME–GC–ITMS) is proposed for furan
determination in foods. The performance of the proposed method was compared to the automated
headspace-GC–MS method, proposed by the US Food and Drugs Administration (US FDA), in terms of
repeatability, limits of the detection and quantification. Both methods gave similar results for furan deter-
mination in selected food samples, although slightly worse precision (RSD%, 9–12%) and higher limits of
ood analysis
uran
eadspace solid-phase microextraction
eadspace
C–MS
utomation

detection (from 5 to 20 times higher) were obtained by the headspace method. In addition, higher sample
throughput in routine furan analysis was obtained using the proposed HS-SPME–GC–ITMS method with
isotope dilution than using the US FDA method, which recommends standard addition for quantification.
The proposed method provides good precision (RSD% <10%) and low limits of detection, ranging from 0.02
to 0.12 ng g−1 depending on the sample. The developed HS-SPME–GC–MS method was used to analyse
furan in several Spanish food commodities and concentrations ranging from 0.1 ng g−1 to 1.1 �g g−1 were
found.
. Introduction

Furan (C4H4O) is a volatile heterocyclic compound which is
ormed during the heat treatment of foods and drinks as one of
he Maillard reaction products [1]. Furan occurs in a wide variety of
oods, such as coffee, canned and jarred foods containing meat, and
arious vegetables [2,3], at concentration levels up to 174 ng g−1.
he common presence of furan suggests that there are probably
ultiple routes of formation rather than a single mechanism [4].
owadays, it is accepted that its generation is mainly related to

he thermal degradation of carbohydrates, the oxidation of polyun-
aturated fatty acids and the decomposition of ascorbic acid or its
erivatives [5–11]. The occurrence of furan in food and drink is a
ause for concern because it is both carcinogenic and cytotoxic in
ats and mice [12–14]. It has been classified as possibly carcinogenic
o humans (Group 2B) by the International Agency for Research on
ancer (IARC) [15], and has been included by the US Department of
ealth and Human Service in the human pathogen list [16]. Since
uran has become a potential food safety issue, several international
ood organizations such as the US Food and Drugs Administration
FDA) and the EFSA have launched monitoring programs to survey
he furan content of selected foods and beverages and to collect
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more information about furan formation, human exposure and tox-
icity [4,17]. Recently, the EFSA issued a call for more information on
the occurrence of furan in foods [18]. Therefore, there is great inter-
est in finding rapid, selective and sensitive analytical methods for
obtaining reliable data to assess the risk to human health [19,20].

Due to its high volatility (B.P. 31.4 ◦C), furan is currently being
analysed by headspace (HS) combined with gas chromatography–
mass spectrometry (HS-GC–MS) [21,22]. This method, first pro-
posed by the FDA in 2004, is relatively simple and well-established:
a food sample in liquid or slurry form is heated at 80 ◦C for 30 min
and the headspace is sampled and analysed by GC–MS. Furan is
quantified by standard addition using furan-d4 as internal stan-
dard. A similar method was used by the Swiss Federal Office of
Public Health (SFOPH) for collecting data from a great number of
foods likely to contain furan [3,23]. Since furan is formed during
the analysis by sample heating [10,24–26], the FDA method was
updated in 2006 by decreasing the headspace temperature from
80 to 60 ◦C [27]. This new FDA method provides limits of detec-
tion of 2–5 ng g−1 for most food matrices. To date, the method has
only been validated in-house [24] and a limited number of profi-
ciency tests have been performed [21]. Recently, the Health Canada

modified this headspace method [28], achieving limits of detec-
tion in foods between 0.8 and 4.85 ng g−1. Nevertheless, the use
of standard addition for quantification increases the analysis time
and reduces the applicability of the method in a high-throughput
routine laboratory operation.
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Headspace solid-phase microextraction (HS-SPME) has also
een used for furan determination. HS-SPME coupled with GC–MS
as proved to be an excellent alternative to headspace for the
nalysis of volatile compounds at low concentration levels in food
amples [29,30], since it provides enough sensitivity with minimum
nterferences of matrix compounds. HS-SPME has been used for the
nalysis of furan in coffee [31], orange juice [9] and foods in gen-
ral [32–34]. Most of these methods are based on manual HS-SPME
roviding limits of detection in the low pg g−1 range. In a previous
aper, we proposed a manual HS-SPME method combined with

sotope dilution and GC–IT–MS for the analysis of furan in foods
34]. This HS-SPME approach provided high selectivity and limits
f detection between 8 and 70 pg g−1. Although this method is rapid
nd effective for furan analysis, it is labour-intensive when a lot of
amples are analysed. Therefore, full automation of HS-SPME could
horten total analysis time, thus improving productivity.

The aim of the present paper was to develop a fully auto-
ated HS-SPME method coupled on-line with GC–MS for routine

nalysis of furan in food commodities. The method was evalu-
ted by comparing its performance to that of the US FDA method
ased on headspace, the usual reference procedure for furan anal-
sis. Quality parameters of the two methods were established and
ompared using several food samples. Finally, the fully automated
S-SPME–GC–MS method was applied to the determination of

uran in several food commodities.

. Experimental

.1. Chemicals and standards

Furan and [2H4] furan (furan-d4) were purchased from Sigma–
ldrich (Munich, Germany) at purity higher than 99%. Individual
tock standard solutions of furan and furan-d4 at a concentration of
mg g−1 in methanol were prepared by transferring 15 �l of each
ure compound to a 2 ml amber sealed vial previously filled with
ethanol. Intermediate individual standard solutions of furan and

uran-d4 were prepared at a concentration of 45 �g g−1 from the
tock standard solutions by appropriate dilution with methanol.
ll these solutions were stored at 0 ◦C and prepared weekly. For
S-SPME analysis, individual water working standard solutions of

uran and furan-d4 at a concentration of 30 ng g−1 were prepared
aily by spiking 20 ml of water with appropriate volumes of the

ntermediate standard solutions. For furan determination by the
sotope dilution method, eight-calibration standard solutions at
oncentrations ranging from 0.01 to 10 ng g−1 were prepared by
dding in weight, through the septum, an appropriate amount of
he furan water working standard solution (30 ng g−1) into a 20 ml
ealed vial containing a 10 mm × 5 mm PTFE-coated stir bar, 2 g of
odium chloride and water (up to 8 ml). In addition, 70 �l of the
uran-d4 water working solution (30 ng g−1) was added to each
alibration solution, to achieve a concentration of 0.2 ng g−1. For
eadspace analysis, individual water working standard solutions
f furan and furan-d4 at a concentration of 500 ng g−1 were pre-
ared daily from intermediate standard solutions and were used
or the furan quantification by standard addition method. Water
f organic trace grade, methanol of gas chromatography grade and
odium chloride of analytical grade were all obtained from Merck
Darmstadt, Germany).

.2. Food sample preparation
A total of twenty-four food samples purchased from a local
upermarket in Barcelona (Spain) were analysed for furan. Pack-
ged food samples were stored at 4 ◦C to prevent possible losses
f furan. Liquid samples (juices, honeys and broths) were homog-
nized in their own container for 1 min by manual shaking, while
8 (2009) 1315–1320

semi-solid samples (baby foods and sauces) were homogenized for
1 min at 4 ◦C by immersing the pot in an ice/water bath (15 min)
and using a mixer and an Ultra-Turrax T25 basic disperser (IKA-
Werke, Staufen, Germany). Cooked pulse samples (lentils, white
kidney beans and chickpeas) were prepared in the same way as
semi-solid samples by adding an appropriate amount of cold water
(1:1, w/w) to facilitate the homogenization processes. For ground
coffee, nine grams of solid coffee were used to obtain approxi-
mately 60 ml of brewed coffee, using both an automatic espresso
coffee machine and a home coffee pot-brewer. After preparation,
the brewed coffee was placed in a 40 ml screw-cap glass vial, which
was stored at 4 ◦C before analysis. Furan in instant coffee was deter-
mined in both brewed coffee and powdered material. The brewed
instant coffee was prepared according to the recommendations of
the manufacturer, mixing 2 g of powder with 60 g of boiling water.
To determine the content of furan in powdered instant coffee, 0.5 g
of powder was mixed with 40 ml of cold water (4 ◦C) in a 40 ml
closed glass vial. Soup samples (dehydrated material) were pre-
pared in line with the manufacturer’s indications. Approximately
50 g of solid soup was mixed first with 100 g of warm water until
complete dissolution and then with 200 g of water. The mixture
was heated for 15 min with manual shaking. After preparation and
the homogenization process, all samples were immediately kept in
a closed vial without headspace to minimize the possible loss of
furan.

2.3. GC–MS conditions

All GC–MS analyses were performed on a CP-3800 gas chro-
matograph coupled with a Saturn-2200 ion trap mass spectrometer
(Varian, Mississauga, Canada). A BPX-volatile (cyanopropylphenyl
polysilphenylene-siloxane), 60 m × 0.25 mm I.D., fused-silica capil-
lary column (SGE Europe, Villebon, France) of 1.4 �m film thickness
was used for chromatographic separation. The oven temperature
program was 35 ◦C (held for 2 min) to 230 ◦C at 20 ◦C min−1 (held
for 5 min). Helium was used as carrier gas at a constant flow-rate of
1.7 ml min−1 held by electronic flow control (EFC). The injector tem-
perature was maintained at 275 ◦C and the splitless injection mode
(3 min) was used for HS-SPME experiments, while for headspace
(US FDA method) the injector was operated in split injection mode
at 2:1 split ratio. An SPME glass inlet liner (I.D., 0.75 mm, SGE
Europe) and a 23-gauge Merlin Micro-seal septum (Supelco, Belle-
fonte, PA, USA) were used for SPME analysis, while for headspace a
split inlet liner (I.D., 3 mm, SGE Europe) was used. The ion trap MS
was operated in electron ionization (EI) mode with 70 eV of electron
energy and 30 �A of emission current, using automatic gain control
(AGC). The instrument was tuned using perfluorotributylamine (FC-
43) according to the manufacturer’s recommendations to achieve
the best sensitivity. Manifold, ion source trap and transfer line tem-
peratures were set at 80, 200 and 280 ◦C, respectively. The electron
multiplier voltage and the axial modulation amplitude were set to
1350 V (105 gain) and 4.0 V, respectively. In addition, a maximum
ionization time of 25,000 �s, a pre-scan ionization time of 100 �s
with a background mass of 45 m/z and an RF dump value of 650 m/z,
were set for all experiments. For data acquisition, EI full-scan mode
was used over the mass range m/z 35–100 at 0.75 s/scan (7 �scan
per scan). Varian MS Workstation software (version 6.42) was used
for control, general operating and data acquisition. For quantifica-
tion and confirmation, m/z 68 [M]+. and m/z 39 [M-CHO]+ for furan
and m/z 72 and m/z 42 [M-C2HO]+ for furan-d4 were monitored.
2.4. Automatic HS-SPME method

The HS-SPME experiments were carried out with a 75-�m
Carboxen-polydimethylsiloxane fibre (CAR/PDMS) (Supelco, Belle-
fonte, PA, USA) on a CTC Combi-Pal autosampler (CTC Analytics
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Table 1
Effect of the extraction temperature, extraction time, headspace/aqueous volume
ratio and stirring rate on the response of furan using automated HS-SPME (optimum
conditions are indicated in bold).

Temperature Time Volume ratio Stirring rate

◦C RR* min RR Vh/Vw RR rpm RR
30 100% 5 42% 5.7 75% 0 62%
35 78% 10 65% 3 87% 250 80%
M.S. Altaki et al. / Tal

G, Zwingen, Switzerland), which was equipped with a sample
ray for 32 vials of 20 ml, an SPME fibre conditioning station, and

temperature-controlled single magnet mixer tray (SMM tray)
Chromtech, Idstein, Germany). CTC Combi-Pal autosampler was
ontrolled and programmed with the Cycle composer software
ersion 1.5.3. Before use, the CAR/PDMS fibre was conditioned at
00 ◦C under helium flow for 1 h in accordance with the manufac-
urer’s recommendations. Fibre blanks were run daily to ensure the
bsence of contaminants or carry-over.

After optimization, the automatic HS-SPME procedure used for
uran determination in the selected food samples was as follows: 3 g
f the prepared and homogenized sample (for baby food, brewed
offee, soup and broth, 1–2 g were used) was quickly transferred
o a 20 ml headspace vial containing a PTFE-coated stir bar, 2 g of
odium chloride and an adequate amount of water (up to 8 ml). Dur-
ng preparation, the sample vial was immersed in an ice/water bath
4 ◦C) to prevent possible losses of the analyte. The vial was then
piked with 70 �l of furan-d4 water working solution (30 ng g−1) by
eight through the septum of the vial and was vortexed for 3 min
efore analysis. Then the sample and calibration solutions were
laced in the sample tray of the autosampler and were analysed
y means of the automatic HS-SPME procedure. Before HS-SPME
nalysis, the vials were conditioned in the SMM tray for 5 min
t a temperature of 30 ◦C and under a magnetic agitation rate
f 750 rpm. At the end of this time period, the CAR/PDMS fibre
as cleaned for 1 min at 275 ◦C using the SPME fibre condition-

ng station, and the sample was extracted from the headspace
t 30 ◦C for 20 min with a constant magnetic agitation rate of
50 rpm. Thermal desorption of the analyte was accomplished by
xposing the fibre in the GC injector port at 275 ◦C for 2 min. To
educe the analysis time and to obtain a high sample throughput, a
ew HS-SPME experiment was performed while the GC was being
un.

.5. Headspace method

Headspace analysis of furan in food was performed following the
roposed US FDA method [27] but using a BPX-volatiles as GC col-
mn and a CTC Combi-Pal autosampler for headspace analysis. This
utosampler was equipped with a 1 ml gas-tight headspace syringe
1001N CTC, Hamilton Company, Bonaduz, Switzerland), a syringe
eater and plunger holder (CTC Analytics), was used. For condition-

ng and cleaning the headspace syringe, the CTC syringe heater was
et to 150 ◦C for 2 min with helium flushing. Furan was determined
y standard addition method with internal standard, as proposed
n the FDA method. For this purpose, replicate analyses (n = 3) of the
ood sample were carried out by transferring an adequate amount
f the homogenized sample (5 g for solid and semi-solid samples
nd 10 g for liquid samples) to a 20 ml headspace vial containing
PTFE-coated stir bar and an appropriate amount of water satu-

ated with NaCl (up to 10 ml). Then the sample was spiked with
dequate amounts of a furan aqueous working standard solution
500 ng g−1) at 0% (n = 3), 25% (n = 2), 50% (n = 2), 100% (n = 1), 150%
n = 1) and 200% (n = 1) of the estimated concentration of furan in
ample. Finally, furan-d4 was added to each sample vial to obtain a
oncentration of 200% of the estimated furan content. Automated
eadspace sampling conditions were as follows: the sample vial
as conditioned for 30 min at an incubation temperature of 60 ◦C

tirring at 750 rpm using the temperature-controlled single magnet
ixer tray (Chromtech, Idstein, Germany). The temperature of the

yringe heater was set to 100 ◦C and the syringe was flushed with

elium before and after each extraction. Headspace (1 ml) was sam-
led at 100 �l s−1 and injected into the GC port at 275 ◦C and with
n injection speed of 250 �l s−1. GC–MS conditions for furan deter-
ination using the headspace method were the same as those used

or SPME experiments (Section 2.3).
40 43% 20 100% 1.5 100% 500 91%
30 100% 750 100%

* Relative response (n = 3).

3. Results and discussion

3.1. Automated HS-SPME method

The optimum key parameters affecting HS-SPME efficiency for
furan determination in food were previously reported for manual
HS-SPME [34]. Nevertheless, to automate this method some SPME
conditions such as extraction time and temperature, sampling stir-
ring speed and headspace/aqueous volume ration were optimized
because of certain characteristics of the Combi-Pal autosampler
(vial size up to 20 ml, stirring speed ≤750 rpm and extraction tem-
perature ≥30 ◦C) may affect SPME efficiency. Initially, the effect of
sampling temperature on the furan extraction yield was examined
from 30 to 40 ◦C using CAR/PDMS fiber and maintaining con-
stant the other extraction (extraction time 30 min, stirring speed
750 rpm and 20% (w/w) of NaCl) and desorption conditions (275 ◦C
for 2 min). Table 1 shows the relative response of furan obtained
at the different conditions studied using an aqueous standard
solution of furan at 0.08 ng g−1. As can be seen, the response of
furan decreased when temperature increased. So, 30 ◦C was chosen
for subsequent experiments because the temperature-controlled
mixer stay (SMM tray) does not permit work at lower tempera-
tures. In addition, the highest extraction efficiency of furan was
obtained at the maximum stirring speed allowed by the autosam-
pler (750 rpm) and it was chosen as optimal value. The effect of the
headspace/aqueous volume ratio (Vh/Vw) on furan extraction was
also studied using 20 ml glass vials and maintaining constant the
other parameters. The best results were obtained using an aque-
ous volume of 8 ml (12 ml of headspace). Aqueous volumes higher
than 8 ml (Vh < 12 ml) were not studied because a minimum vol-
ume of 12 ml of headspace is required for the complete spreading
of fibre. Finally, extraction time, from 5 to 30 min, was evaluated and
20 min was enough to reach equilibrium. Other HS-SPME parame-
ters, such as ionic strength and desorption temperature and time,
were set according to those previously optimized by manual SPME
[34].

Quality parameters of the HS-SPME method such as linearity,
instrumental limit of detection and quantification and repeatabil-
ity were established. Good linearity, between 0.01 and 10 ng g−1,
with correlation coefficients (r2) higher than 0.999 was obtained.
Instrumental limit of detection (iLOD) and quantification (iLOQ)
based on a signal-to-noise ratio (S/N) of 3:1 and 10:1, were deter-
mined using water standard solutions and were 1.4 and 5 pg ml−1,
respectively. The precision of the automated HS-SPME method
was determined analysing five water standard solutions spiked
at two concentration levels, 0.05 and 1 ng ml−1. Relative standard
deviations (RSD %) lower than 3% were obtained for the two lev-
els.

In addition, the variability of the method associated with the

SPME manufacturing process, when different SPME fibres were
used, was also examined. For this, fifteen aqueous standard solu-
tions spiked with furan at 0.1 ng g−1 were analysed under the
optimal HS-SPME conditions, using three previously conditioned
75 �m CAR/PDMS fibres obtained from different lots. After five
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Table 2
Analysis of furan in selected foods by automated HS-SPME and HS methods.

Food
sample

Description Concentration (ng g−1)a

Automated HS-SPME HS (US FDA method) Significance level
(P-value)b

Mean ± S.D. RSD (%) LOD (ng g−1) LOQ (ng g−1) Mean ± S.D. RSD (%) LOD (ng g−1) LOQ (ng g−1)

Apple juice Concentrated base 1.10 ± 0.08 7 0.02 0.05 1.25 ± 0.13 10 0.42 1.39 0.1716
Honey Multi-floral 4.8 ± 0.2 5 0.03 0.10 5.2 ± 0.45 9 0.58 1.93 0.2122
Baby food Chicken with rice 15.7 ± 1.3 8 0.06 0.20 17.1 ± 2.1 12 0.80 2.86 0.3766
Coffee Brewed instant coffee 35.0 ± 2.0 6 0.12 0.40 31.1 ± 3.7 12 0.62 2.06 0.1802
Pulses Cooked chickpeas 0.24 ± 0.02 8 0.05 0.17 n.d. – 0.50 1.67 –

n

evel).
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F
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.d.: not detected.
a n = 3.
b Significant differences between methods for P-value < 0.05 (at 95% confidence l

ndependent analyses with each fibre, the results obtained showed
o significant differences between the fibres, with relative standard
eviations lower than 10%. The durability of the fibre was also exam-

ned for any changes in the sensitivity of the fibre during its lifetime.
he durability of the 75 �m CAR/PDMS fibre was estimated through
control standard solution and no significant differences on the

xtraction yield of furan were found after 150 analyses and only a
5% decrease was observed after 200 analyses. The stability of furan
n sample vial before analysis was also investigated using several
ood samples: an apple juice, a baby food and a brewed coffee. For
his purpose, four sample vials of each food matrix were prepared
nd analysed after 0, 1, 6 and 15 h. During this time, the sample vials
ere placed in the sample tray of autosampler at laboratory tem-
erature (21 ± 2 ◦C). For all food samples and standing times, good
greement (RSD < 12%) in the results was obtained demonstrating
he stability of furan in sample vials.
.2. Comparison of HS-SPME and HS methods for the analysis of
uran

To date, no comparative study between headspace extraction,
he most commonly used method proposed by the US FDA, and

ig. 1. GC–MS chromatograms of the total-ion-current (TIC) and the reconstructed ion cu
ethod and (B) HS method proposed by the FDA.
HS-SPME for the analysis of furan in foods has been performed.
In this paper, several food samples, such as apple juice (liquid
sample), honey and coffee (rich flavours sample), chicken pap
baby food (semi-solid sample) and cooked chickpeas (solid sam-
ple), were analysed in triplicate by automated headspace (HS) and
HS-SPME, both coupled to GC–MS under the optimal conditions
described in Section 2. Quantification with automated HS-SPME
was performed by isotope dilution using furan-d4. For HS, the
standard addition method with the internal standard proposed
by the US FDA for furan quantification was employed [27]. The
results obtained in the analysis of furan by the two methods in
selected food samples are summarized in Table 2. As can be seen,
furan was detected in all selected food samples by using auto-
mated HS-SPME at concentrations ranging from 0.24 ng g−1 for
cooked chickpeas to 35.0 ng g−1 for brewed instant coffee. In order
to assure that the matrix did not affect the reliability of the results
obtained by isotope dilution, the standard addition method was

also applied for the analysis of these samples using HS-SPME and
no significant differences were observed between both quantifi-
cation methods. In addition, these results were consistent with
those obtained with the HS method. To compare the results of the
two methods, a statistical treatment of the data was performed

rrent m/z 68 for furan and m/z 72 for furan-d4, obtained by (A) automated HS-SPME
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Table 3
Analysis of furan in food by HS-SPME–GC–IT–MS.

Food sample Description Concentrationa (ng g−1) Published data (ng g−1) [ref.]

Mean RSD (%)

Juice Apple 1.7 3 1–4 [2,3]
Orange 0.7 4 2.5 [32]
Multi-fruit 2.0 3 6 [23]
Tropicana 2.3 3 6 [23]

Honey Multi-floral (brand 1) 3.6 7 3–10 [4]
Multi-floral (brand 2) 6.5 5 3–10 [4]

Soup
and
broth

15 vegetable soup 0.5 10 19–49 [23,28]
Fish and shellfish with rice and pea soup 39.0 3 –
Chicken with vermicelli soup 5.0 5 –
Beef with vegetable broth 2.0 5 –
Vegetable broth 0.3 10 –

Sauce Fried tomato with olive oil (brand 1) 0.6 8 –
Fried tomato with olive oil (brand 2) 1.0 5 –
Ketchup with 6 vitamins 0.9 7 –
Mayonnaise 0.1 10 –
Cocktail sauce 0.1 10 –

Pulses Cooked lentils 1.0 8 3 [23]
Cooked white kidney beans 1.2 8 –

Baby
food

Multi-fruit pop 0.5 7 1–16 [23,28]
Mixed vegetable pop 1.0 9 35–150 [2,23,28,33]
Beef with spaghetti pop 40 10 42–100 [23,28]

Coffee Brewed natural coffee (automatic espresso machine) 70 4 46–146 [21,23]
Brewed natural filter coffee (filter-home pot brewer) 20 7 9–40 [21,23]
Brewed natural instant coffee 35 5 36.9–51.3 [23]
Brewed decaffeinated instant coffee 28 5 8–31 [21]
Powdered natural instant coffee 1100 3 44–2200 [21,23]
Powdered decaffeinated instant coffee 820 5 309–2800 [21,23]
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a n = 3 replicates.

sing the Student’s t-test for equal or/and unequal variances and
he results (P-value) are shown in Table 2. As can be seen, no sig-
ificant differences were observed between the results with the
wo methods (P > 0.05), although the precision achieved by auto-

ated HS-SPME (RSD, 5–8%) was better than that found for the HS
ethod (RSD, 9–12%). Limits of detection and quantification were

lso determined in food samples for the two methods. Since no
lank food samples were found, samples spiked with furan-d4 at
ery low concentration levels were used to estimate LODs and LOQs.
he results given in Table 2 show that automated HS-SPME pro-
ided LOD values between 0.02 ng g−1 (apple juice) and 0.12 ng g−1

brewed instant coffee), while for the HS method LODs were
etween 0.42 ng g−1 (apple juice) and 0.80 ng g−1 (chicken baby
ood). These results show that the automated HS-SPME method
rovided LODs from 5- to 20-fold lower than those obtained with
he HS method, which is mainly because the HS-SPME technique
as a higher preconcentration capacity than HS and because the
S-SPME method used the splitless injection mode instead of split

njection. In addition, the HS method applied in this study pro-
ided LOD, LOQ and RSD values very close to those reported by
DA method [24], demonstrating that it can be used for compar-
tive purposes. Fig. 1 shows as an example the GC–MS total ion
urrent (TIC) chromatograms of a brewed instant coffee sample
nd the single ion chromatograms of m/z 68 (furan) and m/z 72
furan-d4) obtained by the two methods. As can be seen, higher
ensitivity and better peak shape were achieved with the HS-
PME method mainly due to the use of a narrow SPME inlet liner
I.D., 0.75 mm). Moreover, no interfering compounds from matrix

omponents were found in any of the analysed samples when
omparing spectra of standards and samples. In addition, a higher
ample throughput in routine furan analysis was obtained using
S-SPME–GC–MS with isotope dilution than HS with standard
ddition.
3.3. Analysis of furan in food commodities

To examine the feasibility of the automated HS-SPME method,
several selected food commodities (27 different samples) were
analysed. Furan was determined in triplicate by isotopic dilution,
using the optimized method. The results obtained for the samples
analysed are summarized in Table 3. Furan was detected and quan-
tified in all samples at concentration levels ranging from 0.1 ng g−1

for mayonnaise and cocktail sauces to 1.1 �g g−1 for powdered nat-
ural instant coffee, with a precision better than 11%. These results
are consistent with data published in the literature for similar food
samples (Table 3). For instance, concentrations of furan in apple,
orange and multi-fruit juices ranging from 1 to 6 ng g−1 have been
reported [2,3,23,32], which corroborates the figures determined
using the proposed method for fruit juices (0.7–2.3 ng g−1). In addi-
tion, furan levels found by EFSA in honey samples (3–10 ng g−1) [4]
were similar to those obtained in this study (3.6–6.5 ng g−1). For
soup and broth samples, a wide range of furan concentrations have
been reported in the literature (3–125 ng g−1) [2–4] due to the dif-
ferent ingredients and cooking procedure. In this case, furan was
found at low concentration levels, with the lowest value (0.3 and
0.5 ng g−1) being those found for vegetable soup and broth samples.
This could be attributed to the low presence of furan in vegeta-
bles often below the detection limits [23]. Furan in sauces was also
determined at low concentration levels, between 0.1 and 1 ng g−1.

In baby food samples, furan concentrations ranging from 1 to
150 ng g−1 have been reported depending on the food matrix. In
this study, furan was found in multi-fruit and mixed vegetable sam-

ples at low concentration levels (0.5–1 ng g−1), while for beef with
spaghetti baby food a higher level of furan (40 ng g−1) was found.
Finally, the brewed natural coffee sample obtained from an auto-
matic espresso machine gave a higher furan concentration level
(70 ng.g−1) than the filter-home pot brewer sample (20 ng.g−1),
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hich confirmed previous data published by Zoller et al. [23], who
ndicate that the highest furan values are found in coffee prepared

ith an automatic espresso machine.

. Conclusions

The automated headspace-SPME technique combined with
C–ion trap–MS has shown to be fast, sensitive and suitable for

he analysis of furan in food commodities at low ng g−1 levels
sing isotope dilution. The proposed method provided low limits
f detection, between 0.02 ng g−1 for apple juice and 0.12 ng g−1 for
rewed instant coffee, which were from 5- to 20-fold lower than
hose obtained with the HS-GC–MS method. In addition, both meth-
ds gave similar results for furan determination in selected food
amples, although a relatively worse precision with HS method was
btained. In addition, HS-SPME–GC–MS is able to provide accurate
nd precise results (RSD% <11%) for the analysis of foods containing
broad range of furan levels with enough selectivity and sensitiv-

ty. Therefore, the HS-SPME–GC–MS method can be proposed as an
lternative to the FDA method for routine analysis of furan in foods.

cknowledgments

This study was supported by the European Union, Priority
on Food Quality and Safety (Contract No. FOOD-CT-2003-

06820 Specific Targeted Project, “Heat-generated food toxicants-
dentification, characterization and risk minimization”). This
ublication reflects the authors’ views and does not necessarily
hose of the EU. The information in this document is provided as
een and no guarantee or warranty is given that the information is
t for any particular purpose. The user thereof uses the information
t his sole risk and liability. M. Soubhi Altaki thanks the Ministry of
oreign Affairs and Cooperation of Spain (MEAC) and the Spanish
gency for International Cooperation (AECI) for a Ph.D. grant.
eferences

[1] J.A. Maga, CRC Crit. Rev. Food Sci. Nutr. 11 (1979) 355.
[2] Exploratory data on furan in food, US Food and Drug Administration (FDA),

Washington, DC, 2004; http://www.cfsan.fda.gov/∼dms/furandat.html.

[
[
[
[
[
[

8 (2009) 1315–1320

[3] Furan in food: detailed list of results. Swiss Federal Office of Public
Health (SFOPH), Bern, 2004; http://www.bag.admin.ch/themen/ernaehrung/
%2000171/00460/01328/index.html?lang=de.

[4] Report of the Scientific Panel on Contaminants in the Food Chain on pro-
visional findings on furan in food, European Food Safety Authority (EFSA),
The EFSA Journal 137 (2004) 1–20, Brussels, Belgium; http://www.efsa.eu.
int/science/contam/contam documents/760 en.html.

[5] H.Z. Senyuva, V. Gökmen, Food Addit. Contam. 24 (2007) 136.
[6] A. Becalski, S. Seaman, J. AOAC Int. 88 (2005) 102.
[7] J. Mark, P. Pollien, C. Lindinger, I. Blank, T. Mark, J. Agric. Food Chem. 54 (2006)

2786.
[8] V.A. Yaylayan, J. Verbr. Lebensm. 1 (2006) 5.
[9] X. Fan, K. Mastovska, J. Agric. Food Chem. 54 (2006) 8266.

[10] S. Hasnip, C. Crews, L. Castle, Food Addit. Contam. 23 (2006) 219.
[11] A. Limacher, J. Kerler, B. Conde-Peti, I. Blank, Food Addit. Contam. 24 (2007) 122.
12] H. Glatt, H. Schneider, Y. Liu, Mutat. Res. 580 (2005) 41.

[13] L.A. Peterson, M.E. Cummings, J.Y. Chan, C.C. Vu, B.A. Matter, Chem. Res. Toxicol.
19 (2006) 1138.

[14] L.J.K. Durling, K. Svensson, L. Abramsson-Zetterberg, Toxicol. Lett. 169 (2007)
43.

[15] Dry cleaning some chlorinated solvents and other industrial chemicals, Mono-
graphs on the Evaluation of Carcinogenic Risks to Humans, International Agency
for Research on Cancer (IARC), Lyon, France, 1995, vol. 63, pp. 393.

[16] 11th Report on Carcinogens, US Department of Health and Human Service, Pub-
lic Health Service, National Toxicology Program, Research triangle park, NC,
2005; ntp.niehs.nih.gov/ntp/roc/eleventh/profiles/s090fura.pdf.

[17] Furan in foods-Thermal treatment, US Food and Drug Administration (FDA),
Washington, DC, 2004; http://www.cfsan.fda.gov/∼lrd/fr040510.html.

[18] Invitation to submit data on furan in food and beverages, European Food
Safety Authority (EFSA) (2006 and 2007), Brussels, Belgium; http://www.efsa.
europa.eu/de/science/data collection/furan.html.

[19] D. Roberts, C. Crews, H. Grundy, C. Mills, W. Matthews, Food Addit. Contam. 25
(2008) 25.

20] C.W. Heppner, J.R. Schlatter, Food Addit. Contam. 24 (2007) 114.
21] C. Crews, L. Castle, Trends Food Sci. Technol. 18 (2007) 365.
22] C. Crews, L. Castle, LC-GC Eur. 20 (2007) 498.
23] O. Zoller, F. Sager, H. Reinhard, Food Addit. Contam. 24 (2007) 91.
24] P.J. Nyman, K.M. Morehouse, T.P. McNeal, G.A. Perfetti, G.W. Diachenko, J. AOAC

Int. 89 (2006) 1417.
25] H.Z. Senyuva, V. Goekmen, Food Addit. Contam. 22 (2005) 1198.
26] C. Crews, S. Hasnip, D.P.T. Roberts, L. Castle, Food Addit. Contam. 24 (2007) 108.
27] Determination of furan in foods, US Food and Drug Administration (FDA), Cen-

ter for food safety and applied nutrition, Washington, DC, October 27, 2006;
www.cfsan.fda.gov/∼dms/furan.html.

28] A. Becalski, D. Forsyth, V. Casey, B.P.-Y. Lau, K. Pepper, S. Seaman, Food Addit.
Contam. 22 (2005) 535.
29] W. Wardencki, M. Michulec, J. Curylo, Int. J. Food Sci. Technol. 39 (2004) 703.
30] H. Kataoka, L.H. Lord, J. Powliszyn, J. Chromatogr. A 880 (2000) 35.
31] I.-P. Ho, S.-J. Yoo, S. Tefera, J. AOAC Int. 88 (2005) 574.
32] T. Goldmann, A. Perisset, F. Scanlan, R.H. Stadler, Analyst 130 (2005) 878.
33] F. Bianchi, M. Careri, A. Mangia, M. Musci, J. Chromatogr. A 1102 (2006) 268.
34] M.S. Altaki, F.J. Santos, M.T. Galceran, J. Chromatogr. A 1146 (2007) 103.



D
p

P
D

a

A
R
R
A
A

K
D
C
M
D
E
H

1

s
l
p
c
e
i
b
t
l
d
m
d
d
b
H

0
d

Talanta 78 (2009) 1414–1421

Contents lists available at ScienceDirect

Talanta

journa l homepage: www.e lsev ier .com/ locate / ta lanta

irect electrochemistry of catalase at multiwalled carbon nanotubes-nafion in
resence of needle shaped DDAB for H2O2 sensor

eriasamy Arun Prakash, Umasankar Yogeswaran, Shen-Ming Chen ∗

epartment of Chemical Engineering and Biotechnology, National Taipei University of Technology, No. 1, Section 3, Chung-Hsiao East Road, Taipei 106, Taiwan, ROC

r t i c l e i n f o

rticle history:
eceived 15 January 2009
eceived in revised form 16 February 2009
ccepted 17 February 2009
vailable online 24 February 2009

eywords:
irect electrochemistry
atalase
ultiwalled carbon nanotubes
idodecyldimethylammonium bromide

a b s t r a c t

The direct electrochemistry of catalase (CAT) at didodecyldimethylammonium bromide (DDAB) present
on nafion dispersed multiwalled carbon nanotubes (MWCNTs-NF) modified glassy carbon electrode
(GCE) has been reported. The presence of DDAB in MWCNTs-NF-CAT film enhances the surface cover-
age concentration of CAT (FeIII/II) to 48%. Similarly, in presence of DDAB, there is a 57% enhancement
in electron transfer rate (ks) with 66% increase in CAT stability. (FeIII/II) redox couple exhibits linear
dependence with the pH variation (−51 mV pH−1). The UV–vis absorption spectroscopy study reveals
the entrapped CAT in DDAB film retains its native structure at MWCNTs-NF modified electrodes. Simi-
larly, electrochemical impedance spectroscopy results confirm the co-existence of CAT and DDAB in the
modified film. Further, scanning electron microscopy results reveal the structural morphological differ-
ence between various components in MWCNTs-NF-(DDAB/CAT) film. The cyclic voltammetry (CV) and
lectrocatalysis
ydrogen peroxide

amperometry (i–t curve) have been used for the measurement of electroanalytical properties of H2O2

by means of various film modified GCEs. The sensitivity values of MWCNTs-NF-(DDAB/CAT) film for
H2O2 using CV (35.62 �A mM−1 cm2) are higher than the values which are obtained for MWCNTs-NF-
CAT film (2.74 �A mM−1 cm2). Similarly, the sensitivity values using i–t curve are 101.74 �A mM−1 cm2 for
MWCNTs-NF-(DDAB/CAT) and 74.69 �A mM−1 cm2 for MWCNTs-NF-CAT film. Finally, the diffusion coef-
ficient of H2O2 at MWCNTs-NF-(DDAB/CAT) film (3.4 × 10−10 cm2 s−1) has been calculated using rotating

disc electrode studies.

. Introduction

Perpetually, the direct electrochemistry of redox enzymes
hows significant interest since they catalyzes variety of bio-
ogical process like photosynthesis, metabolism and respiration
athways [1–3]. As a result, many comprehensive studies asso-
iated with direct electrochemistry of redox enzymes have been
xclusively studied in the past [4–8]. All these findings clearly
llustrate that, it is impossible to achieve direct electron transfer
etween enzyme and bare electrodes. Where prosthetic group of
he enzyme gets deeply buried inside the polypeptide chain which
eads to the passivity of the electrode [9–13]. Among enzymes, oxi-
oreductase enzymes represent an important group which plays a
ajor role in the metabolism of living cells [14]. In this oxidore-
uctase, catalase (CAT) is an active enzyme, which catalyzes the
isproportionation process of H2O2. This catalytic ability of CAT has
een applied in the development of enzyme based H2O2 sensors.
owever, the rapid response of such CAT based sensors relies on

∗ Corresponding author. Tel.: +886 2270 17147; fax: +886 2270 25238.
E-mail address: smchen78@ms15.hinet.net (S.-M. Chen).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.02.033
© 2009 Elsevier B.V. All rights reserved.

the rate of electron transfer between CAT and the electrode. Ear-
lier, few attempts were made to achieve direct electron transfer
between CAT and glassy carbon and graphite electrodes using elec-
trode modification methods [15–17]. The different matrices used for
electrode modification are chitosan [18], polyacrylammide hydro-
gel [19], methyl cellulose [20], agarose hydrogel [21], collagen [22],
and silica sol–gel [23]. The long time stability of CAT in the immo-
bilized matrix is much needed, and recently good stability has been
reported with CAT encapsulated dendrimer films [24–26]. Though
CAT immobilized on the above matrices illustrate their unique
advantage, the matrix composition, fabrication and enzyme immo-
bilization procedure remains rather complicated and time consum-
ing one. Thus suitable matrix material and simple immobilizing
techniques relies on the ease of fabrication of an enzyme sensor.

In recent years, multiwalled carbon nanotubes (MWCNTs) have
fascinated much attention due to their exceptional stability, good
electrical conductivity and high mechanical strength [27–33].
Moreover, the antifouling property of MWCNTs has made them

extremely suitable for enzyme immobilization and thus for the
fabrication of enzyme based amperometric sensors [34]. Earlier
studies reveal that, several redox enzymes, proteins, DNA and anti-
gen/antibody were successfully immobilized on MWCNTs modified
surfaces [35–45]. Further development has been made by using
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unctionalized MWCNTs produced by covalent and non-covalent
pproaches for electrode modification [46–53]. Though this kind
f functionalizing approaches leads to significant advances, they
ften result in the shortening of nanotubes and may cause minimal
amage to the sidewalls of MWCNTs [54,55]. These shortcom-

ngs are overcome by Wang et al. approach of wrapping MWCNTs
ith hydrophobic polymer chains of nafion (NF) [56]. In their

esults, NF association leads to stable dispersion of MWCNTs.
his stable MWCNTs-NF has been widely used in the fabrica-
ion of many oxidase enzyme based sensors, such as: Rivas et al.
mmobilized oxidase enzymes on MWCNTs-NF by layer-by-layer
echnique. Recently, bienzyme sensors with oxidase enzyme have
een developed using MWCNTs-NF [57,58]. However, this kind of
irect approach cannot be extended to enzymes like CAT which pos-
esses huge structure, where direct electron transfer occurs only
n the presence of suitable matrix. To challenge this, we made an
ttempt to immobilize CAT on MWCNTs-NF layer coated glassy
arbon electrode (GCE). Fortunately, we noticed direct electron
ransfer between CAT and MWCNTs-NF. However the stability and
lectron transfer rate of the resulting MWCNTs-NF-CAT film is poor.
n contrast, Rusling and coworkers reported 1000-fold increase in
lectron transfer for myoglobin entrapped didodecyldimethylam-
onium bromide (DDAB) surfactant films [59]. Similarly, Huang et

l. noticed a dramatic enhancement in electron transfer at heme
roteins, NF and DDAB incorporated pyrolytic graphite electrodes,
hich has been observed to be several folds greater than bare and
F coated electrodes [60]. Similar supporting results have also been

ound in literature [61–65]. These studies greatly emphasis that
DAB can promote the electron transfer rate to large extent even

or huge structured proteins. Thorough view of literature shows, no
ne has attempted to immobilize CAT along with DDAB at MWCNTs-
F film. In the present study, we report DDAB/CAT immobilized at
WCNTs-NF film for H2O2 reduction. Eventually, this MWCNTs-NF-

DDAB/CAT) modified GCE shows rapid response with good stability
owards the catalytic reduction of H2O2 at physiological pH.

. Experimental details

.1. Apparatus

Cyclic voltammetry (CV) study was performed with a con-
entional three electrode system using CHI 405 electrochemical
ork station. GCE with an electrode surface area of 0.079 cm2

as modified either with CAT, DDAB, DDAB/CAT, MWCNTs-NF,
WCNTs-NF-CAT or MWCNTs-NF-(DDAB/CAT) films. These modi-

ed GCEs were used as working electrodes. A thin Pt wire (diameter
f 0.5 mm) was used as counter electrode. The potential men-
ioned in all experimental results were measured with respect
o standard Ag/AgCl reference electrode. UV–vis absorption spec-
roscopy measurements were carried out using Hitachi U-3300
pectrophotometer. Electrochemical impedance spectroscopy (EIS)
easurements were performed using IM6ex ZAHNER (Kroanch,
ermany). Surface morphology study of the films was carried
ut using Hitachi S-3000 H scanning electron microscope (SEM).
otating disc electrode (RDE) and amperometric (i–t curve) mea-
urements were performed using CHI 750 potentiostat with
nalytical rotator AFMSRX (PINE Instruments, USA).

.2. Reagents

CAT from bovine liver (4540 units mg−1) was purchased from

igma and DDAB (98%) was purchased from Aldrich were used with-
ut further purification. MWCNTs with O.D. 10–15 nm, I.D. 2–6 nm,
ength 0.1–10 �m was obtained from Sigma–Aldrich, and 5 wt%
F perfluorinated ion exchange resin was obtained from Aldrich
ere used as received. 0.05 M phosphate buffer solution (PBS) was
78 (2009) 1414–1421 1415

prepared by mixing 0.05 M Na2HPO4 and 0.05 M NaH2PO4 and
then, pH of the buffer was adjusted to 6.5 using 0.05 M H2SO4. All
other chemicals used were of analytical grade. All reagents were
prepared with twice distilled deionised water. In prior to each
experiment, buffer solutions were deaerated by continuous bub-
bling of prepurified N2 gas for 10 min. During the experiments, N2
was continuously passed over the solution in order to maintain inert
atmosphere.

2.3. Preparation of MWCNTs-NF dispersion and DDAB/CAT
mixture

MWCNTs-NF dispersion was prepared according to the proce-
dure reported in the literature [66]. Previous studies show that
stable dispersion of MWCNTs-NF association does not affect the
catalytic properties of MWCNTs [56]. Similarly, Zhou et al. have
recently reported specific interactions between the sidewalls of
MWCNTs and the hydrophobic domains of NF, which leads to the
stable dispersion of MWCNTs than in other solvents [67]. Briefly,
10 mg of MWCNTs was added to 0.5 wt% NF solution and the
whole mixture was ultrasonicated for 6 h until a homogeneous
and well-distributed black suspension was obtained. This black
suspension has been sealed well to avoid evaporation of lower
aliphatic alcohol present in 5 wt% NF solution. DDAB/CAT mixture
was prepared by the following procedure. About 0.5 mg of DDAB
was added into 10 ml of PBS followed by continuous stirring for
30 min. After 30 min, a uniform colorless DDAB solution (0.1 mM)
has been obtained. Similarly, bovine liver CAT solution (10 mg ml−1)
has been prepared (pale yellow). Equal volumes of the above pre-
pared DDAB and CAT solutions were mixed and stirred continuously
for 1 h. This results in deep straw colored DDAB/CAT (1:1) solu-
tion. For comparative studies, DDAB and CAT mixtures of different
ratios (1:2, 1:3, 1:4 and 1:5) were prepared (eight experiments).
All the above prepared solutions were stored at 4 ◦C when not
in use.

2.4. Fabrication of MWCNTs-NF-(DDAB/CAT)/GCE

In prior to modification, GCE surface was polished to a mirror fin-
ish using 0.05 �m alumina slurry and Buehler polishing cloth. Then,
the GCE was washed and ultrasonicated in twice distilled deionised
water for 10 min to remove the loosely adsorbed Al2O3 particles.
About 0.13 ml cm−2 of MWCNTs-NF was spread evenly on the GCE
surface and dried at 35 ◦C. Then, 0.13 ml cm−2 of DDAB/CAT mixture
was dropped carefully over the MWCNTs-NF film and dried at 25 ◦C.
The above said composite film was also modified over pre-cleaned
gold and indium tin oxide (ITO) electrode surfaces to experience a
comparative study. All the prepared GC, gold and ITO film modified
electrodes were stored in PBS at 4 ◦C when not in use.

3. Results and discussions

3.1. Direct electrochemistry of CAT

The direct electrochemical behavior of CAT has been investi-
gated with different film modified GCEs in PBS using CV as shown
in Fig. 1(a). Similar investigations have been done with gold and ITO
film modified electrodes (figures not shown). In prior to each exper-
iments, N2 was purged into PBS for 10 min. CVs were recorded in the
potential range of −0.1 to −0.7 V. To obtain well-defined reversible
redox peak for CAT, MWCNTs-NF volume has been optimized to

0.13 ml cm−2 (figures not shown). Similarly, DDAB and CAT ratio was
optimized using different ratios of DDAB and CAT mixtures (1:1, 1:2,
1:3, 1:4, 1:5, total eight experiments). The inset in Fig. 1(a) shows
the dependence of peak currents with DDAB and CAT ratio recorded
at MWCNTs-NF-(DDAB/CAT) on GCE. This above result shows the
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Fig. 1. (a) CVs of CAT, DDAB/CAT, MWCNTs-NF-CAT and MWCNTs-NF-(DDAB/CAT)
modified GCE in N2 saturated PBS at 20 mV s−1. Inset in (a) shows the plot of different
ratios of DDAB and CAT present in the mixture vs. cathodic peak current. (b) CVs of
MWCNTs-NF-(DDAB/CAT) modified GCE in N2 saturated PBS at 20 mV s−1 in different
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Table 1
Comparison of � values of immobilized CAT at various electrodes in presence and
absence of DDAB.

Type of film Electrode type � (pmol cm−2)

MWCNTs-NF-CAT GCa 49.4
Golda 22.6
ITOa 9.48

MWCNTs-NF-(DDAB/CAT) GCa 73.0

The peak to peak separation (�E) for MWCNTs-NF-(DDAB/CAT)
is 0.0119 V s−1 at 20 mV s−1 scan rate, which is lower than MWCNTs-
NF-CAT film (�E = 0.0169 V s−1). This shows that, CAT undergoes
more facile reversible redox process at the former, which is also
H solutions. Inset in (b) shows the influence of pH on Epa, Epc and E0′
of MWCNTs-

F-(DDAB/CAT) film.

aximum peak current attained with DDAB and CAT (1:1) mix-
ure. Thus, this optimized ratio has been used in all the following
xperiments. From Fig. 1(a), a pair of well defined redox peak has
een observed at formal potential (E0′

) = −0.38 V vs. Ag/AgCl refer-
nce electrode for MWCNTs-NF-(DDAB/CAT) and MWCNTs-NF-CAT
lms. However, no peaks at MWCNTs-NF, MWCNTs-NF-DDAB (fig-
re not shown), CAT and DDAB/CAT films. Similar results have been
bserved at ITO and gold electrodes (figure not shown). Moreover,
u et al. reported nearly reversible redox peaks for CAT immobi-

ized silk fibroin films at E0′
= −0.37 V vs. SCE in pH 7 [68]. Thus, the

edox peak observed at E0′
= −0.38 V in the present study belongs to

eIII/II redox reaction of the CAT heme group [21–23]. These above
esults show that, CAT exhibits reversible redox peaks only in the

resence of MWCNTs-NF at various electrodes. The surface cover-
ge (� ) values for CAT at different modified electrodes have been
alculated and given in Table 1. The � value has been calculated
Golda 27.0
ITOa 21.2

a CV studies were done using PBS at 20 mV s−1 scan rate.

using the following equation:

� = Q

nFA
(1)

where Q is the charge, n is the number of electrons involved, F, Fara-
day current and A, electrode area. Where the number of electrons
transferred is 1 for FeIII/II redox reaction of CAT. Generally, Table 1
reveals that, maximum concentration of CAT is immobilized and
active at GC rather than gold and ITO electrodes. Also the � values
show that, in the absence of MWCNTs-NF no significant redox peak
obtained for CAT. In addition, � of CAT further gets significantly
amplified in the presence of both MWCNTs-NF and DDAB. Thus
maximum � of CAT is present in MWCNTs-NF-(DDAB/CAT) film on
GCE and is observed to be 27% higher than Au and 21% higher than
ITO modified electrodes. Further, MWCNTs-NF-(DDAB/CAT) film on
GCE possess 48% higher � than MWCNTs-NF-CAT film on GCE.
Scheme 1. Schematic representation of possible interaction between MWCNTs, NF,
DDAB and CAT in the formation of MWCNTs-NF-(DDAB/CAT) film modified elec-
trodes.
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nderstandable from the maximum redox peak current (Fig. 1(a)).
he reason for this enhanced redox peak current could be due to
wo reasons: (i) in the presence of DDAB, electron transfer process
etween heme group of CAT and the MWCNTs-NF layer becomes
ore facile, which is similar to that noticed by Chen et al. [62].

ii) MWCNTs with good functional properties act as nanowires and
acilitate the electron transfer between DDAB/CAT and GCE surface.

oreover, MWCNTs-NF provides stable biocompatible environ-
ent for the immobilization of large number of biomolecules and

xidase enzymes [69,70], which in turn leads to the enhanced
lectron transfer rate at MWCNTs-NF-(DDAB/CAT), and it has been
evealed in the following sections. Possible interactions between
WCNTs-NF, DDAB and CAT at MWCNTs-NF-(DDAB/CAT) film on
CE has been given in Scheme 1. Where NF is negatively charged
olyelectrolyte which possess hydrophobic fluoro carbon chains
nd hydrophilic perflurosulphonate groups (–SO3

−) in its backbone
60]. These fluoro carbon chains of NF undergo hydrophobic inter-
ctions with the side walls of MWCNTs. Whereas, the negatively
harged –SO3− group of NF undergoes electrostatic interactions
ith the positively charged head group of DDAB [71,72]. This

esults in the strong binding of DDAB head group and MWCNTs-
F which adds more stability to the film. Similarly, the long tail
f DDAB undergoes hydrophobic interactions with CAT. Recently,
u et al. have reported such hydrophobic interactions between the
lkane chains of surfactant molecules and hydrophobic regions of
emoglobin, which improves the electron transfer rate [73].

.2. Influence of pH
Fig. 1(b) represents the influence of pH on the voltammetric
ehavior of CAT at MWCNTs-NF-(DDAB/CAT) film in the pH range of
–13. CAT molecule exhibits reversible redox peak in the pH range
rom 1 to 11. However, there is no redox peak associated with FeIII/II

ouple of CAT at pH 13. The reason for the loss of CAT redox behav-

ig. 2. Plot of anodic (Ipa) and cathodic peak (Ipc) currents vs. (a) scan rates (0.02–0.076 V
DAB/CAT (middle = b’), MWCNTs-NF-(DDAB/CAT) (bottom = c’) modified ITO. (d) Shows t

ine represents MWCNTs-NF-(DDAB/CAT) film on GCE and dashed lines represents MWCN
78 (2009) 1414–1421 1417

ior at pH 13 may be attributed to the denaturation of the enzyme
at higher pH. Thus, CAT incorporated into DDAB mixture is stable
in the wide pH range of 1–11 (Fig. 1(b)). Inset in Fig. 1(b) shows
the linear dependence of anodic peak potential (Epa), cathodic peak
potential (Epc) and E0′

on pH. Both Epa and Epc of FeIII/II redox couple
of CAT shows negative shift with increase in pH. The slope value of
E0′

vs. pH is −51 mV pH−1, which is close to the theoretical value
of Nernstian equation for equal number of proton and electron
transfer process.

3.3. Different scan rate studies

The different scan rate studies for MWCNTs-NF-(DDAB/CAT) and
MWCNTs-NF-CAT films have been investigated by CV in the poten-
tial range of −0.1 to −0.7 in N2 saturated PBS (CVs not shown).
Fig. 2(a) shows the linear dependence of peak currents on dif-
ferent scan rate from 20 to 760 mV s−1. This result shows that
electrode process is a surface confined process for both films. How-
ever, Fig. 2(b) represents the dependence of peak currents on the
square root of scan rate which shows, the rate of current increase is
less than the rate of scan rate until 400 mV s−1. This result reveals
that the MWCNTs-NF-(DDAB/CAT) film possess surface confined
process up to 400 mV s−1. Whereas, above 400 mV s−1 it possess
diffusion controlled process. From the slope values of �E vs. log
scan rate (figure not shown), by assuming the value of ˛ ≈ 0.5, and
the number of electrons involved as one, the electron transfer rate
constants (ks) have been calculated using Laviron theory [74]. The ks

values are 11 and 7 s−1 for MWCNTs-NF-(DDAB/CAT) and MWCNTs-
at MWCNTs-NF-(DDAB/CAT) film is due to the presence of DDAB. It
has been observed that 126 ng cm−2 of DDAB present in MWCNTs-
NF-(DDAB/CAT) film increases 57% of ks. Further, the ks value of
MWCNTs-NF-(DDAB/CAT) film is higher than the values obtained
for previous reported CAT films [21,23].

s−1) and (b) square root of scan rate. (c) UV–vis absorption spectra of CAT (Top = a’),
he plot of current decrease in (%) vs. number of minutes cycled. Where continuous
Ts-NF-CAT film on GCE. Scan rate: 20 mV s−1.
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Fig. 3. (a) EIS of bare, CAT, DDAB and DDAB/CAT modified GCE in 5 mM
3− 4−
418 P. Arun Prakash et al. /

.4. Investigation of immobilized CAT and its stability

UV–vis absorption spectroscopy has been used as an effec-
ive tool to probe the presence of heme group in CAT. Fig. 2(c)
hows the UV–vis absorption spectra recorded for CAT, DDAB-CAT
nd MWCNTs-NF-(DDAB/CAT) coated ITO electrodes. A soret band
as been observed at 406 nm for CAT film modified ITO (Top = a’)
50]. Similar absorption peaks have been observed at 406 nm for
DAB/CAT and MWCNTs-NF-(DDAB/CAT) films without any shift

n wavelength (middle = b’) and (bottom = c’), respectively. These
esults reveal that, CAT molecule retains its native structure in both
DAB/CAT and MWCNTs-NF-(DDAB/CAT) films. Further, the stabil-

ty of MWCNTs-NF-(DDAB/CAT) and MWCNTs-NF-CAT films have
een investigated by 30 min continuous cycling in the potential
ange of −0.1 to −0.7 V in N2 saturated PBS at 20 mV s−1 scan rate
Fig. 2(d)). At the end of each 30 cycles, the decrease in peak current
Epc) was observed and plotted against time. The stability results
learly show that MWCNTs-NF-(DDAB/CAT) film exhibits a steady
esponse after 90 cycles. However, for MWCNTs-NF-CAT film, the
eak current keeps on decreasing even after 90 cycles. Further cal-
ulation shows that, stability of CAT on MWCNTs-NF-(DDAB/CAT)
lm enhanced about 66% when comparing CAT on MWCNTs-NF-
AT film. These stability results clearly illustrate that CAT molecule
emains more stable in the presence of DDAB at MWCNTs-NF mod-
fied GCE.

.5. EIS studies of different films

The interfacial changes originating from the biorecognition
vents at the electrode surfaces can be analyzed through impedance
pectroscopy [75]. Biological materials such as enzymes immobi-
ized on conducting or semiconductor surfaces change the double
ayer capacitance and interfacial electron transfer resistance of
hose corresponding electrodes. The knowledge about these equiv-
lent circuit components thus specify the presence of biomaterials
nd surfactants immobilized on the electrode surface. Fig. 3(a)
hows the impedance spectra represented as Nyquist plots (Zim vs.
re) for bare, CAT, DDAB and DDAB/CAT films on GCE using 5 mM
e(CN)6

3−/4− in PBS. The semicircle appeared in the Nyquist plot
ndicates the parallel combination of Ret and Cdl resulting from elec-
rode impedance [76]. All the above said films exhibit semicircles
ith variable diameters in the frequency range 0.1 Hz to 100 kHz.

he semicircles obtained at lower frequency correspond to a diffu-
ion limited electron transfer process and those at higher frequency
epresent a charge transfer limited process. Comparing the films in
resence and absence of DDAB, the film containing DDAB reduces
he electron transfer resistance, which in turn reduces the semicir-
le diameter. This may be more likely due to the ordered bi-layered
tructure formed by DDAB on the electrode surface [77]. Similarly,
he presence of CAT increases the electron transfer resistance. Thus,

bove result reveals the co-existence of DDAB and CAT film on
CE. Inset in Fig. 3(a) and (b) shows the Randles equivalence cir-
uit model used to fit the experimental data. Where Rs represents
he electrolyte resistance, Ret charge transfer resistance, Cdl double
ayer capacitance and Zw Warburg impedance. The Ret and Cdl val-

able 2
et and Cdl values obtained from EIS studies for different film modified GCEs.

ilm type Electron transfer
resistance, Ret (�)

Double layer
capacitance, Cdl (�F)

are 850.6 0.399
AT 1.193 0.293
DAB 62.71 0.343
DAB/CAT 456.7 0.313
WCNTs-NF 4023 30.06
WCNTs-NF-CAT 8427 37.26
WCNTs-NF-(DDAB/CAT) 3556 29.76
Fe(CN)6 /Fe(CN)6 in PBS solution. Applied AC voltage: 5 mV, frequency: 0.1 Hz
to 100 kHz. (b) EIS of MWCNTs-NF, MWCNTs-NF-CAT and MWCNTs-NF-(DDAB-CAT)
modified GCE at similar conditions. Insets in (a) and (b) shows the Randles circuit
for above modified GCEs.

ues for different films are given in Table 2. Fig. 3(b) represents the
Nyquist plots of MWCNTs-NF, MWCNTs-NF-CAT and MWCNTs-NF-
(DDAB/CAT) films on GCE using 5 mM Fe(CN)6

3−/4− in PBS. Where
MWCNTs-NF-CAT film shows larger semicircle which indicates the
presence of CAT film on GCE. As discussed in Fig. 3(a), the Ret value
has been increased in the presence of CAT and decreased in the
presence of DDAB. Thus, the results from Fig. 3 and Table 2 reveal
the presence of DDAB and CAT in MWCNTs-NF-(DDAB/CAT) film
modified GCE.

3.6. Surface morphological characterizations using SEM

Fig. 4 represents the top view SEM images of different films
coated on ITO surfaces taken at a resolution of 5k×. In prior
to modification, ITO surfaces were cleaned and ultrasonicated in
acetone–water mixture for 15 min and then dried. The obtained
ITOs where drop casted with various composition of MWCNTs-NF,
CAT, DDAB or DDAB/CAT solutions and dried at 25 ◦C. Fig. 4(a’)
shows the bare ITO surface; (a) MWCNTs-NF film, which shows
well-dispersed MWCNTs in NF casted on ITO. (b’) Shows the bud
like structure of CAT. Whereas, (b) shows the needle shaped DDAB

coated on the ITO. The arrow in (b) indicates a needle shaped
structure of DDAB. This reveals the discriminate structure mor-
phology that exists between DDAB and CAT films. (c’) and (c)
Shows DDAB/CAT, MWCNTs-NF-(DDAB/CAT) films where the bud
like structures of CAT incorporate with needle shaped structures of
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ig. 4. SEM images of (a’) bare, (a) MWCNTs-NF, (b’) CAT, (b) DDAB, (c’) DDAB/CAT
nd (c) MWCNTs-NF-(DDAB/CAT) modified ITO.

DAB. In (c), the continuous and discontinuous arrows shows only
DAB and CAT incorporated DDAB, which covers the MWCNTs-NF.
he above SEM results show that MWCNTs-NF-(DDAB/CAT) film has
een formed on ITO surface.
.7. Electrocatalytic response of MWCNTs-NF-CAT and
WCNTs-NF-(DDAB/CAT) film towards H2O2 reduction

Fig. 5 shows the CVs of different films modified GCEs in presence
f minimum (0.05 mM) and maximum concentration (1.2 mM) of

able 3
omparison of electroanalytical values of various CAT modified electrodes for H2O2 reduc

lectroanalytical values Epc (mV) Sensitivity (�A m

CV i–t CV

WCNTs-NF-CAT −420 −420 2.74 [0.974]
WCNTs-NF-(DDAB/CAT) −360 −360 35.62 [0.9672]
anocrystalline diamond/CAT [82] −400 – 0.7
iO/CAT [83] −450 −300 24.17
Fig. 5. Electrocatalytic response of bare GCE, MWCNTs-NF-CAT at the highest
concentration of H2O2, and MWCNTs-NF-(DDAB/CAT) at the lowest and highest con-
centration of H2O2, present in N2 saturated PBS at 20 mV s−1. Inset is the plot of
cathodic peak current vs. [H2O2] from 0.05 (lowest) to 1.2 mM (highest).

H2O2 in PBS. CVs have been recorded in the potential range −0.2
to −0.8 V vs. Ag/AgCl reference electrode. In Fig. 5, bare GCE shows
no response even in the presence of 1.2 mM H2O2. Whereas, signif-
icant increase in catalytic reduction peak (−0.36 V) is observed at
MWCNTs-NF-(DDAB/CAT) film even for the minimum addition of
H2O2 (0.05 mM). The reduction peak current of H2O2 increased (as
shown in inset) for successive addition of H2O2 at both MWCNTs-
NF-CAT and MWCNTs-NF-(DDAB/CAT) films, whereas the anodic
peak current decreased. In Fig. 5 for 1.2 mM H2O2, MWCNTs-NF-
(DDAB/CAT) film shows much higher cathodic peak current than
at MWCNTs-NF-CAT film. Similarly, the reduction peak potential
(−0.36 V) of H2O2 at MWCNTs-NF-(DDAB/CAT) film is 60 mV lower
than MWCNTs-NF-CAT (−0.42 V) film. This shows that, catalytic
ability of MWCNTs-NF-(DDAB/CAT) film is higher than MWCNTs-
NF-CAT film for H2O2. Where both the increase in peak current and
decrease in over potential are considered as electrocatalysis [78].
The inset in Fig. 5 shows the linear dependence of cathodic peak
currents of MWCNTs-NF-CAT and MWCNTs-NF-(DDAB/CAT) films
with H2O2. With MWCNTs-NF-(DDAB/CAT) film the linear range is
between 0.5 and 1.2 mM H2O2. In addition, the calculated Epc, sen-
sitivity and detection limit values are given in Table 3. These results
in Table 3 show that, maximum catalytic activity with higher sen-
sitivity could be achieved at MWCNTs-NF-(DDAB/CAT) film than at
MWCNTs-NF-CAT film.

3.8. RDE studies for MWCNTs-NF-(DDAB-CAT) film

RDE is a hydrodynamic electrochemical technique which

involves the convective mass transport of reactants and products at
the electrode surface, when the electrode is rotated at a moderate
speed [79]. RDE technique is used in the present study to investi-
gate the catalytic reduction reaction of H2O2 associated with CAT
at MWCNTs-NF-(DDAB/CAT) film on a rotating GCE present in PBS

tion using different techniques.

M−1 cm2) [correlation coefficient] Detection limit (mM)

i–t CV i–t

74.69 [0.762] 0.19 1.3
101.74 [0.9983] 0.15 0.9

– 0.3 –
15.9 × 10−6 0.01 0.6 × 10−3
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Fig. 6. RDE voltammogramms of MWCNTs-NF-(DDAB/CAT) modified rotating disc
GCE in 0.21 mM H O in PBS. Rotating speed: (a) 200 RPM, (b) 400 RPM, (c) 600 RPM,
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Fig. 7. (a) Amperometric i–t curve of MWCNTs-NF-(DDAB/CAT) modified rotating
2 2
d) 900 RPM, (e) 1200 RPM, (f) 1600 RPM and (g) 2500 RPM. Scan rate = 10 mV s−1.
nset is a plot of Levich current vs. rotation rate.

t 10 mV s−1. Fig. 6 shows set of RDE voltammogramms obtained
or MWCNTs-NF-(DDAB-CAT) film at different rotating speeds from
00 to 2500 RPM. These voltammogramms increased linearly with
otation speed. If the electrocatalytic reduction of H2O2 occurs at
DE in a totally mass transfer controlled condition, the limiting cur-
ent would linearly increase with the rotation rate [80]. Inset in
ig. 6 shows the Levich plot which shows the linear dependence
f limiting current over the rotation rate. The correlation coeffi-
ient is 0.9988. Under this mass transfer controlled condition, the
imiting current (IL) is proportional to the concentration (C0) and
ngular velocity ω1/2 (rotation rate = 200–2500 RPM). The diffusion
oefficient (D) value of H2O2 at MWCNTs-NF-(DDAB-CAT) film is
.4 × 10−10 cm2 s−1, which is calculated using the following Levich
quation [81]:

L = 0.62nFAD2/3ω1/2�−1/6C0 (2)

here n represents the number of electrons involved in the H2O2
eduction reaction (n = 1), rotating electrode area (0.16 cm2), the
inematic velocity � for water≈0.01 cm2 s−1, ω is the angular veloc-
ty, � is the scan rate (0.01 V s−1) and C0 is the concentration of the
nalyte (0.21 mM).

.9. i–t response curve of MWCNTs-NF-(DDAB/CAT) film towards
he H2O2 reduction

Fig. 7 shows the typical amperometric response of MWCNTs-NF-
DDAB/CAT) film at rotating disc GCE in N2 saturated PBS, where the
lectrode potential was kept constant at −0.36 V. MWCNTs-NF-CAT
lm has also been studied at similar conditions, however figures not
hown. Initially, MWCNTs-NF-CAT and MWCNTs-NF-(DDAB/CAT)
lms show no significant response in the presence of 0.5 mM H2O2.
ut, a shoulder peak appeared on immediate addition of 0.7 mM
2O2 for MWCNTs-NF-(DDAB/CAT) film, as indicated by an arrow

n (b). Similarly, for MWCNTs-NF-CAT film, a shoulder peak appears
t 0.9 mM H2O2. Then, for every successive addition of H2O2, the
eduction current increased linearly and progressed up to 4500 s
or both films, after 4500 s they begins to level off. Both MWCNTs-
F-CAT and MWCNTs-NF-(DDAB/CAT) films show quick response
o H2O2 with a response time of 5 s. The sensitivity, detection limit
nd correlation coefficient values of various electrodes are given
n Table 3, which shows that MWCNTs-NF-(DDAB/CAT) is efficient
han MWCNTs-NF-CAT film for H2O2 detection. In Table 3, other

odified electrodes from literature are also shown. This compari-

[

disc GCE at an applied potential of −0.36 V for the addition of 0.36–5.42 mM H2O2
in N2 saturated PBS. Rotation rate: 900 RPM. Scan rate = 10 mV s−1. (b) Shows the
enlarged view of i–t response recorded before 2400 s. The inset shows the plot of
linear dependence of peak current on H2O2 concentration.

son too reveals that the electrocatalysis of H2O2 is more efficient at
MWCNTs-NF-(DDAB/CAT) film.

4. Conclusions

In the present study, we have reported a simple procedure to
immobilize CAT with DDAB on MWCNTs-NF coated GCE. Where
the direct electrochemistry of CAT is revealed through CV studies.
UV–vis, EIS and pH studies reveal that CAT exhibits reversible redox
peaks and CAT retains its native structure and remains more stable
in the pH range 1–11. The presence of MWCNTs and DDAB in the
film adds good stability to CAT. Further, MWCNTs-NF-(DDAB/CAT)
film shows rapid response, with excellent catalytic activity towards
the reduction of H2O2. This long term stability and rapid response of
MWCNTs-NF-(DDAB/CAT) film remains extremely suitable for H2O2
sensing applications and opens a new path for the development of
enzyme/surfactants based mediator less H2O2 sensors.
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a b s t r a c t

A sensor based on the quartz crystal microbalance (QCM) technique was developed for detection of a
number of primary aliphatic alcohols such as ethanol, methanol, 1-propanol, and 2-propanol vapours.
Detection was based on a sensitive and a thin film of polyaniline, emeraldine salt (ES), coated the QCM
electrode. The frequency shifts (�f) of the QCM were increased due to the vapour absorption into the ES
vailable online 5 February 2009

eywords:
uartz crystal microbalance
ensor
olyaniline salt

film. The values of �f were found to be linearly correlated with the concentrations of alcohols vapour
in mg L−1. The changes in frequency are due to the hydrophilic character of the ES and the electrostatic
interaction as well as the type of the alcohol. The sensor shows a good reproducibility and reversibility.
The diffusion and diffusion coefficient (D) of different alcohols vapour were determined. It was found
that the sensor follows Fickian kinetics.
ydrophilic character
iffusion

. Introduction

Detection of toxic odorants and air-born volatile organic com-
ounds (VOCs) becomes the world interest in the last few decades,
wing to concerns about environmental protection, human health
are, industrial processing, and quality control. Alcohols such as,
ethanol and ethanol are volatile organic solvents that are used

n many workplaces and laboratories, medicine, and food indus-
ry. The exposure to methanol vapour for a long time causes
ome diseases such as eyesight disturbance, nasal mucous mem-
rane, conjunctiva inflammation, and nerve disease and even death,
hus the on-line monitoring of these alcohols vapour in air is an
mportant task. Fourier transform infrared spectrometry (FTIR), gas
hromatography (GC), and mass spectrometry (MS) [1], were used
or detection of methanol vapour. Also ethanol detection based on
he using of metal oxides [2] was reported. Although these com-

on methods are accurate, reliable, but are off-line analysis, need
xpensive instrumentations and are time-consuming [3].

The development of sensors with selectivity, rapid reliability and
eproducibility for on-line monitoring and in-situ detection of VOCs
ave received great interest. For example, optical sensors involv-
ng changes of fluorescence [4] and optical absorption [5] were
eported.

Recently, a number of electronic devices, chemical sensors, and
ensor arrays have been developed, depend greatly on the using of

∗ Corresponding author. Tel.: +20 40 3404398; fax: +20 40 3350804.
E-mail address: mayad12000@yahoo.com (M.M. Ayad).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.01.053
© 2009 Elsevier B.V. All rights reserved.

different sensitive coatings to a special analyte. These sensors are
mass sensitive quartz crystal microbalance (QCM), surface acoustic
wave (SAW) devices, and chemical field effect transistors (Chem-
FETs). Amongst the various types of chemical sensors, there is a
considerable interest in QCM [6] for low cost, compact volume,
easy portability, and high sensitivity. Meanwhile, QCM sensor has
great interest than metal-oxide semiconductor sensors, in its lower
operation temperature [7,8] for detection of VOCs.

QCM is sensitive to mass change, when the surface of a quartz
crystal electrode is coated with a sensitive polymeric material,
capable of interacting with the analyte of interest, so it is exten-
sively employed in gas analysis [9]. The change in mass (m′) of the
polymer film can be measured by the oscillating frequency of the
quartz electrode. The frequency change (�f) to the mass loaded is
calculated from Sauerbrey equation [10]:

�f = −
(

2f 2
o√

�Q�Q

)
m′ (1)

where fo (Hz) is the natural frequency of the quartz crystal, �Q
is the quartz density (2.649 g cm−3) and �Q is the shear modulus
(2.947 × 1010 N/m2).

Conducting polymers are used in various applications, such as
in solid-state batteries, solar cells, electronic devices [11], chem-
ical sensors [12,13], rust prevention of metals [14,15], humidity

[16], and even in gas sensing [17]. Polypyrrole has been one of the
first polymers used in gas sensor analysis for detection of alco-
hols and other organic vapours [17–19], however it shows a low
sensitivity, and incomplete desorption of the gas molecules. There-
fore, the researches were extended towards polyaniline (PANI) as
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The ES coated the QCM electrode after each injection and com-
cheme 1. Polyaniline salt, emeraldine salt (ES), is deprotonated by treatment with
n alkali to polyaniline base, emeraldine base (EB).

ensing material [20–22], due to its environmental stability, high
lectrical conductivity, good reversibility and reproducibility, and
ood performance at room temperature. The deriving forces for the
nteraction of these gas analytes and PANI chains based on the elec-
rostatic interaction (hydrogen-bonding, dipolar interactions, and
ispersion forces). However, no reports are available for sensors
ased on the hydrophilic and hydrophobic character of the PANI
alt, emeraldine salt (ES) and PANI base, emeraldine base (EB), forms
Scheme 1), respectively.

In previous studies [23,24], the EB coated the QCM electrode
as used as sensor for the vapours of chlorinated aliphatic hydro-

arbons and a number of primary aliphatic alcohols. However, an
xperiment was conducted, in which the ES coated the QCM elec-
rode was used as a sensor for the primary aliphatic alcohols and
oncluded that the sensitivity of detection increases in comparison
o the EB. This is encouraging us in the present work, to develop an
n-line detection to the vapours of methanol, ethanol, 1-propanol
nd 2-propanol using QCM coated with thin film of ES. The strategy
f the hydrophilic nature of the ES film was considered. Conse-
uently, a sensitive and rapid sensor was obtained.

. Experimental

.1. Reagents and materials
Aniline (ADWIC, Egypt) was distilled twice under atmospheric
ressure using zinc dust. Ammonium peroxydisulfate (APS) (WIN-
AB, UK) was used without purification. Sulfuric acid (ADWIC)
as used as received. Ethanol and methanol were received from

Fig. 1. �f of QCM coated with (a) ES (120 nm) and (b) EB (191 nm) film when expo
a 78 (2009) 1280–1285 1281

ADWIC, Egypt, 1-propanol was received from Aldrich, England and
2-propanol was received from BDH, England. All chemicals were
used without any further purification.

2.2. Instrumentation

The design and experimental arrangement has been described
in earlier studies [25–27]. A 5 MHz AT-cut quartz crystal is used.
The resonance frequency of the crystal was determined by using
the crystal as the frequency determining element of an electronic
oscillator, the measurements being taken using a GW frequency
counter, Model GFC-8055G.

2.3. Coating on the electrode of QCM with PANI film

A 0.08 mol L−1 solution of aniline was prepared in 50 mL of
0.1 mol L−1 H2SO4 and a solution of 0.1 mol L−1 APS was prepared in
50 mL of 0.1 mol L−1 H2SO4. The APS solution was added to the ani-
line solution. The APS/aniline molar ratio after mixing was 1.25. The
solutions of the reactants were added to the polyethylene cell. As
the polymerization proceeds, the in-situ PANI sulfate (ES) film was
deposited onto the electrode of QCM. The film coated the QCM elec-
trode at the end of the polymerization was rinsed with 0.1 mol L−1

H2SO4 and then dried in an oven at 50–60 ◦C for at least 30 min until
the QCM attains constant frequency.

The thickness of the film, L (cm) can be determined from the
density (�) of the ES, � = 1.44 (g/cm3) using the relation:

m′ = �L (2)

2.4. Procedures

All measurements were carried out in a polyethylene cell with an
internal volume of 140 mL. Hamilton microliter syringe (Hamilton
Bonaduz AG, Switzerland) was used for alcohol injections. The con-
centration of injected alcohol in the cell was calculated in mg L−1

using its density, purity percent and volume.
plete absorption of alcohol vapours was exposed to hot air to desorb
the alcohol and recover the electrode. The backshift of the crystal
frequency to its initial value was taken as an indication of full des-
orption. All measurements were carried out at room temperature
(∼25 ◦C).

sed to 5 mg L−1 of methanol, ethanol, 1-propanol, and 2-propanol vapours.
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. Results and discussion

.1. The effect of the hydrophilic and hydrophobic characters of
he PANI film

The polymerization of aniline and APS prepared in 0.1 mol L−1

2SO4 ends with film (ES). This film was treated with 0.1 mol L−1

mmonia solution to obtain the EB form. The latter itself is rela-
ively hydrophobic, but after protonation with the most of acids it
ecomes more hydrophilic [28]. Both forms coated the QCM elec-
rodes were used to detect the alcohols under consideration. These
lcohols have a hydrophilic nature, but this nature decreases with
ncreasing the aliphatic hydrocarbon chain length attached to the
ydroxyl group. Fig. 1(a) shows the sensitivity and response time
f the hydrophilic ES towards a concentration of 5 mg L−1 of dif-
erent alcohols vapour. It can be shown that, methanol records
igh �f than the other alcohols and the sensitivity is in the order:
ethanol > ethanol > 1-propanol > 2-propanol. On the other hand,

sing the hydrophobic EB, 1-propanol records high �f than the
thers, as shown in Fig. 1(b) and the sensitivity is in the order:
-propanol > 2-proapnol > ethanol > methanol. It can be concluded
hat the hydrophilic and hydrophobic properties of the PANI film
lays an important role on the sensitivity and response time, in
ddition to the electrostatic interaction (hydrogen-bonding, dipolar
nteractions, and dispersion forces). For example, we would expect
hat the interaction of alcohols with the imine and amine atoms
n the EB chains more than its interaction with the ES form based
n the electrostatic interaction [24]. The present results are in con-
rary with this expectation. Consequently, the interaction between
he alcohols and the PANI film can be explained on basis of the
ydrophilic and hydrophobic properties of the PANI forms. How-
ver, the role of the electrostatic interaction cannot be excluded.
he latter conclusion can be justified in the following section.

.2. Dopant effect on the detection sensitivity

The sensitivity and response time of different ES films doped
ith hydrochloric, sulfuric and phosphoric acids to ethanol vapours
ere studied. The polymerization of aniline and APS prepared in
.1 mol L−1 hydrochloric, sulfuric and phosphoric acids were carried

ut and ended with in-situ PANI hydrochloride, sulfate and phos-
hate films coated the QCM electrode, respectively. Fig. 2 shows
he effect of dopants on the sensitivity towards a concentration
f 3 mg L−1 of ethanol vapour. �f at the steady state variation

ig. 2. �f of QCM coated with ES (chloride, sulfate, and phosphate) when exposed
o 3 mg L−1 ethanol vapours.
a 78 (2009) 1280–1285

with time for ES (chloride, sulfate, and phosphate) are given in
Table 1. It is clear that ES doped with phosphate anions shows a
high sensitivity and response time than the other dopants. This is
attributed to the fact that the phosphoric acid molecule uses one
proton to dope PANI, and the other two OH− groups are free to
form hydrogen bonds with PANI chains and the absorbed ethanol.
In case of ES (sulfate), only OH− group is free. Such type of group
does not exist in ES (chloride). Based on this result and the results
obtained from the previous section, it can be concluded that the
hydrophilicity concomitant with the electrostatic interactions are
responsible for the interaction between the alcohols and the ES
film.

3.3. ES (sulfate) coated QCM electrode for detection of alcohols

The alcohols under consideration were detected using a thin
film of ES (sulfate) coated the QCM electrode. Initially, the effect
of 15 mg L−1 of different alcohols vapour on blank (uncoated) QCM
electrode was studied. It can be shown from Fig. 3 that the frequency
was constant with time upon exposure the electrode to different
alcohols vapour. Therefore, it is concluded that the alcohols have no
effect on the frequency of the uncoated QCM electrode. The ES film
which coated the electrode was exposed to different concentrations
of methanol vapours. The frequency of the quartz crystal decreases
due to the absorption of methanol vapours into the film. �f was
measured and plotted against time, Fig. 3(a). It is observed that �f
increases linearly with increasing methanol vapours concentration.
This is expected, since more vapour molecules in the test atmo-
sphere, more vapour molecules would absorbed into the ES film
till the equilibrium reached to the steady state. After each injection
of methanol vapour and equilibrium reached, the frequency of the
crystal was back shifted to its initial value by exposing the elec-
trode to hot air, which indicates fully desorption of methanol from
the electrode surface.

A calibration curve of �f against the concentration of methanol
vapours was constructed and is shown in Fig. 4(a). Linear correla-
tion was obtained with a correlation coefficient (R) and slope equal
0.999 and 25.344, respectively.

Detections of ethanol, 1-propanol and 2-propanol vapours were
also carried out. �f versus time was plotted and is shown in
Fig. 3(b–d), respectively. The same profiles were obtained like that
of methanol. Calibration curves were plotted and all have lin-
ear relationships, Fig. 4(b–d). The correlation coefficients and the
slopes were calculated and are depicted in Table 1.

It is expected that the film thickness would affect the response
time and sensitivity of the sensor. To justify this expectation, dif-
ferent thicknesses of ES (sulfate) films were exposed to different
concentrations of ethanol vapours and �f was recorded. Plots of �f
with the concentrations of ethanol vapours are shown in Fig. 5. It
is clear that, as the film thickness increases, the magnitude of �f
and the slope of the correlation also increase, due to the increases
of the active sites of the polymer. The correlation coefficients and
the slopes were calculated and are given in Table 1.

1-Propanol has the same molecular weight of 2-propanol, but
exhibit higher frequency shift than its isomer. This is attributed to
the steric hindrance, which prevents 2-propanol molecules from
further absorption into the ES film.

3.4. Reproducibility and reversibility of the sensor

The sensor based on the ES film shows a good reproducibility and

reversibility. Fig. 6 shows the �f of the ES film of thickness 118 nm
when exposed to 3 mg L−1 ethanol till reached to the steady state
and the fully desorption of the crystal was obtained by using a hot
dry air. The presence of about 2 and 3 Hz in each analyte injection is
considered to be stability in the quartz crystal electrode. The exper-



M.M. Ayad, N.L. Torad / Talanta 78 (2009) 1280–1285 1283

Table 1
Analytical characteristic parameters for the determination of aliphatic alcohol vapours using PANI/ES coated QCM.

ESa Compound Film thickness
(nm)

�f at steady
state (Hz)

Sensitivity
(Hz/mg L−1)

Rb R.S.Dc

(n = 5)

Sulfate Methanol 140 25.344 0.999 8.879
Ethanol 118 20.700 0.998 7.088

140 22.200 0.998 6.763
177 23.067 0.998 7.677
160 127

2-Propanol 193 33.320 0.999 7.123
1-Propanol 193 32.332 0.997 10.057

Chloride Ethanol 158 97

Phosphate Ethanol 163 185

i
o

3

e
a

F
(

a Emeraldine salt of polyaniline.
b Correlation coefficient.
c Relative standard deviation.

ment was repeated for five times to insure a complete reversibility
f the sensor.
.5. Vapours diffusion study in the ES film

The diffusion of the alcohols vapour into the ES film coated QCM
lectrode is expressed in terms of diffusion coefficient (D), in which
n ES film of thickness 120 nm was exposed to 5 mg L−1 of different

ig. 3. �f of QCM coated with ES film when exposed to the vapours of different concentra
c) 1-propanol (film thickness 193 nm), and (d) 2-propanol (film thickness 193 nm).
alcohols vapours. The experimental data was analysed using Fick’s
second equation, which has been reviewed by Crank [29]:

�ft
√

D t1/2
�f∞
= 4

� L
(3)

where �ft is the frequency change due to the absorption of the
vapour into the ES film at any time t and �f∞ is the frequency
change in the equilibrium state at the end of the absorption process,

tions of: (a) methanol (film thickness 140 nm), (b) ethanol (film thickness 118 nm),
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ig. 4. Calibration curves for the determination of the alcohols vapour using the ES

hese two parameters can be given as follows:

ft = fES − ft and �f∞ = fES − f∞
here ft is the frequency during the exposure process at time t, f∞
s the frequency at the equilibrium state and fES is the frequency of
he ES film.

ig. 5. The effect of film thickness on the detection of different concentrations of
thanol vapours.
ated QCM electrode: (a) methanol, (b) ethanol, (c) 1-propanol, and (d) 2-propanol.

Fig. 7 shows a plot of �ft/�f∞ as a function of t1/2/L for methanol
vapour, in which the process obeys Fickian kinetics [29]. D was
calculated from Eq. (3) for methanol, ethanol, 1-propanol, and

2-propanol and equals 3.99, 2.85, 2.3, and 2.23 × 10−13 (cm2/s),
respectively. The D values are in the order: methanol > ethanol > 1-
propanol > 2-propanol. This is due to the differences in hydrophilic
nature and molecular structure of different alcohols.

Fig. 6. . Reproducibility and reversibility of QCM electrode coated with the ES film
when exposed to 3 mg L−1 ethanol: (a) ethanol injection and (b) ethanol desorption
using hot air.
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. Conclusion

A sensor based on quartz crystal coated with a thin film of ES
as developed for low concentrations in the range 2–17 mg L−1 of
rimary aliphatic alcohols vapour. The ES shows a high response
nd sensitivity towards the alcohols vapour. The hydrophilic and
ydrophobic properties of the ES and EB forms of PANI film, respec-
ively concomitant with the electrostatic interactions is responsible
or the driving forces of the interaction between the alcohols and

he PANI film. The hydrophilic nature of the tested alcohols has also
role on its absorption. It is concluded that, the frequency changes

ncreased with increasing the concentrations of injected alcohol
nd a good linear correlations were obtained. The results indicated
he reproducible and the reversible performance of the sensor. The

[
[

[
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diffusion of the alcohols vapour into the ES film was also studied
and is found to obey Fickian kinetics.
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a b s t r a c t

Electronic nose and SPME-GCMS were used to monitor the autoxidation in long chain polyunsaturated
fatty acid (LCPUFA)-enriched lipid microparticles produced by spray congealing with ultrasonic nebuliza-
tion, during storage at 20 ◦C up to 6 weeks with sufficient air supply and limited air supply. Conjugated
dienes and peroxide value as well as secondary lipid oxidation products were analysed to follow the
course of autoxidation. Principal Component Analysis evidenced that only MOS sensors but not MOS-
FET sensors contributed to the discrimination of the samples and facilitated the ability of the electronic
nose to distinguish the LCPUFA-enriched lipid microparticles into two groups according to the different
oxidative status. The selected MOS sensor responses correlated well with quantitative dominating volatile
nalysis
xidation
upplemented food

compounds (propanal and hexanal) and with volatile compounds which have been associated with fishy
and rancid off flavour (1-penten-3-one, 1-penten-3-ol, 2,4-heptadienal and 2,6-nonadienal). Bread mix
supplemented with the LCPUFA-enriched microparticles was analysed as an example for a LCPUFA sup-
plemented food. Data from the present study indicate that the electronic nose can be used as a sensitive
tool to evaluate the lipid oxidative status of LCPUFA-enriched microparticles. In supplemented foods like
bread mix, matrix-related changes, which occur in supplemented and non-supplemented samples, make

ifficu
a clear distinction more d

. Introduction

In the past different reports indicated that the intake of long
hain polyunsaturated fatty acids (LCPUFAs) in the Western soci-
ty is far below the recommendations and supplementation of
oods with LCPUFAs is generally recognized as useful and safe
1]. However, LCPUFAs are highly susceptible to oxidation and dif-
erent techniques have been developed to protect the LCPUFAs
rom light and oxidation as well as to mask the specific flavour of
CPUFA-rich oils from marine origin. Among these techniques for
rotection of sensitive food ingredients are the microencapsulation
y spray drying or spray chilling, complex coacervation, inclusion in
icroporous carbohydrates or fluidized bed coating. It is generally

ccepted that microencapsulation retards lipid oxidation during
torage, but it has recently been shown that lipid oxidation might
lready occur during the encapsulation process [2,3], which in the
ase of microencapsulation by spray drying might affect the fish oil

dour profile [4].

One possibility to monitor lipid oxidation is the direct analysis
f volatile secondary lipid oxidation products using gas chromatog-
aphy with static headspace technique or in a dynamic system after

∗ Corresponding author. Tel.: +39 02 50319215; fax: +39 02 50319061.
E-mail address: simona.benedetti@unimi.it (S. Benedetti).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.01.045
lt.
© 2009 Elsevier B.V. All rights reserved.

trapping of the volatiles using dynamic headspace sampling or
solid phase microextraction (SPME). Several publications deal with
the identification of volatiles in fish oil or fish oil-enriched prod-
ucts [5–11]. Approaches to link the presence of certain volatiles
analysed by GC to the sensory profile of fish oil have been pub-
lished, but these studies can only cover certain aspects of the
complex sensory profile. E.g. Venkatashwarlu et al. [8,12] charac-
terised the volatile profile of fish oil-enriched emulsions and used
1-penten-3-one, Z-4-heptenal, (E,E)-2,4-heptadienal and (E,Z)-2,6-
nonadienal, as the key compounds responsible for fishy off-flavour
of oxidised fish oil, to model the fishy off-flavour developing
during autoxidation. An alternative method to draw conclusion
from the chemical analysis on the sensory perception of fish oil
is the FAST Index. The FAST index was suggested by Macfarlane
et al. [13] and is based on the content of Z-4-heptenal as well
as 2,6- and 3,6-nonadienal. However, it has to be emphasized
that chromatogrpahic methods cannot replace sensory evalua-
tion of fish oil and fish oil-enriched products. Since the odour
threshold of the volatiles deriving from autoxidation of unsatu-
rated fatty acids varies over a very wide range, the concentration

of the individual compounds cannot be correlated with the sen-
sory perception. Furthermore highly aroma-active compounds,
which significantly contribute to the sensory profile, might be
present in concentrations below the detection limit of the method
[14].
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In recent years, considerable efforts have been devoted to the
evelopment of innovative analytical system, so-called electronic
ose, which can provide low-cost and rapid information for mon-

toring food quality and state of a process. The electronic nose
onsists of an array of gas sensors with different selectivity, a sig-
al collecting unit and a suitable pattern recognition software. In
ontrast to traditional analytical methods, electronic nose sensor
esponses do not provide information on the individual volatile
ompounds under investigation or the sensory profile, but rather
ive a fingerprint of the food product based on the chemical species
resent [15]. The electronic nose technology remains an area of
esearch that holds much potential for future development. It is
rapid means of analysis, can be easily used in conjunction with

hemometrics and, as reviewed by Reid et al. [16] has had a good
egree of success, e.g. in the authentication of a wide range of food
ypes. Analysis by electronic nose has successfully been used for
he characterisation of vegetable oils [17,18] and for the quality con-
rol of olive oil aroma [19]. Baranauskiene et al. [20] furthermore
emonstrated that the electronic nose and SPME-GC technique
ould be useful for the evaluation of microencapsulated essential
ils of thyme, oregano and cassia.

In the present study, LCPUFA-enriched microparticles are pro-
uced by spray congealing with ultrasonic nebulization. The
olatiles released during storage are monitored using a set of solid-
tate gas sensors. Key volatiles are analysed and identified via
PME-GC. Aim of the present study was to elucidate whether results
rom the sensor-based method using an electronic nose correlate
ith the content of secondary lipid oxidation products as deter-
ined by gas chromatographic analysis in order to provide an easy
ethod for standardized quality evaluation of LCPUFA-enriched
icroparticles and supplemented foods.

. Experimental

Fish oil (Omevital 18/12) with approximately 33% of the long
hain polyunsaturated fatty acids eicosapentanoic acid and docosa-
exanoic acid was provided by Cognis Deutschland GmbH & Co. KG,
ermany. Hydrogenated palm oil with 44% palmitic acid and 49%
tearic acid was provided by I.G.O.R., Industria Alimentare S.p.A.,
taly.

.1. Preparation of LCPUFA-enriched lipid microparticles

Lipid microparticles were prepared in cooperation with UDF
ystem S.r.L., Bergamo, Italy. The process is based on spray con-
ealing of a molten liquid oil or oil-based dispersion. The general
rinciple of the method is patented [21] and the preparation of
CPUFA-enriched lipid microparticles using this method has also
een described [22]. Atomization is achieved via ultrasound neb-
lization. The frequency was set at 20,000 Hz and the amplitude
t 90 �m. Droplets were rapidly solidified in a drying chamber

ooled with liquid nitrogen. The final fatty acid composition of
he lipid microparticles is summarized in Table 1. Aliquots (2 g) of
he microparticles were stored either in 40 mL head-space Pyrex
lasses under air (sufficient air supply) or in screw-capped glass

able 1
atty acid composition of the LCPUFA-enriched lipid microparticles.

atty acid %

almitic acid 35.2
tearic acid 39.2
leic acid 2.4
icosapentanoic acid 4.0
ocosahexanoic acid 2.6
otal omega-3 content 7.9
8 (2009) 1266–1271 1267

vials, tapped and filled to the very top (limited air supply) for up to
6 weeks at 20 ◦C. Sampling was performed every week.

2.2. Preparation of LCPUFA-enriched bread mix

Bread mix, essentially free from LCPUFAs, was purchased from
a local market. The product was supplemented with 2% of fish
oil by incorporating an aliquot with 10% of the LCPUFA-enriched
microparticles. The required supplementation of the bread mix
is based on per capita consumption of bread and the recom-
mended intake of LCPUFAs. Individual samples (2 g) were stored
at 20 ◦C in 40 mL head-space Pyrex glasses (sufficient air supply)
up to 24 weeks and analysed every 6 weeks by using the elec-
tronic nose and GC/MS. Non-supplemented products served as a
control.

2.3. Physical analysis of the LCPUFA-enriched lipid microparticles

Particle morphology was visualized via scanning electron
microscopy (CamScan 44 REM/EDX scanning electron microscope,
CamScan USA Inc., Cranberry Township PA, USA). Particle size deter-
mination was performed using a laser-diffraction sensor (Helos,
Sympatec GmbH, Clausthal-Zellerfeld, Germany) equipped with a
cuvette. Microparticles were dispersed in water prior to analysis.
Flowability of the microencapsulated fish oil was determined by
determining the Carr-Index, which is calculated from the bulk den-
sity (�bulk) and the tapped bulk density (�tapped) of the samples
according to the following formula:

Carr index = �tapped − �bulk

�tapped
(1)

Analysis of bulk density and tapped bulk density was performed
as described in the European pharmacopoeia [23].

2.4. Chemical analysis of lipid oxidation in LCPUFA-enriched
microparticles during storage

Conjugated dienes were photometrically determined after dilu-
tion of 10 mg of the sample with 5 ml of 2-propanol at 234 nm.
For calculation of the concentration, the results were expressed as
millimoles of hydroperoxide per kg oil using a molar coefficient
of 26,000 for methyl linoleate hydroperoxides [24]. Hydroperoxide
content was determined using the IDF standard method 74A:1991
for the determination of the peroxide value in anhydrous milk
fat with slight modifications [25]. 2-Propanol was used as sol-
vent in the test protocol. After addition of the iron-II-chloride and
the ammonium thiocyanate solution, samples were incubated in a
water bath at 70 ◦C for 30 min. The extinction was measured at a
wavelength of 485 nm.

Solid phase microextraction (SPME) was performed with a
carboxen/polydimethylsiloxane fiber (CAR/PDMS 75-�m; Supelco,
Bellefonte, PA, USA). The fiber allowed superior performance in
trapping the target volatiles compared to a polydimethylsilox-
ane/divinylbenzene fiber, which is in agreement with the literature
[11]. Prior to its use the fiber was conditioned by inserting it into the
GC injector at the temperature of 280 ◦C according to the supplier’s
instructions. HS-SPME was performed by incubating 2 g of samples
in a 40 ml vial with a pierceable Silicon/Teflon disks in the cap at
65 ◦C during 30 min. Then, the volatiles were directly desorbed in
the GC injection port during 1 min. The fiber was reconditioned at
250 ◦C for 20 min before re-using it.
The GC–MS system consisted of a GC (CP 3800, Varian) linked to
a mass selective detector (1200 Quadrupole, Varian) equipped with
a SolGel Wax 60 m × 0.25 mm i.d., 0.25 �m film thickness, capillary
column (SGE International S.r.L., Rome, Italy) was used. The GC oven
temperature was initially held at 35 ◦C for 5 min, followed by an
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ncrease of 2.5 ◦C/min to 90 ◦C, an increase of 4 ◦C/min to 180 ◦C and
nally an increase of 10 ◦C/min to a final temperature of 200 ◦C held

or 4 min. Helium was used as carrier gas at a flow rate of 1.3 ml/min.
GC injector was heated at 250 ◦C. Electron impact mass spectra
ere recorded at 1000 V over the range 35–300 m/z. Identification
as performed both by NIST (National Bureau of Standard) library

earches and by comparison with the retention time of external
tandards.

.5. Analysis of LCPUFA-enriched lipid microparticles by
lectronic nose

A commercial electronic nose (model 3320 Applied Sensor Lab
mission Analyser, Applied Sensor Co., Linkoping, Sweden) was
sed in the present study. Twenty-two different sensors compose
he sensor array: 10 sensors were Metal Oxide Semiconductor
ield Effect Transistors (MOSFET) and 12 were Taguchi type sen-
ors (Metal oxide Semiconductors—MOS). MOSFET sensors rely on
change of electrostatic potential. They comprise three layers, a sil-

con semiconductor, a silicon oxide insulator and a catalytic metal
usually palladium, platinum, iridium or rhodium), also called gate.

hen polar compounds interact with this metal gate, the electric
eld, and thus the current flowing through the sensor, are modi-
ed. The recorded response corresponds to the change of voltage
ecessary to keep a constant pre-set drain current. MOSFET sensors
espond to gases like hydrogen, ammonia, ethanol, amines, acetone,
ydrocarbons, CO and NO2.

The MOS sensors rely on changes of conductivity induced by
he adsorption of molecule in the gas phase, and on subsequent
urface reactions. They consist of a ceramic substrate coated by a
etal oxide semi-conducting film, and heated by a wire resistor.
ue to the high-operating temperature (400–500 ◦C), the organic
olatiles transferred to the surface of the sensors are totally com-
usted to carbon dioxide and water, leading to a change in the
esistance. Gases detectable by MOS sensors include alcohols,
mmonia, butane, carbon monoxide, chlorine, ethylene, heptane,
exane, hydrogen, hydrogen sulfide, methane, nitrogen dioxide,
zone, propane, sulfur dioxide and toluene.

In the instrument the MOSFET sensors are divided into two
rrays of five sensors each, one array operating at 140 ◦C and the
ther at 170 ◦C, while the MOS are kept at 400–500 ◦C during all the
rocess phases. The different conditions of MOSFET and MOS sen-
ors ensure the shift of the selectivity spectrum towards different
olatile compounds. The response is characteristic for each sensor
nd depends on the concentration and the profile of the volatile
ompounds.

Two grams of each sample was introduced in 40 ml vials with
pierceable silicon/Teflon disk in the cap. The samples were ran-
omly analysed. After headspace equilibration at room temperature
or 30 min, the volatile compounds were sampled by an automatic
yringe and were pumped over the sensor surfaces for 60 s. Dur-
ng this time the sensor responses were recorded. Then, sensors

ere exposed to filtered air at a constant flow rate (60 ml/min)
n order to keep the gas sensor signal back to the baseline. Each

easurement cycle includes an internal standard as reference for
he calibration method. In fact, the Senstool software implements

calibration method, Multiplicative Drift Correction (MDC), for
olving problems of sensor drift and ensuring repeatability and
eproducibility of sensor responses. This is a simple method in
hich an internal standard is used in order to correct all the sub-
equent readings. MDC assumes that the drift is multiplicative and
hat the relationship between the response of the internal stan-
ard and the response of the measured sample is linear [26,27].
he ratio between the internal standard measurement and all
he following calibration measurements is calculated for each
8 (2009) 1266–1271

sensor:

Rct = Rt

Kt

where Rct is the sensor response after calibration in time t, Rt is
the sensor response of the sample in time t and Kt is the sensor
response of the internal standard in time t.

Each sample has been evaluated in duplicate and the average of
the results has been used for subsequent statistical analysis.

2.6. Statistical analysis

The data obtained from the sensor array of the electronic nose
were analysed by Principal Component Analysis (PCA) performed
by The Unscramble software (v. 9.2, CAMO ASA, Oslo, Norway). PCA
is a procedure that permits useful information to be extracted from
the data, to explore the data structure, the relationship between
objects and the global correlation of the variables [28]. Linear Dis-
criminant Analysis (LDA) was applied for sample classification.
It is one of the mostly used parametric classification procedures
[29]. The method maximizes the variance between categories and
minimizes the variance within categories. This method renders a
number of orthogonal linear discriminant functions equal to the
number of categories minus one. Correlation analysis on electronic
nose sensor responses and GC–MS data as well as partial least
square analysis was performed using the SCAN software (MINITAB
Inc., State Collage, PA).

3. Results and discussion

Spray congealing led to the formation of spherical LCPUFA-
enriched microparticles with an average particle size of 185 �m.
Scanning electron micrographs show, that the process did not result
in a true encapsulation of the LCPUFAs but rather in the formation
of LCPUFA-enriched lipid microparticles as depicted in Fig. 1. Gen-
erally, when feeding a dispersion into the spray congealing process
via ultrasonic nebulisation, the dispersed phase is encapsulated in
the congealed lipid phase. Ultrasonic nebulisation leads to vibra-
tional rotation of the atomized droplets. During congealing, due to
the centrifugal force the dispersed phase (with a higher density
than the molten continuous fat phase) is forced to the center of
the particle and surrounded by the congealing continuous phase.
In contrast, when spray congealing a mixture of fish oil and molten
hydrogenated palm oil, this encapsulation process does not take
place. Particles are solidified prior to a possible phase separation
based on differences in oil fraction densities and solidification tem-
perature. The Carr index of 0.17 reflects the good flowability [30]
and thus superior handling properties compared to spray-dried
microcapsules [2].

In Table 2 the development of the hydroperoxide content and
conjugated dienes content of LCPUFA-enriched lipid microparti-
cles with limited and sufficient air supply during storage at 20 ◦C
up to 6 weeks is reported. When stored under limited air supply
the content of conjugated dienes content and hydroperoxides ini-
tially increased and levelled off after 2 weeks of storage. Within the
first 2 weeks, lipid oxidation was promoted by interstitial air inclu-
sion. In contrast, with sufficient air supply a steady increase of the
hydroperoxide content conjugated dienes content was observed.

The volatile compounds leaking from LCPUFA-enriched
microparticles were collected by SPME technique and analysed by
GC–MS. Fig. 2 illustrates the peak area of the main volatile com-
pounds extracted from microparticles headspace during storage at

20 ◦C up to 6 weeks. Among several other components, propanal,
1-penten-3-one, hexanal, 1-penten-3-ol, 2,4-heptadienal and E,Z-
2,6-nonadienal were identified as the quantitatively dominating
volatile compounds in the samples. Propanal is generally known
to be a quantitatively important volatile deriving from autoxida-
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Fig. 1. Scanning electron micrograph

ion of omega-3 fatty acids [31]. 1-Penten-3-one, 1-penten-3-ol,
,4-heptadienal and 2,6-nonadienal have been characterized
s important odorants contributing to rancid-fishy off-flavour
ormation in fish oil and fish oil-enriched products [7,8,12,32]. In

icroencapsulated fish oil these compounds did not dominate
he aroma profile and hexanal together with 2-nonenal and 2,4-
ecadienals have been suggested as quality indicators. However,

n this study a PDMS/DVB fiber has been used, which is known
o be less efficient in trapping certain volatiles like, e.g. propanal
11]. In the present study, the course of the formation when stored
nder limited or sufficient air supply differed for these six volatile
ompounds. Volatile secondary lipid oxidation products steadily
ncreased over the storage period, but the pattern significantly dif-
ered depending on the two different storage conditions. Propanal,
exanal and E,Z-2,6-nonadienal content were higher in samples
tored with sufficient air supply compared to the samples with
imited air supply. In contrast, 1-penten-3-one and 1-penten-3-ol
ontent were higher in samples stored with restricted air supply.
The sensor responses for MOS and MOSFET sensors were col-
ected and elaborated by PCA performed in covariance matrix in
rder to provide partial visualization of the data set in a reduced
imension. The first two principal components represent 95.1% of
he total variance (score plot not shown). The loading plot in Fig. 3

able 2
evelopment of the content of conjugated dienes and hydroperoxides in LCPUFA-enriche

ay Limited air supply

Conjugated dienes (mmol/kg oil) Hydroperoxide content (mmol/kg oil)

0 14.2 2.5
7 15.4 13.3

14 18.1 28.8
1 18.4 27.1
8 17.5 25.4
5 17.6 26.3
2 16.8 20.1
LCPUFA-enriched lipid microparticle.

shows the relationship between variables and how much they influ-
ence the system. Only eight of the MOS sensors and none of the
MOSFET sensors contributed to the discrimination of the samples
on the first two principal components. The remaining sensors, plot-
ted at the center, were not relevant for the discrimination.

When the PCA is only based on the MOS sensors, the first and
second principal component represents 92.4% and 5.8% of the total
variance, respectively. Examining the score plot a clear separation
of the stored samples into two groups was found according to the
different oxidative status (Fig. 4). LDA applied to the MOS sensor
responses gave 100% correct classification for all samples (error
rate 0%). Leave-one-out cross-validation error rate was 7.6% due
to two samples not correctly classified. The relationship between
the sensor responses and volatile compounds was evaluated tak-
ing into account the correlation coefficients calculated using only
the MOS sensor responses. The correlation coefficients between
each MOS sensor of the electronic nose and volatile compounds are
listed in Table 3. Strong correlations are reported in bold and show

that the MOS sensors discriminating the samples based on prin-
cipal component 1 are well correlated with propanal, hexanal and
E,Z-2,6-nonadienal. These are the volatiles, which strongly increase
during storage with sufficient air supply. Using partial least square
analysis a preliminary model was developed. The correlation coeffi-

d lipid microparticles during storage at 20 ◦C.

Sufficient air supply

Conjugated dienes (mmol/kg oil) Hydroperoxide content (mmol/kg oil)

14.2 1.7
15.3 17.2
18.2 29.2
20.2 37.9
21.9 52.1
22.3 56.9
23.3 76.5
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Fig. 2. Development of selected secondary volatile lipid oxidation products in LCPUFA-enriched microparticles during storage at 20 ◦C.

Table 3
Correlation coefficient matrix of the MOS sensor responses and selected volatile compounds detected by SPME-GC analysed during storage of LCPUFA-enriched lipid
microparticles at 20 ◦C.

Sensor Volatile compounds

Propanal 1-Penten-3-one Hexanal 1-Penten-3-ol 2,4-Heptadienal 2,6-Nonadienal

MO101 0.875 0.470 0.822 0.217 0.585 0.850
MO102 0.775 0.487 0.762 0.264 0.569 0.759
MO104 0.733 0.335 0.687 0.098 0.433 0.700
MO110 0.527 0.014 0.468 −0.216 0.107 0.470
MO111 −0.273 −0.470 −0.270 −0.473 −0.464 −0.324
MO112 −0.166 −0.426 −0.178 −0.456 −0.399 −0.223
MO113 0.625 0.074 0.510 −0.079 0.263 0.581
MO114 0.941 0.540 0.903 0.271 0.657 0.918
MO115 0.083 0.309 0.147 0.267 0.240 0.082
MO116 0.821 0.641 0.813 0.434 0.719 0.823
MO117 0.704 0.253 0.656 0.009 0.351 0.663
MO118 0.662 0.197 0.597 −0.038 0.313 0.618

T

F
f

he highest absolute values are reported in bold.

ig. 3. Loading plot of the first two principal components for all sensor responses
or LCPUFA-enriched lipid microparticles stored at 20 ◦C up to 6 weeks.
Fig. 4. Score plot of the first two principal components for selected MOS sensors for
LCPUFA-enriched microparticles stored at 20 ◦C up to 6 weeks.
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Table 4
Correlation coefficient matrix of the MOS sensor responses and selected volatile compounds detected by SPME-GC analysed during storage of bread mix at 20 ◦C.

Sensors Volatile compounds

Propanal 1-Penten-3-one Hexanal 1-Penten-3-ol 2,4-Heptadienal

MO101 0.804 0.719 0.988 0.665 0.680
MO102 0.800 0.703 0.971 0.650 0.667
MO104 0.771 0.674 0.970 0.617 0.634
MO110 0.729 0.626 0.971 0.566 0.582
MO111 0.572 0.465 0.865 0.396 0.420
MO112 0.611 0.503 0.923 0.434 0.453
MO113 0.742 0.661 0.990 0.602 0.615
MO114 0.771 0.680 0.989 0.623 0.637
MO115 0.640 0.577 0.792 0.536 0.546
MO116 0.858 0.767 0.959 0.721 0.739
MO117 0.731 0.628 0.972 0.568 0.584
MO118 0.772 0.675
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ig. 5. Score plot of the first two principal components for selected MOS sensors for
CPUFA-enriched bread mix stored at 20 ◦C up to 24 weeks.

ient for the cross-validation was above r = 0.8 for all volatiles except
or 1-penten-3-ol (r = 0.66).

Bread mix supplemented with the LCPUFA-enriched micropar-
icles was analysed as an example for a LCPUFA supplemented food.
robably due to the lower content of fish oil in the supplemented
ood and thus a lower quantitative amount in the sample, 2,6-
onadienal could not be detected in the samples. A discrimination
f the LCPUFA-supplemented bread mix after 12 weeks of storage
rom the non-supplemented bread mix could be achieved based on
he first principal component, which accounts for 93.5% of the total
ariance (Fig. 5). The response of the selected eight MOS sensors
orrelated very clearly with the headspace content of hexanal and
ropanal as well as to a lower extent with 1-penten-3-ol, 1-penten-
-one and 2,4-heptadienal (Table 4). The strong correlation results
rom a high increase in lipid oxidation parameters in the last weeks
f sample storage.

In summary, spray congealing resulted in the formation of
CPUFA-enriched microparticles with good handling properties.
ince the process does not result in a true encapsulation, fast oxi-
ation of the LCPUFAs occurs in the presence of oxygen, which

imits their application to food systems, in which the food itself
rovides an additional oxygen barrier (e.g. cereal bars) or foods,
hich are packaged under protective atmosphere. Data from the
resent study indicate that the electronic nose can be used as
sensitive tool to evaluate the lipid oxidative status of LCPUFA-

nriched microparticles. In supplemented foods like bread mix,
atrix-related changes, which occur in supplemented and non-
upplemented samples, make a clear distinction more difficult.
herefore, it has to be summarized that due to the low-aroma
hreshold of several compounds responsible for distinct notes
uring off-flavour formation, the electronic nose cannot replace
raditional sensory evaluation. Nevertheless, since the MOS sensor

[

[
[

0.973 0.619 0.636

response correlated with quantitative dominating volatiles, which
have been associated with fishy and rancid off flavour, the electronic
nose represents a useful tool for routine quality control.
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a b s t r a c t

Ion mobility spectra for a series of mono-substituted toluenes and a series of mono-substituted anilines
were obtained using three different methods of atmospheric pressure ionization including photoioniza-
tion, chemical ionization from a 63Ni source, and chemical ionization from a corona discharge source. The
product ion peak intensities were measured as functions of analyte concentration at 323 K in a purified
air atmosphere. Two, and sometimes three, product ion peaks were observed in spectra from chemical
ionization with the 63Ni source and it is suggested that the major peak, due to the protonated molecule,
arose in both series by proton transfer from H3O+(H2O)n. The second peak with diminished intensity and
longer drift time than the protonated molecule can be seen with the toluenes and was understood to be
the NO+ adduct, formed from the reactant ion NO+(H2O)n. Electron transfer from the anilines to the latter
ion yields the molecular ions, identified by having the same reduced mobility coefficients as the molecular

ions produced by photoionization. The structure of these product ions was determined by investigations
using the coupling of ion mobility spectrometry with atmospheric pressure photoionization and mass
spectrometry (APPI–IMS–MS). The relative abundances of both the NO+ adducts with the toluenes and
the molecular ions with the anilines are enhanced with a corona discharge source where relatively more
NO+(H2O)n is produced than in a 63Ni source. Ab initio calculations show that only the protonated anilines

sign
omet
of all the product ions are
of the ion mobility spectr

. Introduction

Ion mobility spectrometry (IMS) has been developed as an
nalytical technique for detecting and identifying volatile and
emi-volatile organic compounds using fieldable and transportable
evices operating at atmospheric pressure, often in a supporting
tmosphere of purified air [1,2]. The IMS technique permits simple,
apid determinations of these compounds with applications in sev-
ral categories including security [3], military [4], petrochemical
5], environmental analysis [6], diagnostics [7,8], process control
9] and air pollution control [10]. Ion mobility spectrometers can
e used as individual units or coupled with separation techniques

GC [11] or HPLC [12]) for the analysis of complex mixtures or as a
eparation technique for mass spectrometry [13].

In an IMS measurement, the drift velocity is determined for an
on swarm, derived from a sample, in a weak electric field of a drift

∗ Corresponding author. Tel.: +49 3412351457; fax: +49 3412351443.
E-mail address: helko.borsdorf@ufz.de (H. Borsdorf).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.02.043
ificantly hydrated with 1 ppmv of moisture in the supporting atmosphere
er.

© 2009 Elsevier B.V. All rights reserved.

tube at atmospheric pressure. Since the measurement is made on
ions, the formation of ions from neutral sample molecules is a first
and controlling event in the method and the ionization of sam-
ple also occurs in air at ambient pressure. The common method
for ionization in conventional IMS analyzer is through chemical
reactions between sample and reactant ions arising from the emis-
sion of electrons from radioactive 63Ni or a corona discharge (CD)
into a supporting atmosphere. Another method of forming ions is
photoionization (PI) with a gaseous discharge lamp. Regardless of
reaction pathways, reactant and product ions are extracted from
the source region and injected via an electronic ion shutter into a
drift region moving toward a detector down a uniform voltage gra-
dient. The speed of ion swarms for each type of ion, termed the drift
velocity, �d, is proportional to the strength of the electric field, E,
the constant of proportionality being the ion mobility, K.
The value of K is dependent on mass and charge of an ion and on
the collision cross-section, which is described by structural param-
eters (physical size and shape) and the electronic factors defining
ion-neutral interaction forces. Therefore, ions with different mass
and/or structure attain different drift velocities, providing a basis
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or the separation of ions in IMS analyzers [14]. Both parameters
re the major variables influencing the ion mobilities when param-
ters of drift gas, drift gas density, gas flows, humidity of drift
as and temperature are kept constant [15,16]. The influence of
ll these parameters on ion mobility can be described with the
ason–Schamp equation [17,18]. Mobility coefficients measured

re commonly converted to reduced mobilities, Ko, in which tem-
erature and pressure of the gas atmosphere is corrected to 273 K
nd 760 Torr (mm Hg).

While such corrections for temperature and pressure may nor-
alize the physics of ion motion in a gas, there is another aspect

o ion behavior which is the association of a bare positive ion,
ither transiently or permanently, with polar or polarizable neu-
rals in the drift gas. Such associations lead to increases in ion mass
nd in collision cross-section, though the stability of such cluster
ons is dependent upon temperature and pressure. Nonetheless,
ater molecules that are always present in the gas atmosphere
r drift gas to a greater or lesser extent will hydrate most ions
articularly those with a proton core. The extent of this hydra-
ion, described by an equilibrium equation (Eq. (1)), depends
n the ion structure, the moisture content of the drift gas, and
emperature:

+ + nH2O � M+(H2O)n (1)

The association of water with an ion is mainly an electrostatic
nteraction. A more delocalized charge can cause a less degree of
ydration and hence the drifting ion has a lower effective mass.
hus, ˝D may also be dependent on the degree of charge delocal-
zation. A relatively large ion with delocalized charge would exhibit

lower ˝D and hence higher mobility than if the charge were
ocalized.

Karpas has suggested that the effects of charge delocalization
nd structure can be seen in enhanced mobilities of cyclized proto-
ated �,�-diamines over those for protonated aliphatic and cyclic
mines of similar mass [19]. In a further study, Karpas et al. observed
wo product ion peaks in the ion mobility spectra of aniline and
everal mono- and di-substituted anilines in air [20]. Each peak
as determined using an IMS/MS (mass spectrometer) instrument

s a protonated monomer with differing sites of protonation. The
ore mobile ion was believed to be protonated on the aromatic

ing with considerable charge delocalization and diminished ion-
eutral interaction with the drift gas. The second peak was thought
o be protonated on the amine with high localization of charge. Con-
equently, enhanced interactions between the N-protonated ions
ould account for a greater drift time and lesser mobility than the
ing-protonated ion. The quoted ratio of the intensities of the two
eaks varied over more than two orders of magnitude, from 0.05 for
-chloroaniline to 7.0 for 3,5-dimethylaniline, implying a large vari-
tion of the ring to N protonation ratio, dependent on the number,
ype and position of substituents.

Unlike the two product ions seen for these chemicals by Karpas
t al. only a single peak was reported by Kolaitis and Lubman, who
sed a similar instrument equipped for both 63Ni and 2-photon
� = 266 nm) laser ionization [21]. The mobility of the product ions
or each compound was independent of ionization method suggest-
ng a common structure or identity. Expectedly, the mass spectra
or many of the compounds showed molecular ion and the proto-
ated molecule. In particular, these two ions were of almost equal

ntensity with aniline. It is to be noted that the mass spectrum of the
ir drift gas with 63Ni ionization contained many more ions with
H4

+ as the core ion than with H3O+. This is an unusual occurrence

ince, in the reactant ion spectrum, the intensity of H3O+(H2O)n

s usually much greater than that of NH4
+(H2O)n. Neither Karpas

or Lubman stated the concentrations of the analytes, although
rom the absence of reactant ions in many of the mass spectra, Lub-

an appears to have saturation levels. Since vapor concentrations
8 (2009) 1464–1475 1465

may influence the appearance of a mobility spectrum through clus-
ter reactions, knowledge of these values and the effect on spectra
over a range of concentrations are considered today as a necessary
practice.

In this paper, the site of protonation in aniline is compared using
mobility spectra with two series of compounds, mono-substituted
toluenes and mono-substituted anilines. The toluenes have only the
aromatic ring as the potential protonation site whereas the anilines
have both the ring and the nitrogen. Since toluene and aniline differ
in mass by only 1 Da, mass effects may be minimized by comparing
spectra of analytes from the two series with the same substituent.
Structural differences, though masses are comparable, should lead
to different degrees of association with neutrals of the drift gas and
this should be seen in drift velocities.

The nature of product ions formed from these compounds was
investigated by comparing the ion mobility spectra obtained using
three different ionization techniques. APPI–IMS–MS investigations
were additionally performed for determining the structure of prod-
uct ions formed. For the identification of possible interactions
between product ions and neutrals, optimized structures and ener-
gies were determined using ab initio calculations. Furthermore, we
calculated the enthalpies of reaction for different possible gas phase
reactions.

The temperature of these studies was limited by the commer-
cial analyzer to 323 K, well below the ∼473 K used by both Karpas
and Lubman. However, concentrations were controlled over a range
appropriate for each ion source [22].

2. Experimental

2.1. Ion mobility measurements

Chemicals were obtained in 99% or better purity from
Sigma–Aldrich (Taufkirchen, Germany), and Merck (Darmstadt,
Germany). Three hundred microliter of neat sample was sealed
in polyethylene permeation tubes which were positioned in a
temperature-controlled glass column. Ambient air, scrubbed over
charcoal and silica gel, was passed through the glass column, split,
and diluted using scrubbed air to provide a range of concentrations.
The moisture content of the gas streams was measured by a mois-
ture sensor AMX1 (Panametrics, Waltham, USA) as 2.0% relative
humidity (−25 ◦C dew point ±3 ◦C). A portion of flow was intro-
duced into the ion mobility spectrometer where additional dilution
occurred in the recirculated internal flow of 25 L h−1. The details of
the sample introduction system used for the mobility spectrometer
have been described previously [23].

The mobility spectrometers were RAID 1 (Bruker, Leipzig, Ger-
many) hand-held analyzers operating in the positive ion mode.
Each of three RAID analyzers was fitted with a different ion source
including a 15 mCi 63Ni foil, a krypton lamp providing 10 and
10.6 eV photons, and a corona discharge. All experimental parame-
ters, apart from ion source conditions were kept constant to ensure
identical ion gating (300 �s), drift and detection, independent of
the ion source. The spectrometers work with a bidirectional flow
system. Spectra were obtained with the following conditions: car-
rier gas and drift gas: air; temperature of inlet system: 353 K;
carrier gas flow rate: 25 L h−1; drift gas flow rate: 25 L h−1; tem-
perature of drift tube: 323 K; and pressure: ambient ranging from
740 to 750 mm Hg. The reduced mobility values (Ko values) were
calculated from drift tube parameters (length of drift tube: 5.8 cm;

electric field 245 V cm−1). The drift times and the reduced mobil-
ity values were controlled by measuring acetone (1.84 cm2 V−1 s−1)
and di-iso-propylmethylphosphonate (1.53 and 1.05 cm2 V−1 s−1).

Each instrument was equipped with a methyl silicone mem-
brane which discriminates against polar compounds, in particular
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ater, and the water concentration in the source atmosphere was
qual to or less than 1 ppmv [24]. An unwelcome consequence of the
embrane inlet is that vapor sample concentrations in the source

re known only at a semi-quantitative level.

.2. Mass spectrometry

The PI mass spectra of selected isomers were examined using
mobility spectrometer coupled to a mass spectrometer. A drift

ube composed of alternating stainless steel and Teflon rings was
ttached to a triple quadrupole mass spectrometer (API 111, PE-
CIEX, Toronto, Canada) as previously described [25]. In the IMS/MS
xperiments, the ion shutter was kept open to improve ion intensity
n the mass spectrometer and minimize time for signal averaging.
onetheless, the residence time for all ions in the drift tube was
omparable to independent IMS measurements.

.3. Theoretical calculations

The Connolly surfaces and volumes of the molecules were cal-
ulated on the basis of optimized molecular geometries with the
ERIUS2 software suite (Accelrys Inc., San Diego, USA). Geometry
ptimization was performed using the semi-empirical AM1 method

ntegrated into the SPARTAN 5.0 suite (Wavefunction Inc., Irvine,
SA).

Optimized structures and energies were calculated by the den-
ity functional three parameter hybrid model (DFT/B3LYP) with the
-311+G(dp) basis set from the Gaussian 03W package [26].

able 1
hysicochemical properties of compounds investigated.

m/z IE (eV)a AE (eV)b

oluenes
-Methyltoluene 106 8.56 11.4 (–CH3)
-Methyltoluene 106 8.55 11.5 (–CH3)
-Methyltoluene 106 8.44 11.4 (–CH3)

-Ethyltoluene 120 n.a. n.a.
-Ethyltoluene 120 n.a. n.a.
-Ethyltoluene 120 n.a. n.a.

-Chlorotoluene 126 8.72 11.5 (–Cl)
-Chlorotoluene 126 8.76 11.4 (–Cl)
-Chlorotoluene 126 8.69 11.4 (–Cl)

-Fluorotoluene 110 8.91 12.3 (–H)
-Fluorotoluene 110 8.91 11.9 (–H)
-Fluorotoluene 110 8.79 11.9 (–H)

-Bromotoluene 170 8.56 11.2 (–Br)
-Bromotoluene 170 8.73 11.3 (–Br)
-Bromotoluene 170 8.68 11.3 (–Br)

nilines
-Methylaniline 107 7.47 10.5 (C6H6

+)
-Methylaniline 107 7.54 n.a.
-Methylaniline 107 7.61 10.8 (C7H8N+)

-Ethylaniline 121 7.60 n.a.
-Ethylaniline 121 n.a. n.a.
-Ethylaniline 121 7.60 n.a.

-Chloroaniline 127 8.20 13.1 (-Cl)
-Chloroaniline 127 8.10 12.3 (-Cl)
-Chloroaniline 127 7.99 12.3 (-Cl)

-Fluoroaniline 111 8.29 n.a.
-Fluoroaniline 111 8.32 n.a.
-Fluoroaniline 111 8.09 n.a.

a IE: ionization energy.
b AE: appearance energy of fragment ions.
c PA: proton affinity (all values obtained from: http://webbook.nist.gov/); n.a.: not avai
8 (2009) 1464–1475

3. Results

The analytes used in these experiments and associated physico-
chemical properties are shown in Table 1 and are noteworthy for the
much lower ionization energies and much higher proton affinities
of the anilines versus analogous toluenes. Apart from the methyani-
lines, the photon energies from the krypton lamp are expected to
yield the molecular ions since all appearance energies for dissocia-
tive ionization are above 10.6 eV.

We investigated all compounds using ion mobility spectrometry
with the different ionization techniques (PI, 63Ni and CD ioniza-
tion). Different degrees of association can be concluded from the
comparison of reduced mobility values. While PI mainly provides
molecular ions for the compounds investigated, 63Ni ionization and
CD ionization often form product ions which result from different
interactions between polar or polarizable neutrals of the drift gas
and product ions and subsequently from the formation of clustered
product ions. These ions show a significant shift of reduced mobil-
ity values in comparison to those obtained for PI. Depending on the
concentration, differences in the relative abundance of clustered
ions formed indicate a different nature of these product ions due
to differences in the composition of reactant ions formed by 63Ni
ionization and CD ionization.
Typical mobility spectra for the substituted toluenes, here the
chlorotoluenes, obtained by the three methods of ionization, are
shown in Fig. 1a. The actual sample concentration in the ion source
when each spectrum was obtained is not known precisely since
the samples entered the ion source via a permeable membrane and

PA (kJ mol−1)c Surface (Å2) Volume (Å3)

796.0 149.3 125.5
812.1 143.0 120.7
794.4 148.4 123.5

n.a. 159.0 139.3
n.a. 165.5 141.8
n.a. 163.5 140.5

790.5 142.1 120.5
783.5 143.6 120.0
762.9 142.6 118.7

773.3 132.9 110.2
785.4 135.9 111.9
763.8 133.4 109.9

775.3 146.1 125.1
782.0 146.8 124.2
775.3 146.2 122.8

890.9 136.9 115.8
895.8 139.8 116.4
896.7 143.9 118.9

n.a. 152.0 133.0
897.9 156.3 135.0
n.a. 161.7 138.1

n.a. 133.4 112.2
868.1 136.8 114.3
873.8 138.9 115.0

n.a. 128.2 105.4
867.3 129.1 105.8
871.5 129.0 105.4

lable. Surfaces and volumes of molecules were calculated using CERIUS2 software.
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ig. 1. Positive ion mobility spectra of the structural isomers of chlorotoluenes (a) a
ith each value for the reduced mobility coefficient (cm2 V−1 s−1).

he rate of diffusion through the membrane will be different and
nknown for individual substances. However, concentration ranges

n the sample flow are known and may be expected to be repro-
ucible between measurements for a chemical on each analyzer.
or 63Ni and CD, the lower bound of concentration in sample flow
shown below each spectrum), is for the first appearance of product
on peak and the upper bound is when roughly 80% of the reactant
on was depleted. For PI, the upper bound is the value for intensity of
peak similar to those obtained by the other two ionization tech-
iques. The concentration ranges employed for CD ionization are
wenty times lower than for the other two ionization techniques,

howing it to be the more sensitive method of analysis.

Photoionization, as expected and shown in Fig. 1, yielded one
ajor peak and a few minor peaks for each analyte. The major

eaks were identified by mass with an APPI (atmospheric pres-
ure photoionization)–IMS–MS instrument as the molecular ion.
loroaniline (b) with three ion sources, as labeled. The product ion peaks are shown

The results of these measurements are summarized in the last col-
umn of Table 2 and are shown in Fig. 2 for selected substances. The
peak for each chlorotoluene isomer is annotated with the Ko value
and the values are identical for the isomers.

Each spectrum from a 63Ni source shows a reactant ion peak (RIP,
∼2.09 cm2 V−1 s−1) and two product ion peaks with Ko values below
that of the RIP. A convenient nomenclature for reduced mobility
coefficiencies for the product ions are Kon, where n = 1 or 2, in order
of decreasing reduced mobility. For example, the first peak for 2-
chlorotoluene is Ko1 (1.88 cm2 V−1 s−1) and the second peak is Ko2
(1.74 cm2 V−1 s−1). For some spectra, there is a third product ion

peak will be termed Ko3. The Ko1 values for chlorotoluenes with
the radioactive source were essentially identical to the single peak
observed in spectra from photoionization. The values for Ko2, in
the spectra with a radioactive source were degraded in precision
due to low abundances and low resolution. Consequently, values
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Table 2
Results of ion mobility measurements and mass spectrometric investigations of positive product ions formed in air at ambient pressure with three ion sources.

Reduced mobility values (cm2 V−1 s−1) obtained by PI-IMS-MS data

Photoionization 63Ni ionization Corona discharge m/z; (): relative intensity of most intense peaks in mass spectra (%)

Toluenes
2-Methyltoluene 1.93 1.88; 1.77 (S) 2.00; 1.79 95 (38), 106 (100), 109 (40), 119 (18), 122 (70)
3-Methyltoluene 1.93 1.88; 1.75 (S) 1.99; 1.78
4-Methyltoluene 1.94 1.89; 1.76 (S) 2.01; 1.78

2-Ethyltoluene 1.82 1.78; 1.69 (S) 1.80; 1.70 95 (38), 109 (38), 120 (100), 123 (42), 127 (6), 133 (32), 136 (13)
3-Ethyltoluene 1.82 1.77; 1.68 (S) 1,80; 1.69
4-Ethyltoluene 1.82; 1.66; 1.19 1.78; 1.69; 1.19 1.80; 1.69

2-Fluorotoluene 1.97 1.97; 1.79 1.78 95 (14), 110 (100), 113 (17), 117 (20), 124 (19), 126 (64), 143 (10)
3-Fluorotoluene 1.97 1.98; 1.78 1.78
4-Fluorotoluene 1.97 1.98; 1.78 1.77

2-Chlorotoluene 1.89 1.88; 1.74 (S) 1.74 95 (6), 106 (4), 126 (100), 128 (35), 142 (35)
3-Chlorotoluene 1.89 1.89; 1.72 (S) 1.72
4-Chlorotoluene 1.88 1.87; 1.70–1.66 (S) 1.89; 1.72; 1.66

2-Bomotoluene 1.82 1.80; 1.67 (S) 1.68 99 (5), 107 (5), 122 (100), 126 (7), 135 (13), 170 (60), 172 (63), 186 (8), 188 (8)
3-Bromotoluene 1.81 1.79; 1.65 (S) 1.66
4-Bromotoluene 1.81 1.79 1.80

Anilines
2-Methylaniline 1.89; 1.33 1.87; 1.72; 1.35 1.90; 1.71 107 (100), 125 (16)
3-Methylaniline 1.88; 1.31 1.87; 1.71 1.89; 1.69
4-Methylaniline 1.89; 1.31 1.88; 1.70; 1.31 1.89; 1.69

2-Ethylaniline 1.79; 1.25 1.78; 1.64; 1.27 1.80; 1.63 121 (100), 124 (5), 133 (7), 139 (26)
3-Ethylaniline 1.77; 1.21 1.76; 1.60; 1.23 1.89; 1.78; 1.60
4-Ethylaniline 1.77; 1.21 1.76; 1.59; 1.21 1.88; 1.79; 1.59

2-Fluoroaniline 1.91 1.91; 1.72 1.92; 1.72 111 (100), 127 (9), 129 (79), 145 (3), 147 (3)
3-Fluoroaniline 1.89 1.88; 1.69 1.89; 1.68
4-Fluoroaniline 1.89 1.89; 1.69 1.90; 1.68

2-Chloroaniline 1.84 1.82; 1.68; 1.32 1.85; 1.68 93 (18), 111 (10), 127 (100), 129 (29), 145 (24), 147 (9)
3
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-Chloroaniline 1.80 1.79; 1.61 1.81; 1.61
-Chloroaniline 1.81 1.79; 1.60 1.82; 1.61

eaks in ion mobility spectra detectable as shoulder of major peak [S], bold print: m

or Ko2, for the chlorotoluenes were regarded as identical for the
hree isomers.

Spectra for the 2- and 3-chlorotoluenes with the corona dis-
harge source showed only one significant peak, or product ion.

hen reduced mobilities are compared to those from the 63Ni
ource, close or identical matches are possible with the Ko2 peak
1.74–1.70 cm2 V−1 s−1). A minor amount of the Ko1 peak was
bserved for 4-chlorotoluene; however, intensity for the Ko2 peak
as far the more intense, consistent with other CD-based mobility

pectra.
The mobility spectra for chloroaniline isomers, analogs to the

hlorotoluenes, are shown in Fig. 1b in scale and structure as that in
ig. 1a for chlorotoluenes. A single intense product ion was observed
n spectra from a PI source and these have almost the same value
or each isomer, the 2-isomer having a slightly greater Ko than the
thers. These matched the Ko1 values for product ions from the
3Ni source except that the Ko2 peak has a higher intensity than the
o1 peak, in strong contrast to the chlorotoluenes. Additionally, 2-
hloroaniline is the only isomer exhibiting a Ko3 peak. Peaks for Ko1
nd Ko2 were observed in with the CD source and matched those
ound in the 63Ni source; however, intensity for Ko1 is greater than
efore, though still not equal to that for Ko2.

Noteworthy in these findings is the difference in concentra-
ions required for response for the chloroanilines using chemical
onization with the 63Ni source. The response was about a factor

f 200 smaller than that for the chlorotoluenes. A smaller differ-
nce existed between the chemicals with the CD source, though
hloroanilines were again favored with response. Only a slight dif-
erence existed with the PI source, again favoring chloroanilines.
ince membrane yields are reproducible and all parameters were
eak.

kept stable, these differences in response were understood to be
associated with mechanism of ion formation alone and were reli-
able measures of relative quantitative response.

Reduced mobilities for all ion peaks with each source obtained
with all the mono-substituted toluenes and the mono-substituted
anilines are summarized in Table 2 where peaks in all the spectra
match the description given above for the two types of ions. In addi-
tion to the Ko1 and Ko2 peaks seen in the spectra from the 63Ni source
with the chloroanilines, most of the methyl- and ethyl-anilines
exhibited a Ko3 peak, as does 2-chloroaniline, with a significantly
lower reduced mobility coefficient. In addition, ions observed in the
APPI–IMS–MS experiments are shown in the last column where the
major ion observed for each compound was the molecular ion (M+.)
except for 2-bromotoluene where the molecular ion was intense but
not the most intense ion.

As known from the literature [25], molecular ions are com-
paratively stable during the transition from the ambient pressure
region of ion mobility spectrometer to the high vacuum of the mass
spectrometer. Therefore, we performed these mass spectrometric
investigations using PI. In contrast, CD and 63Ni often form clus-
tered product ions which may be collisionally decomposed in the
interface region. Therefore, the ions in the mass spectra obtained
using CD ionization and 63Ni ionization may be different to those
that would be obtained under IMS conditions.

As noted above, concentration in the ion source is unknown

though concentrations presented to the membrane were controlled
and reproducible. A second aspect to a mobility spectrum is how
the peak heights change in absolute and relative abundances with
changes in sample vapor concentrations. Representative response
curves are shown in Figs. 3–6. In Fig. 3, plots are given from a 63Ni
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Ammonia has a proton affinity of 853.6 kJ mol , much higher
than those of the substituted toluenes listed in Table 1, so that
proton transfer from NH4

+(H2O)n to these compounds is highly
unlikely. Water has a much lower proton affinity (691 kJ mol−1)
than the toluenes but the effective proton affinities of the hydrated

Table 3
Degree of hydration of reactant ions at 333 K and 1.0 ppmv of water.

n NH4
+(H2O)n

a NO+(H2O)n
b H3O+(H2O)n

a

0 0.02 0.03 3 × 10−10

1 0.93 0.81 0.03
Fig. 2. Mass spectra ob

ource for 2-methyltoluene (Fig. 3a) and 2-chlorotoluene (Fig. 3b)
espectively, while ionization for 2-methylaniline, 2-chloroaniline,
nd aniline are shown in Figs. 4–6, respectively from both 63Ni and
D sources. There is an elevated baseline in all the spectra that is not
ubtracted in presenting the data in Figs. 3–6. The same number of
cans was accumulated to obtain the peak intensities for each con-
entration and the contribution of the baseline to the peak intensity
hown is then constant. The baseline levels are approximately 42 pA
or 63Ni and 37 pA for CD.

. Discussion

Photoionization with the discharge lamp containing Krypton
roduce, for almost all the samples, only the molecular ion. How-
ver, ions of low intensity can be seen in the mobility spectra with a
I source and the more intense ions, other than the molecular ions,
bserved by mass spectrometry must be due to the further reac-
ion of the molecular ions. Complex chemistry has been observed
n the reactions of the benzene cation with air molecules [27] and
an account, in part, for the complex mass spectra shown in Table 2.
owever, the single large peak in each mobility spectrum from pho-

oionization in the RAID analyzer, obtained under drier and more
ontrolled conditions than those used in the APPI–IMS–MS exper-
ment, is due to the molecular ion.

The three reactant ions in the mobility spectrum obtained
hrough chemical ionization with 63Ni source are the hydrated
orms of NH4

+, NO+, and H3O+, i.e. NH4
+(H2O)n, NO+(H2O)n, and
3O+(H2O)n [28]. The ion mobility spectrometers used in this study
annot resolve these reactant ions, which therefore appear as a
ingle peak in each spectrum of Fig. 1. The reactant ions are in
quilibrium with water vapor in the instrument, so n represents
range of values for each ion that is also different for each ion.
using APPI–IMS–MS.

The distributions of the various hydrates, shown in Table 3, can be
calculated from the temperature of the supporting atmosphere in
the mobility spectrometer, 333 K, and 1 ppmv of water vapor and
using known enthalpies and entropies of hydration. The proce-
dure for calculation of hydrate distributions is given in Ref. [29].
The concentration of H3O+(H2O)n and the other species was cal-
culated using the equilibrium constants for each addition of water
molecules which is given by �G0 = −RT ln K and �G0 = �H0 − T�S0.
The thermodynamic data for NH4

+ and H3O+ are, as all values used
in this paper unless otherwise stated, from the Chemistry Webbook
(http://webbook.nist.gov/) and those for NO+ are from Kebarle and
co-workers [30]. One or more of these reactant ions is responsible
for the formation, through ion–molecule reactions, of the product
ions that constitute the mobility spectra. Table 3 shows NH4

+(H2O),
NO+(H2O) and H3O+(H2O)2 to be the predominant forms of the
reactant ions under the experimental conditions.

−1
2 0.05 0.17 0.93
3 9 × 10−5 6 × 10−4 0.04
4 6 × 10−9 3 × 10−5

a Thermodynamic data from Ref. http://webbook.nist.gov/.
b Thermodynamic data from Ref. [30].
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reaction, as is observed.
ig. 3. Intensities of peaks for product ions versus concentration of 2-methyltoluene
a) and 2-chlorotoluene (b) from chemical ionization with a 63Ni source in air at
mbient pressure.

orms are much higher. The value for each hydrate may be calcu-
ated by the addition of the appropriate enthalpies of association of
he water molecules. The effective proton affinities for H3O+(H2O)n

re—n = 1: 827 kJ mol−1; n = 2: 911 kJ mol−1; n = 3: 984 kJ mol−1. Pro-
on transfer from any of these hydrates to any of the toluenes is an
ndothermic reaction and would not be expected to occur. How-
ver, a selected ion flow tube study showed that even though the
eaction is highly endothermic, proton transfer from H3O+(H2O) to
oluene (PA = 784 kJ mol−1) and ethyl benzene (PA = 788 kJ mol−1)
ccurs with high efficiency [31]. In a selected ion flow tube oper-
ted with helium at 0.5 Torr, bare NO+ was found to react at the
ollision rate with alkylbenzenes. The major product observed
as the molecular ion, formed by electron transfer [32]. However,

he association of NO+ with substituted benzenes is well docu-
ented and tables of NO+ affinities have been produced [33–35].

oth electron transfer and association are therefore possible in
he reaction of NO+(H2O)n with the toluenes. In an ion mobility
pectrometer operating at atmospheric pressure, the association
eaction would be expected to be favored and to proceed with high
fficiency.

The substituted anilines, having very high proton affinities

ompared with the toluenes and probably an equal or higher
O+ affinities, would be expected to accept protons from both
H4

+(H2O)n and H3O+(H2O)n, and form an adduct with, or donate
n electron to NO+(H2O)n.
Fig. 4. Intensities of peaks for product ions versus concentration of 2-methylaniline
formed by chemical ionization with a 63Ni source and corona discharge source in air
at ambient pressure.

4.1. Mono-substituted toluenes

The major peak in the mobility spectra obtained in air with
63Ni ionization is usually due to protonation of the analyte. Methyl-
toluenes are only protonated on the ring and can therefore have only
one peak in the mobility spectrum for the protonated molecule.
The large peak in the mobility spectrum must result from proton
transfer from H3O+(H2O)n according to Eq. (2):

CH3C6H4CH3 + H3O+(H2O)n

→ CH3C6H5CH3
+(H2O)n−x + (x + 1)H2O (2)

The enthalpy change for this reaction may be calculated with
the reasonable assumption that the unknown enthalpy of mono-
hydration of protonated toluene is the same as that of protonated
benzene, −71 kJ mol−1. For n = 2 and x = 1, �H0

3 is +44 kJ mol−1, and
for n = 1 and x = 0, �H0

3 is −40 kJ mol−1. Proton transfer accompa-
nied by one water molecule from H3O+(H2O) to the methyltoluenes
is exothermic and therefore a feasible reaction for the formation of
protonated products, whereas proton transfer from H3O+(H2O)2 is
unlikely. Since the monohydrate constitutes only 3% of H3O+(H2O)n,
a relatively high concentration of analyte would be required for
Ko1 for the major ion of each of the methyltoluenes from 63Ni ion-
ization is just slightly less than Ko of the molecular ion formed by PI,
consistent with an ion that is, on average, slightly more hydrated.
This near equality of reduced mobilities would be expected for ions
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Some evidence in favor of the formation of NO adducts is pro-
ig. 5. Intensities of peaks for product ions versus concentration of 2-chloroaniline
ormed by chemical ionization with a 63Ni source and corona discharge source in air
t ambient pressure.

f almost identical mass both of which have charge delocalized
round the ring. The same holds true for the ethyltoluenes, and
or the halogen substituted toluenes for which Ko1 values are closer
o the PI values, and indeed for the fluoro- and chlorotoluenes the
alues are identical.

The concentration dependences of the 63Ni signal intensities for
-methyltoluene and 2-chlorotoluene in Fig. 3 show almost linear
lots for Ko1 and a very low yield of Ko2, which rapidly attains a
alue at very low concentration that remains constant with increas-
ng concentration. The constant value rules out Ko2 being a proton
ound dimer or any ion related to, or resulting from, the protonated
olecule since its intensity must then change as the analyte con-

entration increased. The ion associated with this minor product
as a lower mobility than the protonated molecule, implying an

on of higher mass. If H3O+(H2O)n is not the precursor of Ko2 then
ither NH4

+(H2O)n or NO+(H2O)n must be. A thermodynamic argu-
ent favors NO+(H2O)n. Calculation for unsubstituted toluene, for
hich some data are available, should be directly applicable to the
ono-substituted toluenes.
The enthalpy of association of NO+ with toluene is −144 kJ mol−1

nd with benzene is −131 kJ mol−1 [35]. The enthalpy of association

f NH4

+ with benzene is −81 kJ mol−1, and while that with toluene
as not been measured a reasonable estimate is −86 kJ mol−1 since
hat with 1,3,5-trimethylbenzene is −91 kJ mol−1 [36]. The forma-
ion of Ko2 is highly efficient, being complete at very low analyte
Fig. 6. Intensities of peaks for product ions versus concentration of aniline formed by
chemical ionization with a 63Ni source and corona discharge source in air at ambient
pressure.

concentration. Only the most abundant reactant ion hydrates will
therefore be considered. Table 3 shows these to be NH4

+(H2O) and
NO+(H2O). The pertinent ligand exchange reactions and their esti-
mated enthalpies for the formation of the two possible adducts with
toluene are shown in Eqs. (3) and (4):

NH4
+(H2O) + C7H8 → NH4

+(C7H8) + H2O�H0 = 0 kJ mol−1 (3)

NO+(H2O) + C7H8 → NO+(C7H8) + H2O�H0 = −67 kJ mol−1 (4)

The methyl toluenes, with the extra methyl, would form slightly
more stable adducts than toluene, but the picture would remain
the same; the addition of NO+ is very exothermic while that of
NH4

+ is close to thermoneutral. A thermoneutral ligand exchange,
as described by Eq. (3), should attain an equilibrium state in which
both product and reactant ions are present. However, since there is
only water and no analyte in the drift region the reactant ion will
be favored at the detector and the apparent reaction efficiency will
be low. A reaction with high exothermicity should proceed with
high efficiency and the Ko2 ion is most probably formed by the
association of NO+ with the neutral analyte.
vided by the CD spectra. The CD reactant ion spectrum contains
considerably more NO+(H2O)n relative to H3O+(H2O)n than does
that with 63Ni ionization [37,38]. The Ko2 peaks in the 63Ni spec-
tra of the toluenes are the same as the major peaks in the CD
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pectra of the alkyl-toluenes and 4-chlorotoluene and as the lone
eaks in the spectra of the other halogenated toluenes (Table 2).
he 63Ni spectrum of 2-chlorotoluene in Fig. 3b shows that the
o2 peak attains its maximum intensity at ∼25 �g L−1 when Ko1
as negligible intensity. With CD providing a higher concentration
f NO+(H2O), the range of concentration required for acceptable
roduct signal is 0.9–4.6 �g L−1. At this concentration, Ko1 is not
bservable. 4-Chlorotoluene is the only halogenated toluene that
as both a Ko1 and a Ko2 peak in its CD spectrum. This is consistent
ith the 63Ni spectrum of Fig. 1a that shows that, compared with

ts isomers, production of Ko1 is more efficient.
One unexplainable observation is that in the CD spectra of

he methyltoluenes, Ko1 is an ion with a slightly higher mobility
han the molecular ion produced by PI. This implies a product of
ower mass than the parent molecule. The ion intensity decreased
fter attaining a small maximum value at very low methyl-
oluene concentration, implying further reaction with the parent

olecule.

.2. Mono-substituted anilines

The PI-based spectra of the mono-substituted anilines, like those
f the mono-substituted toluenes, have one major peak (Fig. 1
nd Table 2). The mass spectral data of Table 2 show that this
s the molecular ion. Again, several small peaks denote further
nknown reactions with the ambient atmosphere. The 63Ni-based
pectra of the anilines show, as do those of the toluenes, two
roduct ions. Ko1 has the identical mobility value of the PI ion,
owever, it is only a minor product. The major product is Ko2, and

or most of the alkyl-substituted anilines there is a small Ko3. A
alid explanation of product formation must explain why Ko2 is
he major peak for the anilines rather than Ko1, as found for the
oluenes.

The more mobile ion in the spectra of the anilines, Ko1, identi-
ed above as the molecular ion, has an intensity profile in the 63Ni
pectra of Figs. 4 and 5 similar to, but not identical with Ko2 for
he toluenes in Fig. 3. The intensity is low but the limiting value
as not been attained in the aniline spectra at the highest analyte
oncentration, which is understandable since the concentration is
wo orders of magnitude less than required for the toluenes. It is
rgued above that the Ko2 peak in the toluene spectra is due to the
O+ adduct. If that supposition is correct then, rather than form-

ng an adduct, NO+(H2O) must react with the anilines by electron
ransfer to generate the molecular ion. As shown in Table 1, all the
nilines have ionization energies lower than that of NO (9.26 eV)
nd for each the reaction is exothermic. For example, the reac-
ion with 2-methylaniline, which has the lowest ionization energy,
as an exothermicity of 96 kJ mol−1 (Eq. (5)) and the reaction with
-fluoroaniline, which has highest ionization energy, the exother-
icity is 14 kJ mol−1 (Eq. (6)):

NO+(H2O) + CH3C6H4NH2 → NO + H2O + CH3C6H4NH2
+,

0 −1
�H = −96 kJ mol (5)

NO+(H2O) + FC6H4NH2 → NO + H2O + FC6H4NH2
+,

�H0 = −14 kJ mol−1 (6)

able 4
educed mobilities for the product peaks of anilinesa.

Ko1 (cm2 V−1 s−1) Ko2 (cm2

niline 1.99 (2.07) 1.82 (1.9
-Methylaniline 1.87 (1.95) 1.72 (1.8
-Chloroaniline 1.82 (1.91) 1.68 (1.7

a Values in brackets and intensity ratios from Ref. [20].
8 (2009) 1464–1475

The CD spectra confirm the occurrence of the electron trans-
fer reaction by the enhanced Ko1 (molecular ion) peak shown in
Fig. 2, which is due to the increased concentration of the reactant
ion NO+(H2O)n. Electron transfer obviously takes precedence over
adduct formation in the reaction of this ion with the anilines.

The major peak in the spectra of the anilines, Ko2, exempli-
fied in the spectra of the chloroanilines in Fig. 2 is that of the
protonated molecule. The proton affinities of all the anilines are
∼100 kJ mol−1 higher than those of the analogous toluenes so that
proton transfer from H3O+(H2O) and H3O+(H2O)2 is possible. For
example, 3-fluoroaniline has the lowest listed proton affinity in
Table 2 and Eq. (7) shows an exothermicity of 40 kJ mol−1 for reac-
tion with H3O+(H2O)

H3O+(H2O) + FC6H4NH2 → FC6H4NH3
+ + 2H2O,

�H0 = −40 kJ mol−1 (7)

The association enthalpy of one molecule of water with
protonated 3-fluoroaniline is −62 kJ mol−1 [39] resulting in an
exothermicity of 18 kJ mol−1 for the reaction with H3O+(H2O)2 (Eq.
(8))

H3O+(H2O)2 + FC6H4NH2 → FC6H4NH3
+(H2O) + 2H2O,

�H0 = −18 kJ mol−1 (8)

The protonation of the anilines is much more efficient than pro-
tonation of the toluenes as demonstrated by the two orders of
magnitude lower analyte concentration required to obtain spectra
of equivalent intensity.

Karpas et al. used an IMS/MS to obtain the spectra of aniline and
a variety of mono- and di-substituted anilines [20]. There were two
product peaks in each mobility spectrum for which the Ko1 and Ko2
values and the ratio of peak intensities were given. 2-Methylaniline
and 2-chloroaniline are the only two compounds in common with
our work so in order for further comparison we present data for
aniline in Fig. 6. The calculated Ko1 and Ko2 values and the ratio
Ko1/Ko2 from the two studies is presented in Table 4. These data
indicate that the same mobility peaks are being observed in both
studies. The slight differences in drift times can result from the dif-
ferent temperatures or differences in drift gas composition. Karpas
et al. do not state the concentration of analyte used and do not men-
tion any concentration dependences of peak intensities. However,
we note that the intensity ratio for aniline, given as 0.1, is inconsis-
tent with the mobility spectrum shown in their Fig. 1b, for which
a minimum value of 0.25 is obtained even when all of the proton
bound dimer intensity is arbitrarily assigned to Ko2. The single ion
mass spectrum, shown in the same figure, for m/z 94, protonated
aniline, has contributions from both Ko1 and Ko2, which leads the
authors to identify Ko1, the more mobile product, as the charge-
delocalized, ring-protonated molecule and Ko2 as the N protonated
product. High level molecular orbital calculations suggest that there
is very little difference in protonation energy between the C and N
sites of aniline [40]. The N site is however consistently favored, but

by only a few kJ mol−1. Protonation at both C and N sites is consistent
with the conclusion of Karpas et al.

Reconciliation of the two different suggested identities for Ko1,
molecular ion or protonated molecule, for the anilines is not possi-
ble at this time. In favor of our interpretation that reaction occurs to

V−1 s−1) Ko1/Ko2 Intensity ratioa

3) 1.09 (1.07) 0.1
3) 1.09 (1.07) 0.5
9) 1.08 (1.07) 0.05
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Table 5
Computed (B3LYP 6-311+G(d,p)) enthalpy and entropy changes at 323 K for the
hydration reaction M+ + H2O = M+(H2O).

M+ −�H0 (kJ mol−1) −�S0 (J K−1 mol−1) M+(H2O)/M+a

C6H5NH2
+ (N)b 56.4 123.1 4.8 × 10−4

C6H5NH2
+ (C4)c 28.1 82.5 1.7 × 10−6

C6H5NH3
+ (N, N)d 71.7 (63.2) 113.3 (92) 0.47 (0.25)

C6H5NH3
+ (N, C4)e 20.2 75.2 2.2 × 10−7

Values in brackets from Ref. [39].
a Ratio of hydrated to bare ion with water vapour of 1 ppmv.
b H2O on N.
c

with the analogous toluene cations are probably not due to a differ-
ent degree of hydration but reside in differences in the interaction
potential, ˝D.
H. Borsdorf et al. / Tal

ive the molecular ion is: (a) the very low yield with 63Ni, and the
nhanced yield with CD for aniline and all its mono-substituted
nilines; (b) the mobility is identical with that of the molecular
on produced by PI; and (c) the mono-substituted toluenes, whose
igh ionization energies precludes their participating in an electron
ransfer with NO+(H2O), form a Ko2 adduct peak whose intensity
ersus concentration profile is consistent with that of the Ko1 peak
f the anilines. We note that in the mobility spectrum, Fig. 1 of Ref.
20], the NO+ reactant ion has almost completely disappeared, but
here is no mention of its fate. By contrast, the NH4

+ reactant ion is
till present with what appears to be its non-depleted intensity. The
xperiments were carried out at 472 K when hydration of these ions
ould be negligible if the (non-stated) water content was unusually
igh. NO+ should then only react with the anilines in an electron
ransfer reaction to produce the molecular ion.

.3. Hydration of product ions

Water vapor is ubiquitous in ion mobility spectrometers and the
ossibility, indeed the probability, that product ions are hydrated
o a greater or lesser extent, should always be considered. Unfortu-
ately, there is a paucity of experimental or theoretical information
n the hydration of the pertinent organic molecular cations. Infor-
ation is available for the association of one water molecule with

he benzene cation. The structure has the two lone pairs of oxygen
onding with two adjacent protons in the plane of the ring [41–44].
he experimental enthalpy and entropy of the association reaction
Eq. (9)) are −46 and −82 J K−1 mol−1 respectively [41]

6H6
+ + H2O → C6H6

+(H2O) (9)

At equilibrium at 323 K with 1 ppmv of water, less than 0.01% of
he benzene cations are hydrated. Hyperconjugation with the CH3
roup means that positive charge is more stabilized in the toluene
ation than in the benzene cation and the association energy with a
ingle water molecule will be slightly lower. The toluene cations are
rifting as unhydrated species in the mobility experiments. Since
here is only little difference between the reduced mobilities of the
oluene obtained by PI (cations) and 63Ni ionization (Ko1: proto-
ated molecules), it follows that the latter are not hydrated to any
reat extent under the experimental conditions (Table 2).

By contrast, the protonated anilines (Ko2 peak in spectra
bserved using 63Ni ionization) have reduced mobilities that are
ignificantly lower than those of the cations (product ions detected
sing PI).

The term ˝D may be modified if the size of the ion changes
r if its charge distribution changes; the attachment of one or
ore water molecules can lead to both. In order to determine
hether differential hydration of the aniline cations and protonated
olecules may be the cause of the differences in the reduced mobil-

ties, thermodynamic data is required. The association enthalpies of
ne water molecule to a series of protonated mono-substituted ani-
ines have been estimated from �G0 values obtained from pulsed
lectron beam high pressure mass spectrometry equilibrium mea-
urements at 433 K using an assumed entropy of −92 J K−1 mol−1

39]. For aniline, 3-fluoroaniline and 3-chloroaniline the respective
H0 values (kJ mol−1) are −63.2, −61.9 and −61.9. There are no

omparative values for the aniline molecular cations and we there-
ore resort to calculation. Because of the limit of computational
apacity, calculations were carried out only for aniline itself, for
oth the cation and the protonated molecule. The results of DFT
density functional theory) calculations, with both optimization

nd energy at the B3LYP/6-311+G(d,p) level, are presented in Table 5
nd Fig. 7. The structures in the figure are annotated with NBO
natural bond orbital analysis) charges and a few bond distances.

The aniline cation is planar with the positive charge distributed
ver all the hydrogens. An NBO analysis at the higher B3LYP/6-
H2O on C4.
d Proton on N, H2O on N.
e Proton on N, H2O on H–C4.

311++G(df,pd) level found a charge distribution almost identical to
that in Fig. 7a; each of the protons on N had positive charges of
+0.421e while the charges on the ring hydrogens were in the range
+0.235 to +0.245e [45]. The most energetically favorable site for the
attachment of a water molecule is at N–H with a hydrogen bond
length of 1.785 Å, as seen in Fig. 7b. More shallow energy minima
were found with water associating with ring hydrogens.

The enthalpies and entropies of binding of a water molecule at
the N and C4 sites of the aniline cation, shown in Table 5, allow
an estimation of the equilibrium ratio of the concentrations of the
mono-hydrated to the bare cation. With 1 ppmv of water present
in the drift gas, the ratios at 323 K are 4.8 × 10−4 at the N site and
1.7 × 10−6 at the C4 site. Attachment of water is not significant for
the cation, which should move as the bare ion under the experimen-
tal conditions. The lower mobility of the aniline cations compared
Fig. 7. NBO charges, angles in brackets, and distances underlined for aniline: (a)
cation; (b) hydrated cation; (c) protonated molecule; (d) mono-hydrated protonated
molecule.
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Although the NBO charge on each N hydrogen is almost iden-
ical in the aniline cation and the protonated molecule, the net
harge of +0.276e on the NH2 group is much less than the +0.663e
n the NH3 group (Fig. 7a and c). A stronger association with water
s therefore expected for the protonated molecule. This is borne
ut by computation, the results are shown in Table 5. The struc-
ures of the mono-hydrated forms in Fig. 7b and d show that the
. . .O distance is 0.1 Å shorter in the protonated molecule. The
alculated enthalpy of mono-hydration of N-protonated aniline,
71.7 kJ mol−1, is in very good agreement with the experimental
alue of −63.2 obtained by Lau et al. [39]. The computed entropy,
113.3 J K−1 mol−1 is somewhat more negative than their estimated
alue of −92 J K−1 mol−1. The calculated equilibrium ratios of bare
o mono-hydrated protonated aniline are shown in Table 5. Both
xperiment and theory agree that at 323 K with 1 ppmv of water,
-protonated aniline is significantly hydrated: 32% theory, 20%
xperiment. N-protonated and ring (C4) hydrated aniline is not of
ignificance. Protonated aniline will travel through the drift tube
rom 20% to 30% of the time in the hydrated form. The hydrated ion
s heavier and significantly larger than the bare ion, which would
ead to a smaller reduced mobility of the protonated molecule
ompared with the molecular cation, as is observed for all the
nilines.

.4. Comparison of reduced mobilities

The reduced mobilities, shown in Table 2, of the molecu-
ar ions produced by PI of both the toluenes and the anilines,
ecrease in the substituent order fluorine>methyl>chlorine>ethyl
nd>bromine (toluene only). Within experimental uncertainty the
alues are the same, independent of position, for toluene with the
ame substituent, but there appears to be a very small bias in favor
f the ortho-substituent having a slightly higher mobility for the
nilines. If this is a genuine effect then an intra-molecular interac-
ion between the NH2 group and the ortho-substituent is slightly
ecreasing the interaction potential, ˝D.

The molecular ions (formed by PI) of the toluenes, although only
Da higher in mass, have a measurably higher reduced mobility

han their analogous aniline counterparts. The values of alkylated
ompounds (methyltoluene: 1.93 cm2 V−1 s−1 and methylaniline
.89 cm2 V−1 s−1; ethyltoluene: 1.82 cm2 V−1 s−1 and ethylaniline
.78 cm2 V−1 s−1) show a shift of 0.04 cm2 V−1 s−1. A similar behav-
or is observed for halogenated compounds where the differences
n Ko values is 0.08 cm2 V−1 s−1 (chlorotoluene 1.89 cm2 V−1 s−1 and
hloroaniline 1.81 cm2 V−1 s−1; fluoroaniline 1.97 cm2 V−1 s−1 and
uoroaniline 1.89 cm2 V−1 s−1). However, there is a reasonable cor-
elation between the Ko values of the two series as seen in Fig. 8.
he equation of the line is Ko(anilines) = 0.86Ko(toluenes) + 0.20,
ith R2 = 0.86. A difference in cross-sectional areas of the toluenes

elative to the anilines is a possible explanation that should be
onsidered for the differences in the mobilities.

Although differences in the sizes of the bare molecular ions
an be observed (see Table 1, where surfaces and volumes of neu-
ral sample molecules were calculated as a rough approximation),
hese differences (on an average of 5.6 Å3 or 4.6%) do not correlate
ith the shift of reduced mobility values of toluenes and anilines.

oluenes are more voluminous and have more accessible surface
n comparison with their analogous aniline counterparts. However,
he toluenes are the more mobile ions with a shorter drift time and
higher reduced mobility although an opposite behavior can be

xpected from the differences in cross sectional area. Therefore, a

ize difference of the bare ions cannot be a satisfactory explana-
ion for the different drift behavior of anilines and toluenes. These
ifferences in drift velocities obviously result from different drift
ehavior due to different interaction potential of the molecular ions
ith polar or polarizable neutrals in drift gas depending on their

[

Fig. 8. Correlation of reduced mobilities of the molecular ions of mono-substituted
toluenes and anilines. Substituents: �, ethyl; �, chlorine; �, methyl; �, fluorine.

different properties which are determined by the functional groups
(–CH3 or –NH2).

5. Conclusion

Although the toluenes and their analogous aniline counterparts
investigated differ in mass by only 1 Da, the ion mobility spectra
show considerable differences which result from different ioniza-
tion pathways and a different drift behaviour. The product ions
from toluenes obtained by chemical ionization using 63Ni and
CD ionization result from the formation of protonated molecules
and NO+ adduct. The two product ions obtained for anilines were
assigned to molecular ions resulting from electron transfer to NO+

and protonated clustered molecules. The two product ions appear in
spectra of toluenes and anilines with a different relative abundance
depending on the method of chemical ionization while mainly
molecular ions are detectable using PI.
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a b s t r a c t

Gel permeation chromatography (GPC) and solid phase extraction (SPE) were compared for cleaning
extracts containing fipronil, fipronil-sulfide, and fipronil-sulfone at sub-ppb concentrations in sediment.
With both methods, analytes were extracted using accelerated solvent extraction, and analyzed with
gas chromatography equipped with an electron capture detector. The GPC was performed with a Waters
eywords:
ipronil
ediment
ccelerated solvent extraction

Envirogel GPC column with dichloromethane as the mobile phase, while SPE was conducted with dual-
layer cartridges containing graphitized carbon black and primary and secondary amines with a mixture
of acetone and hexane as the eluting solvent. Method detection limits for fipronil, fipronil-sulfide, and
fipronil-sulfone from three sediments with varying organic carbon content ranged from 0.12 to 0.52 �g/kg
dry weight, while percent recoveries were 72–119% from sediment aged from 0.24 to 14 d. Although both

t anal
od.
olid phase extraction
el permeation chromatography

methods were effective a
less labor-intensive meth

. Introduction

The application of the phenylpyrazole insecticide, fipronil most
otably includes Frontline®, Maxforce FC®, and Icon® for the erad-

cation of fleas and ticks, fire ants, and rice pests, respectively.
n aquatic environments fipronil sorbs to sediments [1], allowing
or potential exposure and toxicity to those organisms that bur-
ow or feed upon sediment-sorbed contaminants. Fipronil is highly
oxic to aquatic species, and interestingly, its degradation products,
pronil-sulfide and fipronil-sulfone are reported as having equal
r greater toxicity to aquatic invertebrates than the parent fipronil
2–4]. Maul et al. [2] reported that the median lethal concentrations
LC50) in sediment for fipronil, fipronil-sulfide, and fipronil-sulfone
ere statistically similar with values of 0.88, 1.1 and 0.89 �g/kg
ry weight for the benthic invertebrate, Chironomus dilutus (for-
erly Chironomus tentans). Mesléard et al. [5] identified fipronil

s the pesticide mainly responsible for the significant decrease in
nvertebrate abundance in rice fields in Camargue, France. Fipronil
as been detected in sediments from rivers and lakes receiving
unoff from similar rice fields and agricultural areas at concentra-

ions ranging from 1.7 to 5.5 �g/kg [3,6]. Both fipronil-sulfide and
pronil-sulfone have been detected at concentrations ranging from
.64 to 25 �g/kg and 1.6 to 11 �g/kg, respectively [3,6–8]. In order to
onnect the environmental prevalence of fipronil, fipronil-sulfide,

∗ Corresponding author. Tel.: +1 618 453 4091; fax: +1 618 453 6095.
E-mail address: mlydy@siu.edu (M.J. Lydy).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.02.034
yzing fipronil and its degradation products, SPE was the less expensive and

© 2009 Elsevier B.V. All rights reserved.

and fipronil-sulfone to toxicity of aquatic benthic invertebrates
at these sub-ppb concentrations, a sensitive analytical method is
needed.

Since the introduction of fipronil to the market in the U.S. in
1996, most of the field and laboratory studies of its environmen-
tal fate and toxicity have been in water and soils, with few being
reported for aquatic sediments. These analytical methods have used
time-consuming extraction techniques, including sonication [9,10],
Soxhlet [11], and vigorous shaking and stirring [12–17]. These meth-
ods also used silica or florisil cartridges for removal of interferences
or no cleanup was used. However, techniques without cleanup of
extracts have substantial co-extracted interferences for samples
in which a large mass of sediment must be extracted to obtain
quantifiable results. In addition to higher errors in quantification,
samples without a cleanup step also can require more frequent
maintenance and replacement of instrumental components. Instru-
mentation for detection of fipronil and its degradation products
commonly includes gas chromatography (GC) with electron capture
detection (ECD) or mass spectrometry.

In order to reduce the lengthy and laborious sample preparation
procedure prior to quantification, while still removing interfering
compounds necessary for trace analysis, accelerated solvent extrac-
tion (ASE), and solid phase extraction (SPE) and gel permeation

chromatography (GPC) were investigated in the current study as
extraction and cleanup techniques, respectively. The ASE is advan-
tageous compared to the traditional extraction methods, such as
Soxhlet and sonication extraction, because elevated temperature
and pressure results in reduced solvent and decreased extraction
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ime requirements. In addition, the automation of this extraction
echnique produces better precision and reproducibility amongst
amples as well as increased sample throughput. The objectives of
he current study were to compare cleanup methods for analyzing
pronil and its degradation products in sediment at a sub-ppb level,
nd to investigate the influence of aging and total organic carbon
n sediment extraction.

. Experimental

.1. Chemicals

Fipronil and its degradation products, fipronil-sulfide and
pronil-sulfone, were purchased from ChemService Inc. (West
hester, PA, USA) and Accustandard (New Haven, CT, USA), respec-
ively. Bifenthrin was purchased from ChemService Inc. and used
s a surrogate for the GPC method, while two surrogate standards
,4′-dibromooctafluoro-biphenyl (DBOFB) and decachlorobiphenyl
DCBP) were obtained from Supelco (Bellefonte, PA, USA) and were
sed with the SPE method. Anhydrous Na2SO4 and all pesticide
rade solvents were obtained from Fisher Scientific (Pittsburgh, PA,
SA), while diatomaceous earth (DE) was obtained from Dionex

Sunnyvale, CA, USA). The 500 mg graphitized carbon black (GCB)
nd 1000 mg florisil cartridges were purchased from Restek (Belle-
onte, PA, USA), while Supelco (Bellefonte, PA, USA) supplied
he GCB/PSA (polymerically bonded, ethylenediamine-N-propyl
hases containing primary and secondary amines) (300/600 mg)
artridges.

.2. Sediment

Spiked sediments were prepared from three uncontaminated
eference sediments collected at Touch of Nature (TON), Carbon-
ale, IL, American River (AR), Folsom, CA, and Bearskin Lake (BS),
rand Marais, MN. The sediments had different total organic carbon

TOC) levels of 0.98 ± 0.025 (measured by Midwest Laboratories,
maha, NE), 1.1 ± 0.07 and 7.85 ± 0.18% (measured on an EA 1110
HN analyzer, CE Instruments, Milan, Italy) for TON, AR, and BS
ediments, respectively. Prior to homogenization, TON soil was
ydrated with moderately hard water [18] to achieve a sediment
lurry with a dry:wet ratio of approximately 0.40, while AR and BS
ediments already had a dry: wet ratio of 0.30 and 0.80, respec-
ively. Sediments were spiked to achieve concentrations of 0.5, 1,
or 10 �g/kg dry weight of fipronil, fipronil-sulfide, and fipronil-

ulfone to develop and validate extraction and cleanup methods.
ediments spiked with 10 �g/kg dry weight of target compounds
ere also analyzed with the optimized method to test the influence

f aging time (0.24, 1, 4, 7 and 14 d) on recoveries. Stock solutions
arried in acetone were added drop-wise to the sediment slurry
o achieve the target concentrations; the slurry was stirred for 1 h
sing a stainless steel paddle stirrer powered by an overhead motor.

.3. Accelerated solvent extraction

A previously established ASE method using the Dionex ASE 200
as employed using 33 ml stainless steel cells and 60 ml glass col-

ection vials [19]. Briefly, samples were extracted by filling the cells
ith dichloromethane (DCM): acetone (1:1, v/v) and heating at

00 ◦C and 1500 pounds per square inch (psi) for two 5 min static
ycles. The cells were flushed with 60% solvent for 60 s. Prior to
xtraction, two techniques were compared to remove water from

he sediment, including the use of DE as a drying agent and freeze-
rying the samples. Statistical differences in the two methods were
nalyzed with a t-test. For the drying technique using DE, 10 g sed-
ment wet weight (ww) was centrifuged at 3300 × g to initially
emove excess water. After centrifugation, 5 · g DE was added to
78 (2009) 1408–1413 1409

the sample and thoroughly homogenized, and transferred to the
ASE cell, where the appropriate surrogate was added. Extracts were
collected in the 60 ml glass collection vials and residual water was
removed with the addition of 12 g anhydrous Na2SO4. The Na2SO4
was then washed three times with 10 ml hexane, and the extracts
and washes were combined and evaporated to 5 ml under nitrogen
gas at 30 ◦C with a Zymark TurboVap II Evaporator (Hopkinton, MA,
USA). The extracts were solvent exchanged with hexane and further
reduced to 1 ml prior to cleanup.

The second drying technique used a FreeZone 2.5 Labconco
freeze drier (Kansas City, MO, USA). Samples (10 g sediment
wet weight) were dried overnight at approximately −48 ◦C and
0.133 psi. After homogenizing the dried sediment, it was trans-
ferred to an ASE cell, and extracted as previously discussed. The
final extracts were concentrated and solvent exchanged to 1 ml of
hexane. Due to the enhanced drying efficiency of the freeze-drying
method, no residual water was observed in the extracts, and there-
fore, further drying with anhydrous Na2SO4 was not required.

2.4. Comparison of cleanup methods

Two cleanup methods, GPC and SPE, were developed and com-
pared for analyzing fipronil, fipronil-sulfide, and fipronil-sulfone
at sub-ppb concentrations in sediment. Optimization of the SPE
method included two types of cartridge combinations, namely
PSA/GCB and florisil coupled with GCB. Copper was added to
samples in which SPE was applied as the cleanup technique to elim-
inate sulfur interference during analysis. Due to differences in size,
the compounds of interest were isolated from sulfur during GPC
cleanup, thereby eliminating the need for removal of sulfur with
copper.

Prior to GPC, the sediment extract was filtered through a 0.2 �m
Whatman GD/X filter (13 mm diameter), and then concentrated to
0.4–0.5 ml with a Pierce Model 1878 Reactivap (Rockford, IL, USA)
prior to injection into the GPC. The extract was injected into the GPC
with a Rheodyne 7225 injector with a 0.5 ml sample loop (Cotati,
CA, USA). The GPC was performed on an Agilent 1100 high-pressure
liquid chromatography (HPLC) (Agilent Technologies, Palo Alto, CA,
USA) equipped with a UV detector. A Foxy Jr. fraction collector
(ISCO, Inc. Lincoln, NE, USA) was used to collect the fraction that
eluted between 7.5 and 8.5 min, which contained fipronil and its
degradation products. The separation was completed on a Waters
300 mm × 19 mm Envirogel GPC column with a 5 mm × 19 mm pre-
column (Waters, Milford, MA, USA). The mobile phase (DCM) was
set at a flow rate of 5 ml/min. The fractions were evaporated to near
dryness and solvent exchanged to 0.5 ml of hexane for analysis using
an Agilent 6890 series GC-ECD (Agilent Technologies, Palo Alto, CA,
USA).

A dual-layer cartridge containing 300 mg GCB in combination
with 600 mg of PSA was evaluated as a SPE cleanup technique for
fipronil and its degradation products. The PSA sorbent was used
to eliminate interference from fatty acids, organic acids, polar pig-
ments, and sugars [20,21], whereas the GCB was used to remove
planar pigments and sterols [21]. Anhydrous Na2SO4 was added on
the top of the sorbent bed to remove any residual water remaining
in the extracts. After conditioning the PSA/GCB cartridge with 6 ml
hexane, the extract was loaded onto the cartridge, and the tube pre-
viously containing the extract was washed twice with 0.5 ml hexane
and these rinses also were transferred to the cartridge. The extract
and washes were passed through the cartridge at a slow drop-wise
rate of 1 drop/s. Optimization of the eluting solvent included a vari-

ety of solvent combinations and volumes ranging from 7 to 10 ml
of 30% DCM in hexane, 100% DCM, 50% ether in hexane, 50% ace-
tone in hexane and 50% acetone in DCM. The eluent was evaporated
and solvent exchanged to 1 ml of hexane, and further analyzed with
GC-ECD.
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Table 1
Percent recoveries and corresponding relative standard deviations of seven repli-
cates for fipronil, fipronil-sulfide, and fipronil-sulfone spiked at 0.5 and 1 �g/kg dry
weight for the methods using gel permeation chromatography (GPC) and primary
secondary amines/ graphitized carbon black (PSA/GCB), respectively, for Touch of
Nature, IL (TON), American River, CA (AR) and Bear Skin Lake, MN (BS) sediments.

Compound GPC PSA/GCB

TON TON AR BS
410 A.A. Brennan et al. / Ta

A second SPE cleanup approach with sorbent combinations of
000 mg florisil and 500 mg GCB also was evaluated. The procedure
as analogous to the aforementioned SPE method aside from the

luting solvent. Experimentation involved the use of the following
luting solvents with volumes ranging from 7 to 10 ml: 30, 40 and
0% ether in hexane, 100% DCM as well as 50, 60 and 75% acetone

n hexane.

.5. Instrumentation and chemical analyses

Chemical analysis of the final extracts was performed on a GC-
CD with a HP-5 column (30 m × 0.25 �m, film thickness 0.25 �m).
elium and nitrogen were employed as the carrier and make-
p gas, respectively, with the flow rate of the carrier gas being
.5 ml/min. A 2 �l sample was injected into the GC using pulsed
plit-less mode. The oven was set at 100 ◦C, heated to 180 ◦C at
0 ◦C/min increments, then to 205 ◦C at 3 ◦C/min increments and
eld for 4 min and then heated to 280 ◦C at 20 ◦C/min increments
nd held for 7 min. Seven external standards in hexane were used
or linear calibration of all analytes at concentrations of 500, 250,
00, 50, 10, 5 and 1 �g/l. Qualitative identity of analytes was estab-
ished using a retention window of 1%.

.6. Lipid-like compound analysis

Analyses of lipid-like compounds were performed for sediment
xtracts (approximately 10 g sediment dry weight) with (i.e., GPC
r SPE) and without cleanup for the TON, AR, and BS sediments
o determine the removal efficiency of the lipid-like matrix by
he methods following the method of van Handel [22]. An aliquot
f 25 and 50 �l of sediment extracts without and with cleanup,
espectively, were placed in test tubes. Chloroform: methanol (1:1,
/v) (500 �l) was added to each test tube and evaporated in a
ater bath. Next, 200 �l concentrated sulfuric acid was added

o each test tube and heated in the water bath for 10 min. The
est tubes were removed and cooled prior to the addition of
.8 ml vanillin-phosphoric acid reagent. After 5 min of develop-
ent, transmittance of the solutions was measured in a Spectronic

0 Genesys spectrophotometer (Sigma–Aldrich, St. Louis, MO) at
25 nm. A vanillin-phosphoric acid reagent blank was used for

nstrumental zero initially and every five samples to calibrate the
eading. Calibration standards were made using 10, 50, 100, 200
nd 400 �l of the 1 mg/ml vegetable oil standard and were ran on
he spectrophotometer before and after the samples and averaged
or the calibration curve. All standards were prepared in the same

anner and at the same time as the samples.

. Results and discussion

.1. Optimization of the drying procedure

To remove water while minimizing the loss of analytes, the use
f DE and freeze-drying were compared as drying techniques prior
o extraction with ASE. Diatomaceous earth does not affect recov-
ries of non-polar pesticides [19,23]; however, a low DE: sediment
atio of 1:2 was used to maximize the mass of sediment extracted
uring ASE [19]. Therefore, 5 g of DE was used for approximately
0 g (wet weight) sediment. The use of both DE and freeze-drying
roduced acceptable recoveries that were not significantly differ-
nt from one another for fipronil and its degradation products and
anged from 101 to 116 and 86.7 to 97.2%, respectively. While freeze-

rying required up to 24 h to remove water for sediments with high
oisture content, it provided higher water removal efficiency and

o residual water was present in the sediment extracts, thereby
liminating the need for further drying extracts with anhydrous
a2SO4. In addition, less labor was needed for the drying procedure
Fipronil 106 (8.70) 97.1 (11.3) 114 (8.84) 87.5 (18.9)
Fipronil-sulfide 114 (9.80) 98.6 (8.98) 116 (6.45) 108 (9.45)
Fipronil-sulfone 108 (8.40) 121 (3.34) 143 (9.09) 147 (9.94)

as the samples could run unattended overnight. Thus, freeze-drying
was selected as the optimized drying technique prior to ASE extrac-
tion.

3.2. Optimization of the cleanup procedure

Gel permeation chromatography, the first cleanup technique
tested, effectively removed fipronil, fipronil-sulfide, and fipronil-
sulfone from co-extracted sediment interferences with analyte
recoveries from 106 to 114% (Table 1). High molecular weight lipid-
like compounds in the sediment extracts could deposit on the GC
inlet and interfere with the GC analysis; therefore, a good cleanup
method is desirable to remove those compounds from the extracts.
Lipid-like compounds were analyzed before and after cleanup to
verify the cleanup efficiency. The GPC procedure reduced 96% of the
lipid-like compounds in TON sediment extracts; however, the sam-
ple still exhibited a yellow hue upon concentration of the collected
fraction (7.5–8.5 min) to 0.5 ml. Sulfur, a potential interference in
GC-ECD analysis, eluted after 14 min during GPC, and thus the use
of copper to remove sulfur was not required when GPC was used
as a cleanup technique. However, due to fraction collecting with
manual start as well as manual injection, cleanup with GPC was
time-consuming and labor-intensive. In addition, only one sample
could be run at a time using GPC, and injection and run-time for
the 12 samples took approximately 4 h. In addition, this technique
used a large amount of solvent (over 1 l of DCM for 12 samples).

In an attempt to minimize sample cleanup time and solvent
usage, while still producing satisfactory recoveries, SPE was eval-
uated as an alternative technique. Florisil and PSA in conjunction
with GCB were tested as SPE sorbents. Various organic solvent com-
binations were evaluated as eluting solvents for both SPE cartridge
combinations (Fig. 1). Solvent mixtures of acetone and hexane
(1:1, v/v) produced the most satisfactory recoveries of the stud-
ied analytes for florisil and PSA. When florisil was used, recoveries
were 96 ± 13, 88 ± 11 and 95 ± 11% for fipronil, fipronil-sulfide,
and fipronil-sulfone, respectively, whereas the PSA cartridge recov-
ered 101 ± 14, 98 ± 14, and 99 ± 13 of fipronil, fipronil-sulfide, and
fipronil-sulfone, respectively. Thus, both sorbents potentially could
be used to clean sediment extracts for analysis of fipronil and its
degradation products. The cartridge containing PSA/GCB was cho-
sen for two reasons, including its wide applicability for various
matrices and pesticides [19–21,24], and slightly lower costs (∼$5
versus $7/cartridge). Previous studies showed that PSA and other
sorbents that contain amide functional groups are very effective at
reducing or eliminating matrix interference compared to C-18 and
strong-anion exchange (SAX) sorbents [25,26]. Elution solvents of
30% DCM in hexane have been validated for cleanup of sediment
extracts containing pyrethroid, organochlorine and organophos-
phate insecticides [19]. However, because of the more polar nature

of fipronil and its degradation products, the solvents were not ade-
quate to elute these compounds. Therefore, solvent combinations
with a higher polarity, such as ethyl ether or acetone in hexane
were required for qualitative recoveries of the analytes. On the
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ing planar pigments and sterols; however, 36% of oleic acid passed
through a PSA/GCB (500 mg/500 mg) cartridge using 6 ml acetone:
hexane (1:1, v/v) as the elution solvents. In the current study, 53%
of the lipid-like compounds in TON sediment passed through a
PSA/GCB cartridge using 10 ml of an acetone: hexane (1:1, v/v)
solution. Although breakthrough of lipid-like compounds occurred,
little to no interference with analytes was observed during GC-ECD
analysis (Fig. 2).

3.3. Method validation

Method validation included accuracy and precision estimates,
and method detection limit (MDL) determination. Accuracy and
precision of SPE with PSA/GCB was determined by spiking three
sediments with different total organic carbon (TOC) levels at vary-
ing analyte concentrations and aging periods. As shown in Table 2,
recoveries of fipronil, fipronil-sulfide, and fipronil-sulfone ranged
from 72 to 119%. Precision was determined by relative standard
deviations (RSD) of three replicates, and these values ranged from
0.5 to 8.4% with most less than 5% at a spiked concentration of
10 �g/kg dry weight. The low RSD values demonstrated applicabil-
ity of the established methods amongst sediments with different
TOC levels and across different aging periods. Precision decreased
for sediments spiked at lower concentrations of 1 �g/kg or less, with
RSD values ranging from 3.3 to 19% (Table 1). In addition to increased
variability, recoveries also were higher, especially for fipronil-
sulfone, which ranged from 121 to 147%. The higher recoveries at
lower concentrations suggested the existence of co-eluted interfer-
ence and most notably the difficulty in quantifying concentrations
approaching the detection limit. The presence of co-extracted inter-
ferences also can explain the variability amongst replicates. The
lower sensitivity (smaller response factor) of fipronil-sulfone than
those of the other analytes increased the difficulty in quantifying
this compound at lower concentrations, contributing to the higher
recoveries and variability. Amongst the three sediment types, the
compounds spiked into the AR sediment had higher recoveries than
the other two sediments at the 1 �g/kg dry weight concentration
only, possibly resulting from increased interference.

The MDL is the minimum concentration of a substance that can
be measured and reported with 99% confidence that the concentra-

tion is greater than zero [27]. As proposed by the U.S. EPA [27,28]
the MDL was determined by multiplying the standard deviation
of seven replicate samples by the Student’s t value from statistical
tables for a 99% confidence level and (n − 1) degrees of freedom.
Table 3 lists the MDLs for each compound for both cleanup tech-

condary amines/graphitized carbon black. The analytes and surrogates were spiked
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Table 2
Percent recoveries and corresponding relative standard deviations of three replicates for fipronil, fipronil-sulfide, and fipronil-sulfone at time points (0.24, 1, 4, 7, and 14 d)
during sediment aging. Sediment extracts were cleaned with solid phase extraction. Sediment from Touch of Nature in IL (TON), American River, CA (AR) and Bear Skin Lake,
MN (BS) was spiked at 10 �g/kg dry weight.

Sediment Compound Aging time (d)

0.24-d 1-d 4-d 7-d 14-d

TON
Fipronil 96.9 (3.20) 98.9 (6.33) 88.6 (1.25) 96.0 (4.96) 91.7 (1.29)
Fipronil-sulfide 101 (5.54) 103 (5.71) 89.3 (2.26) 95.9 (4.43) 96.1 (1.53)
Fipronil-sulfone 84.8 (5.58) 82.7 (8.01) 76.8 (0.510) 80.9 (5.36) 75.4 (1.45)

AR
Fipronil 83.3a 94.5 (6.70) 99.2 (4.71) 91.4 (8.13) 80.5 (6.82)
Fipronil-sulfide 103.3a 105 (8.43) 97.1 (8.21) 89.6 (5.91) 85.0 (1.47)
Fipronil-sulfone 94.9a 96.6 (6.38) 93.7 (6.21) 83.6 (6.20) 71.6 (6.63)

B
Fipronil 94.6 (5.24) 93.7 (1.19) 109 (1.55) 102 (1.08) 119 (4.77)

(1.38) 101 (1.79) 97.1 (0.946) 111 (5.25)
(3.31) 88.6 (1.91) 85.0 (1.78) 87.8 (5.84)
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Table 4
Field validation of the optimized method. All values are �g/kg dry weight with
reporting limits being calculated as three times the average method detection limit
(of three sediment types).

Sample Fipronil Fipronil-sulfide Fipronil-sulfone

1 <RL <RL <RL
2 <RL <RL <RL
3 <RL 1.78 <RL
4 <RL 1.20 1.51
5 <RL 0.824 <RL
6 1.33 3.52 0.997
7 <RL 0.903 <RL
8 <RL <RL <RL
9 <RL <RL <RL

10 <RL <RL <RL
S Fipronil-sulfide 99.7 (6.27) 98.9
Fipronil-sulfone 81.7 (7.99) 84.5

a Unable to determine relative standard deviations since only 1 replicate was use

iques. The MDL values for the three compounds ranged from 0.12
o 0.30, 0.22 to 0.32, and 0.32 to 0.52 �g/kg dry weight for TON, AR,
nd BS sediments, respectively. In comparing the MDL values for
oth methods in TON sediment, the SPE method had slightly lower
DL values except for fipronil, which were 0.30 and 0.17 �g/kg

ry weight for SPE and GPC, respectively. For the optimized SPE
ethod, MDLs were higher for all compounds in BS sediment, most

ikely due to the low mass of sediment extracted compared to
he other two sediments. Since BS sediment contained 80% mois-
ure, a total of approximately 3–4 g dry weight was extracted as
pposed to approximately 10 g dry weight for TON and AR sedi-
ent. Although the spiked concentration was 1 �g/kg dry weight

n all sediments, the overall extracted amount was lower for BS
ediment; therefore, any loss during extraction or cleanup will
e more evident. In addition, quantifying lower extract concen-
rations, especially those approaching detection limits, typically
ncreases variability amongst replicates. Since the MDL calcula-
ion takes into consideration the standard deviation or variability
mongst replicates, the MDL will consequently also increase with
ncreasing variability, thus the higher MDL values for BS sediment.
gain, fipronil-sulfone in BS sediment had the highest MDL value of
.52 �g/kg dry weight, which could be a result of the lower response
actor of the compounds and difficulty with quantification. The MDL
alues ranging from 0.12 to 0.52 �g/kg dry weight in the current
tudy are in accord with the lower range of published MDL val-
es for fipronil, fipronil-sulfide, and fipronil-sulfone in soils and
ediments of 0.13–9.0 �g/kg dry weight [11,13–15,29].

The optimized SPE method was also used to analyze field sam-
les from urban sites in central Texas, which potentially contain

pronil and its degradation products. Out of the 10 sediments,
pronil, fipronil-sulfide, and fipronil-sulfone were detected in all
f the sediment samples. However, only half of the sediments con-
ained fipronil, fipronil-sulfide, or fipronil-sulfone above reporting

able 3
ethod detection limits (MDL) for fipronil, fipronil-sulfide, and fipronil-sulfone for

he cleanup methods using gel permeation chromatography (GPC) and solid phase
xtraction (SPE) with primary secondary amines/ graphitized carbon black cartridge
n sediment from Touch of Nature, IL (TON), American River, CA (AR) and Bear Skin
ake, MN (BS).

ompound MDL (�g/kg dry weight)

GPC SPE

TON TON AR BS Methoda

ipronil 0.17 0.3 0.32 0.44 0.44
ipronil-sulfide 0.21 0.12 0.23 0.32 0.32
ipronil-sulfone 0.18 0.16 0.22 0.52 0.52

a The MDL for the SPE cleanup method across sediments. It was the maximum
DL amongst sediments.
<RL = below reporting limits.
Reporting limits for fipronil, fipronil-sulfone, and fipronil-sulfide are 1.05, 0.674, and
0.885 �g/kg.

limits, with all three compounds detected in only one sediment
sample (Table 4). The reporting limit was calculated as three times
the MDL, which was the average of all three sediment types.

4. Conclusions

Cleanup methods using GPC and SPE have been optimized and
comparatively evaluated for analyzing fipronil, fipronil-sulfide, and
fipronil-sulfone at sub-ppb concentrations in sediment. The MDL
values ranged from 0.12 to 0.52 �g/kg dry weight. Both meth-
ods resulted in MDL values similar to the lowest reported values
for fipronil and its degradation products, with decreased sam-
ple preparation times and solvent usage for the SPE cleanup. The
labor-intensive cleanup and cost associated with GPC minimizes its
appeal compared to SPE. Automation of GPC and fraction collecting
would reduce hands-on sample cleanup, but it would still require
substantial volumes of solvent that would have to be disposed of as
waste. Ultimately, both cleanup techniques were shown to be effec-
tive for analyzing fipronil and its degradation products; however,
preference is given to SPE.
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a b s t r a c t

Enantiomeric alanine was covalently grafted onto modified gold electrodes with mercaptopropionic acid
and PAMAM dendrimers G4.0 with amine terminal groups. Cyclic voltammetric experiments in the pres-
ence of monocarboxylic ferrocene as a probe molecule proved that the alanine (Ala) was immobilized as a
monolayer on the gold electrodes. Electron transfer to Ru(NH3)6Cl3 in solutions of different pH was studied
eywords:
nantioselective recognition
hiral surfaces
lanine

by cyclic voltammetry (CV). Changes in solution pH resulted in the variation of the charge state of the ter-
minal group and surface pKa values were estimated on the basis of these results. Because of electrostatic
interactions between the positive charged groups on the electrode surface and the Ala, enantioselective
recognition was possible. The interaction between enantiomers can be proven with molecular simula-
tion. The electro-oxidation peak current was linearly dependent on Ala concentration over the range

ween −2

)Ala

AMAM dendrimers 0–10 �M with slopes bet

PAMAM G4.0-d(+)Ala–l(−

. Introduction

Many biomolecules are chiral in that they can exist in one of
wo enantiomeric forms that only differ in their structures with chi-
al auxiliaries of non-super-imposable mirror images of each other.
ince only one enantiomer tends to be physiologically active while
he other is inactive or even toxic, pharmaceutical compounds
re increasingly produced in an enantiomerically pure form using
hiral separations, salt resolutions, asymmetric syntheses involv-
ng solution-phase homogeneous catalysts and enzymes [1]. Chiral
urfaces offer the possibility of developing heterogeneous enan-
ioselective catalysts that can be readily separated from products
nd reused. In addition, such surfaces might serve as electrochem-
cal sensors for chiral molecules. To date, chiral surfaces have been
btained by slicing single crystals so that they exhibit high-index
aces or adsorbing chiral molecules, and some of these surfaces act
s enantioselective heterogeneous catalysts [2–5].

For chiral electrode reactions, electrodes with an ordered atomic

r molecular arrangement with chirality are expected to exhibit
nantioselectivity, as reported for metal (Pt and Au) and oxide (CuO)
urfaces with a chiral crystallographic orientation. As for achiral
ingle-crystal surfaces, the modification with chiral molecules was

∗ Corresponding author at: Centro de Investigación y de Estudios Avanzados
el Instituto Politécnico Nacional, Chemistry Department, P.O. Box 14-740, 07000
éxico, D.F., Mexico. Tel.: +52 442 211 6059; fax: +52 442 211 6007.

E-mail addresses: ebustos@cideteq.mx, ebb2008@yahoo.com (E. Bustos).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.02.010
143 and 187 �A cm /�M. The detection limit (3�) was 0.4059 �M for
and 0.4172 �M for PAMAM G4.0-l(−)Ala–d(+)Ala.

© 2009 Elsevier B.V. All rights reserved.

reported to bring about an ordered molecular arrangement with
two-dimensional chirality. For these surfaces, enantioselectivity
is expected to appear not simply from a one-to-one interaction
between the modifier and the analyte molecules but also from
nanosized spaces formed by the molecular arrangement of the
modifier on the surface [6].

Previous investigations have been reported on the construction
and characterization of enantioselectivity of the SAM of homo-
cysteine (Hcy), formed on a (1 1 1)-oriented gold surface and the
redox behavior of 3,4-dihydroxyphenylalanine (DOPA), which is an
electrochemically active chiral molecule. These investigations used
cyclic voltammetry (CV) to analyze a gold electrode modified with
one of the two enantiomeric forms of Hcy. The results indicate the
importance of nanosized chiral spaces on the enantioselective site
[6].

In addition, molecular recognition by synthetic receptors is an
important area of research in the fields of supramolecular and
bioorganic chemistry [7]. It is possible, by varying the molecu-
lar architecture of the kinked surface, to tailor the electrocatalytic
properties of the electrode in a systematic way. However, in organic
chemistry it is more common to change the stereocenter of the
organic molecule and then to measure changes in reactivity and chi-
ral discrimination to understand reaction mechanisms [8]. In this

regard, dendrimers, which are highly branched, fractal-like macro-
molecules of defined three-dimensional size, shape and topology,
can be prepared with extremely narrow molecular weight distribu-
tion [9]. Dendrimer chemistry is now occupying a unique position
not only in polymer and materials chemistry, but also in various
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edical and pharmaceutical areas, in particular for electrochemical
nterfaces [10]. The introduction of chirality into a dendritic struc-
ure will create a non-spherical, asymmetric macromolecule having
chiral surface environment with internal chiral cavities. The exter-
al functional groups residing on the chiral surface domain can
ct as chiral exo-receptors while the internal chiral voids may
unction as chiral endo-receptors. Chiral dendrimers are therefore
otentially useful materials in measuring chiral recognition and
nantioselective binding of guest molecules [11], their effect is bet-
er with high generations as 4.0 by their major quantity of functional
roups to support the chirality effect.

In electrochemistry when there is electrochemically inactive
pecies in the interface, it is necessary to use a probe molecule
hich can provide a way to detect and measure an electronic trans-

er. In this way, the chiral recognition can be tracked by monitoring
he current change in an electrochemical system with high selec-
ivity between two enantiomeric amino acids such as d(+) and
(−)Ala. The recognition performance can be quantitatively evalu-
ted through the decrease of current in amperometric titrations in
he presence of the probe molecule, as a result of the blocking of the
lectron transfer and thus providing the enantiomeric recognition
t the interface.

With this precedent, our work presents the construction and
haracterization of a new kind of enantioselective modified gold
lectrodes with chiral PAMAM dendrimers. These electrodes detect
nantiomers of alanine in solution.

. Experimental

StarburstTM PAMAM® Generation 4.0 (PG4) dendrimers (bear-
ng 64 terminal –NH2 groups), enantiomeric and racemic alanine
Ala), HS(CH2)2COOH (3-mercaptopropionic acid, MPA), 1-(3-
imethylamino)propyl)-3-ethylcarbodiimide hydrochloride (EDC),
(−)Ala-Fmoc, acetic anhydride (AA), diisopropiletanolamine
DIPEA) and pyperidine of the best commercially available quality
ere all obtained from Aldrich and used without further purifi-

ation. Analytical grade ferrocene monocarboxylate (FcMC) and
u(NH3)6Cl3 were obtained from Strem Chemicals. Electrolytic
olutions were prepared from analytical-grade KCl, KH2PO4 and

a2HPO4. The solvents H2SO4, MeOH and DMF, isopropilic alco-
ol (IPA) and CH2Cl2 (DCM), HPLC grade were obtained from J.T.
aker. All aqueous solutions were prepared with deionized water
� = 18 M� cm) and further deoxygenated by bubbling N2 through
he solution (Praxair, grade 5.0).

Fig. 1. Schematic representation of gold electrodes (A) modified w
(2009) 1352–1358 1353

The electrochemical experiments reported in this work were
performed using a BAS EpsilonTM potentiostat from Bioanalytical
Systems, Inc. The cyclic voltammetry experiments were performed
at 298 K in a 10-mL BAS cell equipped with a gold-bead working
electrode, a platinum counter electrode and an Ag/AgCl (3 M NaCl)
reference electrode. Before the CV experiments were carried out,
the electrolytic solutions were deoxygenated by bubbling ultra-
pure nitrogen (PRAXAIR, grade 5.0) for at least 10 min, and during
electrochemical experiments N2 was gently blown over the solution
surface.

Gold bead electrodes were prepared as previously described
in the literature [12] by melting the tip of a Au wire (99.999%,
1.0 mm diameter, Premion® from Alfa) using a gas burner obtained
from Flamineta to form a gold sphere (Fig. 1A). For characteriza-
tion purposes, these spherical gold bead electrodes were immersed
in 0.5 mM Ru(NH3)6Cl3 solutions with a phosphate buffer pH of
7 (I = 0.1), and the geometric area was computed from the CV
response of the reversible couple at different scan rates using
the Randles–Sevcik equation. The geometric area thus computed
(around 0.02 ± 0.005 cm2) was considered to be the actual area,
since electrodes prepared in this way have been reported to have
roughness factors close to unity. Electrodes which had distorted
signals for the Ru redox process during the area calculation exper-
iments were regenerated by reintroducing them into a flame and
subsequently thoroughly rinsed with water until a satisfactory CV
response was obtained. Electrodes that after a two cleaning cycles
did not show a clean capacitive region nor a clearly reversible
Ru(III)|Ru(II) electrochemical signal (�Ep ∼= 60 mV, Ipc/Ipa ∼= 1) were
discarded.

Fourier Transform Infrared with Attenuated Transmittance
Reflection (FTIR-ATR) measurements were performed using a
PerkinElmer FTIR System, Spectrum GX Spectrometer equipped
with an ATR accessory and using the program version v3.02. All
spectra consisted of an average of 250 individual scans with 6 cm−1

resolution and a gap of 1 cm−1. All measurements were made at
298 K with a ZnSe window.

The protection of the dendrimer with l(−)Ala-Fmoc over the PG4
modified surface was made with 5 eq. l(−)Ala-Fmoc and 5 eq. EDC
in DMF for 24 h. After this modification, the surfaces were washed

twice with DMF, IPA and DCM. Later, to be sure of the protection,
the surfaces were dipped three times for 15 min in a solution with
10% AA and 20% DIPEA in DMF and then washed with DMF, IPA and
DCM (Fig. 1E). To deprotect the PG4–l(−)Ala on the surface, the
electrodes were dipped two times for 10 min in 25% pypepiridine

ith MPA (B), PG4 (C), Ala (D) and l(−)Ala-Fmoc (E) in MeOH.
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in a solution with the limiting concentration of ferrocene (1 mM)
of 0.5 M KCl with different pH values (Fig. 3), and the voltammetric
reduction of the ferrocene was recorded. The shape of the graph
shows two slope changes (2.26 and 11.40) which probably corre-
spond to the pKa of interfacial Ala and not to the FcMC in solution
354 E. Bustos et al. / Tala

n DMF and after each dipping were washed with DMF, IPA and DCM
Fig. 1D) [13].

The theoretical molecular modeling was carried out using a
aussian 03 program revision C.02 [14] with the ab initio method
f Hartree-Fock in a 3-21G level (HF 3-21G). Energy data were
btained to define the geometry of the conformers with a frequency
nalysis of each interaction with local minimization.

. Results and discussion

The preparation of the modified gold bead electrodes (Fig. 1A)
as made by immersing the electrodes overnight in a 1.0 mM

olution of mercaptocarboxylic acid in methanol (Fig. 1B).
his built S(CH2)2COOH sub-monolayers (1.60 × 10−10 mol cm−2)
12,15] with a negative charged at neutral pH due to the partial
eprotonation of the exposed COOH groups.

Later, the thioled surfaces were modified with 21.06 �M PG4 in
resence of 5 mM EDC in MeOH to construct the covalent modifi-
ation (Fig. 1C) [12]. At a neutral pH the dendrimers presented a
rotonated interface by virtue of the pKa of the peripheral func-
ional groups (–NH3

+/–NH2, pKa 9.52) [16].
To prepare the chiral surface once the PG4 was attached to the

old bead, 10 mM d(+) and l(−) were added to the dendrimer with
0 mM EDC and left standing overnight (Fig. 1D). When the alanine
as added, a voltammetric titration with ferrocene monocarboxy-

ate (FcMC) was conducted (Fig. 2). The magnitude of anodic current
ensity increased with increasing Ala concentration and in all cases,
he current density tended to be saturated at an Ala concentration
igher than 1 mM. The current densities for Au (Fig. 2A) were higher
han for the modified surfaces with enantiomers of alanine. Specif-
cally in the case of Au–MPA–PG4–d(+)Ala (Fig. 2C) the densities
ended to be somewhat lower than those for Au–MPA–PG4–l(−)Ala
Fig. 2B), tendency observed in the literature [6].

The fact that the system reaches a limiting current density is
onsistent with the voltammetric response at these low concen-
rations arising from FcMC units held at the electrode surface. The
imiting j value in the plot of Fig. 2 corresponds to surface cover-
ge values (� ) of a monolayer of 4.99 and 5.34 × 10−10 mol cm−2
or the enantiomers d(+)Ala and l(−)Ala respectively. The values
f � were obtained by integrating the current observed in the
athodic peak of each of the cyclic voltammograms at 1 mM FcMC
s shown in Fig. 2 [� = � (ʃidt/fnFA) = Q/fnFA where Q is the charge in
oulombs, f is the roughness factor (1.1), n is the number of electrons

ig. 2. Graph of the dependence of the measured ferrocene concentration on the
onomeric ferrocenium subunit in the solution. The data were obtained with a Au

A), Au–MPA–PG4–l(−)Ala (B) and Au–MPA–PG4–d(+)Ala (C) electrode immersed
n 0.5 M KCl solution containing variable ferrocene concentration.
Fig. 3. Graph of the pH dependence of the cathodic peak current observed on a
Au–MPA–PG4–l(−)Ala electrode immersed in a 1 mM ferrocene solution also con-
taining 0.5 M KCl. The pH was adjusted by additions of HCl or KOH.

involved in the process (FcMC+ + 1e− → FcMC), F is the Faraday con-
stant (96,485 C mol−1), and A is the geometric area of the working
electrode in cm−2] [15].

To verify the monolayer-solution interface of Au–MPA–PG4–Ala,
the ferrocene was used as probe molecule which redox behavior
depends on the state of protonation of the monolayer –NH3

+ groups
of the PG4–Ala. In this manner, the modified electrode was dipped
Fig. 4. (A) Comparative cyclic voltammograms of Au (a), Au–MPA (b), Au–MPA–PG4
(c) and Au–MPA–PG4–l(−)Ala (d), in 0.5 M KCl with 10 mM Ru(NH3)6

3+/2+, at
0.100 V s−1 and 278 K. (B) Representative scheme of the interaction of ruthenium
over the modified covalent surface.
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pKa of 4.2) [17], because these values are similar those for Ala in
olution (2.3 to –COO−|–COOH, and 10.5 to –NH3

+|–NH2) [18–19].
his behavior indicates that at neutral conditions, some fraction of
la in solution interacts with the surface of dendrimer across the
egative charged carboxylic groups, and the rest of the Ala solution
eacts with the thiols over the surface of the gold beads with the
mine groups (Fig. 1D).

On other hand, using a different probe molecule, posi-
ively charged, at a relatively high concentration (10 mM) of
u(NH3)6

3+/2+ in 0.5 M KCl, the gold surface (Fig. 4A-a) proved to
e the interface with the lowest current density. When the thi-
ls were used to verify the electrochemical response (Fig. 4A-b),
increased as a consequence of the negative charge present on the
urface whose attracts the positive charge of the ruthenium in solu-
ion. The surface with dendrimers (Fig. 4A-c) showed the highest
because, even though the dendrimers have a positive charge in

heir periphery and should reject the Ru+ ions, they concentrate
he probe molecule in the interface (Fig. 4B) in their empty sites.

hen the covalent alanine was added to the dendrimer (Fig. 4A-d),
he alanine gave a positive charge proportional to the concentra-
ion of dendrimer. For this reason the intensity of the current was
imilar to that without Ala (Fig. 4A-c).
To verify the mechanical resistance and stability of covalent
odified surfaces with dendrimers, the surfaces were probed
ith constant stirring. Mechanical resistance was corroborated
hen the thiolated surface was modified with PG4–l(−)Ala with-

ig. 5. Cyclic voltammetries of Au–MPA–PG4–l(−)Ala modified in electrostatic (A)
r covalent (B) manner; before (a) and after (b) stirring at 900 rmp. The solution con-
ained 0.5 M KCl with 10 mM Ru(NH3)6

3+/2+. Experiments developed at 0.100 V s−1

nd 278 K.
Fig. 6. Cyclic voltammetries of Au–MPAvPG4–l(−)Ala (A), protected with Fmoc (B)
and deprotect (C) in 0.5 M KCl with 10 mM Ru(NH3)6

3+/2+ at 0.100 V s−1 and 278 K.

out EDC in 0.5 M KCl (electrostatic modification, Fig. 5A-a). When
this surface was examined in electrochemical experiments with
Ru(NH3)6

3+/2+ with stirring, the voltammetry response decreased in
current density and potential of peaks (Fig. 5A-b). By contrast, when
the thiolated surface was modified with PG4–l(−)Ala and EDC in
methanol, the electrochemical response of ruthenium before and
after stirring did not change (Fig. 5B-a and B-b). This observation
confirms the resistance to stirring following covalent modification.

The presence of alanine on the dendrimer surface was also ver-
ified by a control experiment in which the protection consisting of
l(−)Ala-Fmoc (Fig. 1E) was carried out with Fmoc. The surfaces in
this case were used to obtain a CV of ruthenium (Fig. 6B), observing
a decrease of the current density of the Ru signal and a change of
the potential peak, providing a quasi-reversible system by the slow
current transfer across the interface in the presence of the protec-

tion group Fmoc. In contrast, when the Fmoc group was removed
from the interface, the voltammetry of Ru (Fig. 6C) was similar to
that obtained when the dendrimer was modified with Ala without
the protection group (Fig. 6A) [20]. This result confirms that there
is not dendrimer blocking.

Fig. 7. Spectra of FTIR-ATR of: PG4 (A), l(−)Ala (B) and dialyzed solution of
PG4–EDC–l(−)Ala (C), in MeOH. The reference was made with MeOH.
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situation was observed when d(+)Ala or l(−)Ala (Fig. 8A and B,
respectively) were used. In the case of the dl-Ala, there was not
a specific recognition (Fig. 8C).

In this way, an enantioselective recognition resulted in a cur-
rent density decrease that was similar to the intensity observed by
ig. 8. Cyclic voltammetries of Au–MPA–PG4 and d(+)Ala (A), l(−)Ala (B) or dl-
la (C), in 0.5 M KCl at 0.100 V s−1 and 278 K, in different solutions of 10 mM
u(NH3)6

3+/2+ (a) containing 10 mM of: (b) d(+)Ala, (c) l(−)Ala or also (d) dl-Ala.

In addition, the interaction of PG4–Ala was corroborated
ith the technique of FTIR-ATR (Fig. 7), using a saturated solu-

ion of PG4 (A) and l(−)Ala (B). These spectra were compared
ith the spectrum obtained from dialyzed saturated solution of

G4–EDC–l(−)Ala (C) between 2500 and 1700 cm−1, which was
imilar to that obtained from the solution with d(+)Ala. The spec-
rum of the solution of PG4–EDC–l(−)Ala (Fig. 7C) showed the

−1
haracteristic bands of PG4 at 1660 and 1570 cm which corre-
pond to the amide I and amide II respectively [21–22]. In addition,
ands at 2590, 2480, 2180 and 2030 cm−1 resulted from the vibra-
ion of the methylene groups of alanine [21–22]. This observation
orroborated the correct covalent modification of dendrimer with
(2009) 1352–1358

alanine in the presence of the reducing agent (EDC), the excess of
which was eliminated during the dialysis process.

The electrochemical technique of cyclic voltammetry is partic-
ularly sensitive to changes in the locally charged states of different
surface regions. Thus, disturbance of these surface sites as a conse-
quence of chemical reaction may readily be verified [8]. The usual
way to demonstrate the enantioselective recognition is with the
modification of the PG4 surface withd(+)Ala, l(−)Ala ordl-Ala. Each
of these surfaces was examinated by measurement of the ruthe-
nium signal by CV in the presence of the different enantiomers of Ala
and the racemic mix (Fig. 8). One way to prove the recognition of the
enantiomers is by examination of the potential or current density
peak changes. In all cases, there were no changes in the potential
peak because there was no change in energy. Nevertheless, there
were changes in current density caused by changes in interfacial
concentrations of probe molecules when there is blocking by the
Ala positioned at the interface by enantiomeric recognition. This
Fig. 9. Molecular representation of the interaction in linear manner between
Au–MPA–PG4–d(+)Ala with d(+)Ala (A), l(−)Ala (B) and dl-Ala (C) in solution.
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amine terminal of the dendrimer-Ala fragment. Since linear con-
formance was not present, it was more favorable to transfer the
positive charge of the ruthenium molecule across the interface,
which increased the current density in the voltammetric analysis
(Fig. 8A-d and B-d).

Table 1
Electroanalytical data for the enantiomeric recognition using 10 mM of
Ru(NH3)6

3+/2+ reduction at 0.100 V s−1 with the different substrates considered in
this study, in 0.5 M KCl at 298 K.

Substrate Linear equation R2 D.L. (�M) Q.L. (�M)

d(+)Ala–d(+)Ala Y = 171.84x − 28.545 0.9955 0.3489 0.1746
Fig. 10. Molecular representation of the interaction in non-linear manner betw

robe molecules over the Au–MPA–PG4 surface (Fig. 8a). This was
he case for d(+)Ala–l(−)Ala and l(−)Ala–d(+)Ala, Fig. 8A-c and B-b
espectively, as a consequence of the presence of an enantiomeric
omplex which allows the entrance of the same concentration of
robe molecules as without the complex. Although the difference

n the current density is not much, the electrochemical signals were
eproducible. On the other hand, when there is no recognition,
he value of j increased in comparison with a reference surface
with only PG4, Fig. 8a), as in the case of: d(+)Ala–d(+)Ala and
(−)Ala–l(−)Ala, Fig. 8A-b and B-c respectively. This observation
uggests the lack of formation of an interfacial complex and an
ncrease of the interfacial pre-concentration of ruthenium.

When the dl-Ala was present in solution, the value of j of the
uthenium signal was the highest in comparison to the signals gen-
rated with d(+)Ala and l(−)Ala (Fig. 8A-d and B-d respectively).
his behavior is most likely a consequence of the interaction of the
nantiomers in solution and the absence of blocking on the surface,
llowing for an easier access of ruthenium to transfer charge over
he surface.

The recognition effect was evaluated with a molecular simula-
ion of a fragment of dendrimer with a covalent modification of
mine acid (d- or l-Ala) and its possible interaction in a non cova-

ent state with other fragments of amine acid in a isolated state and
n a racemic mix in solution using a Gaussian 03 program [14] for
he optimization process and frequencies analysis. For these mod-
ls, two kinds of interactions between the surface-Ala and the Ala
n solution were proposed: linear interaction (coordination by only
u–MPA–PG4–d(+)Ala with d(+)Ala (A), l(−)Ala (B) and dl-Ala (C) in solution.

one site, Fig. 9) and non-linear (coordination by two sites, Fig. 10),
where the conformers obtained were of a minimum energy for the
d(+) and l(−)Ala joined to an arm of dendrimer.

In the case of the non-linear interaction, in all cases it was
necessary to elongate the N–H link (NH3 terminal, fragment of
dendrimer-Ala) to stabilize the non-linear arrangement (Fig. 10).
In contrast, with the linear interaction (Fig. 9) the molecules pre-
served the linear arrangement. The elongation made in the case
of the racemic mix (Fig. 10C) showed a significant conforma-
tional difference through the blocking of the positive charge of the
d(+)Ala–l(−)Ala Y = 147.73x − 11.545 0.9964 0.4059 0.2031
d(+)Ala–dl-Ala Y = 187.27x + 24.545 0.9974 0.3202 0.1602
l(−)Ala–d(+)Ala Y = 143.73x + 24.909 0.9980 0.4172 0.2087
l(−)Ala–l(−)Ala Y = 165.23x + 49.50 0.9964 0.3629 0.1816
l(−)Ala–dl-Ala Y = 182.45x + 52.727 0.9976 0.3286 0.1644
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358 E. Bustos et al. / Tala

Finally, to apply the alanine to these kind of surfaces, a voltam-
etric titration was conducted with a constant concentration

f Ru3+/2+ (10 mM) and different concentrations of d(+)Ala and
(−)Ala. The linear behavior observed in all the curves presented
uggests that passivation effects on the electrode surfaces studied
re essentially absent in the Ala concentration range explored. In
ddition, improved detection and quantification limits (D.L. = 3�/m
nd Q.L. = 10�/m, respectively, where � is the standard deviation
f the data points and m is the slope of the linear relationship)
12] can be attained using the modified surfaces. The enan-
ioselective recognition was evident with the highest D.L. and
.L. in the presence of d(+)Ala–l(−)Ala and vice versa. This is
orroborated in Table 1 which shows that the recognition was
ractically the same. The use of these materials is a potentially

mportant new source of materials for electroanalytical applica-
ions.

. Conclusions

This work demonstrates a new kind of enantioselective sur-
ace based on dendrimers and amino acids as alanine. These were
haracterized by cyclic voltammetry in the presence of ferrocene
onocarboxylate and hexamine ruthenium as probe molecules.

rom the voltammetric response the enantioselective recognition
as evaluated by assessing the blocking of the charger transfer of
robe molecules. The resulting decrease of current in the electro-
hemical signal demonstrated the importance of nanosized chiral
paces on the enantioselective site.

Although there was not a significant difference in the slope of the
alibration curves, this is the first report about the modification of
he dendrimer Ala to be used on enantioselective surfaces of amino
cids.
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a b s t r a c t

An HPLC method for the determination of benzene, toluene, ethylbenzene and o-xylene, m-xylene and
p-xylene in occupational environments was developed and compared with a GC–MS method. Chro-
matographic analysis using a �-cyclodextrin stationary phase was performed after active and passive
air sampling by adsorption on activated charcoal and pressurized fluid extraction. The analytes were
completely separated and quantified using both methods, although GC–MS provided better resolutions
eywords:
TEX
orkplace

-Cyclodextrin
PLC
C–MS

and lower detection limits than HPLC. The HPLC method was unsuccessfully applied to the determination
of benzene in real samples because its sensitivity was too low. Both methods were applied to the analysis
of certified reference materials and air samples collected in several workplaces. Statistical comparison
showed that HPLC and GC–MS provided analogous accuracy.

© 2009 Elsevier B.V. All rights reserved.
ressurized fluid extraction

. Introduction

Benzene, toluene, ethylbenzene and o-xylene, m-xylene and
-xylene (BTEX) are aromatic hydrocarbons widely used in the
hemical industry, so these compounds are usually present at occu-
ational environments.

European legislation [1] prescribes that the exposure of individ-
al workers to BTEX vapours shall be assessed because these can
e easily inhaled and can cause adverse health effects, especially
ince benzene is known to be a human carcinogen.

To protect workers from toxicity, airborne BTEX concentrations
re measured and then compared with the occupational exposure
imit values [2,3].

On a global level, the most widely used technique for the control
f BTEX in workplace air consists in active sampling with adsorp-
ion on activated charcoal followed by carbon disulfide desorption
4,5]. Several techniques have been employed as alternative to the

tandard method, such as the use of Tenax or multi-sorbent tubes
6], diffusive samplers [7–9] or thermal desorption tubes [10]. Diffu-
ive sampling does not involve the use of pumping systems and can
e performed with very low costs, although sampling rate can be

∗ Corresponding author. Tel.: +34 963544497; fax: +34 963544436.
E-mail address: adela.mauri@uv.es (A. Mauri-Aucejo).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.01.055
influenced by wind speed [7,8]. Sampling and sample preparation
strategies based on solid phase microextraction (SPME) have been
used for many years in various applications [9]. Thermal desorption
offers increased sensitivity for the analysis than solvent desorp-
tion but the analysis of a single sample cannot be replicated [10]. A
cryogenic trap can be also used for preconcentrating target analytes
[7,8]. In addition to these techniques, pressurized fluid extraction
(PFE) can be advantageously employed to extract BTEX from acti-
vated charcoal [11] especially if the analyses are performed by
reversed-phase high-performance liquid chromatography (HPLC),
whose common mobile phases are incompatible with carbon disul-
fide. The use of acetonitrile (ACN) as the extracting solvent results
in a less hazardous procedure.

Analyses of BTEX in water, soil and air are usually carried
out by gas chromatography using a flame ionization detector
(GC–FID) and a stationary phase of polyethylene glycol, although
gas chromatography–mass spectrometry (GC–MS) is becoming
increasingly common. However, the use of this stationary phase
has the drawback of the impossibility of separating the m-xylene
and p-xylene isomers [4,5,12–16].

A toxicokinetic model of inhalation exposure to xylene in Cau-

casian men suggests that there are significant isomeric differences
for toxicant half-life, clearance and extrahepatic metabolism [17].
Other studies have indicated different orders of relative toxicity for
the isomers and the differences in effect levels among the isomers
may be small [18]. Moreover, commercial xylene usually contains
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bout 40–65% m-xylene and up to 20% each of o-xylene and p-
ylene and ethylbenzene [19].

Consequently, the separation of the positional isomers m-xylene
nd p-xylene could be interesting in order to differentiate between
worker’s exposure to m-xylene and to p-xylene, and to better

nderstand the exposure of humans in their working environ-
ents.
Literature indicates that the separation of structural isomers can

e achieved by using �-cyclodextrin (�-CD) thanks to inclusion
omplex formation. �-CD is a torus-shaped cyclic oligosaccharide
ade up of glucopyranose units. This structure gives rise to a

emarkable ability to form inclusion complexes which depends on
ize and polarity of the host molecule and its shape. BTEX are small
ydrophobic aromatic hydrocarbons with great affinity for the non-
olar cyclodextrin cavity, where the orientation of the analytes is
elective due to the electron sharing of the aromatic methylene
roups with those of the glucoside oxygens. In this way, �-CD has
een used as a mobile phase component in reversed-phase HPLC
20,21] and also in stationary phases, both in liquid chromatography
22,23] and gas chromatography [24].

The principal aim of this study is to compare the performance
f HPLC with fluorescence detection and GC–MS methods for the
etermination of benzene, toluene, ethylbenzene and o-xylene, m-
ylene and p-xylene in occupational environments. So the results
f comparisons of their resolution, sensitivity, analysis time and
pplication to real samples are reported herein.

. Experimental

.1. Reagents

Benzene, toluene, ethylbenzene and o-xylene, m-xylene and p-
ylene standards were obtained from Fluka (Buchs, Switzerland),
hereas n-propylbenzene, used as internal standard, was pur-

hased from Dr. Ehrenstorfer (Augsburg, Germany). All solvents
sed in the extraction and analysis procedures were of HPLC or
C grade quality (Merck, Darmstadt, Germany).

A BCR-562 certified reference material (Institute for Reference
aterials and Measurements, Geel, Belgium) consisting of activated

harcoal tubes charged with benzene, toluene, m-xylene and p-
ylene, and a Radiello VOC calibration kit (Fondazione Salvatore
augeri, Padova, Italy) composed of three blanks and nine cartridge

dsorbents charged with benzene, toluene, ethylbenzene, and m-
ylene, o-xylene and p-xylene to simulate 8 h exposures to 0.5, 1
nd 2 times the exposure limit values for the mixture, were used to
stablish the accuracy of the HPLC and GC–MS methods.

.2. Instrumental analysis

.2.1. HPLC-fluorescence detection analysis
Separation of BTEX was achieved using a L-7100 liquid chro-

atograph from Merck-Hitachi (Darmstadt, Germany) equipped
ith a F-1080 fluorescence detector (Merck-Hitachi), a L-2300

olumn oven (Hitachi, Tokyo, Japan) and a L-7614 degasser
VWR International, Darmstadt, Germany). Excitation and emis-
ion were performed at 250 and 280 nm, respectively. Analytical
olumn (25 cm × 4.6 mm I.D., 5 �m particle size) and guard column
2 cm × 4 mm I.D., 5 �m particle size) were �-cyclodextrin bonded
hases Astec CYCLOBOND I 2000, both from Supelco (Bellefonte,
A, USA). The column and the guard column were thermostatically
ontrolled and the oven temperature was varied from 10 to 45 ◦C.

he flow rate was also varied between 0.6 and 1 mL/min. Sample
njection volumes employed were 20, 5 and 2 �L.

Literature indicates that the separation mechanism in reverse
hase mode employing a �-CD stationary phase is mainly due to

nclusion complexation. Aqueous mobile phases with MeOH pro-
ta 78 (2009) 1286–1292 1287

vide better resolution than ACN/water phases because the former
is the weakest solvent to interact with the cyclodextrin cavity
[25]. A binary mobile phase which comprised from 20% to 75%
for methanol (MeOH) and water was applied for elution of BTEX
compounds. Moreover, ACN was tested as a component of binary
and ternary aqueous mobile phases, both in isocratic and gradient
elution. Influence of pH on BTEX separation is minimal due to the
absence of ionizable functional groups that could be affected by
altering it.

2.2.2. GC–MS analysis
Determination of BTEX was performed with an Agilent (Santa

Clara, CA, USA) 6890N-5973N GC–MS system equipped with a 7683
autosampler. The stationary phase was a �-cyclodextrin coated
capillary column Cyclodex-B (30 m × 0.25 mm I.D., 0.25 �m) from
Agilent J&W. Helium was used as carrier gas at a constant flow of
2.4 mL/min. The mass selective detector (MSD) was operated in
electron impact mode with a potential ionization of 70 eV and a
source temperature of 230 ◦C. The scan range used in SCAN mode
was m/z 30–250 whereas ions m/z 78 and 91 were selected in SIM
mode. The interface temperature and the injector temperature were
set at 230 and 210 ◦C, respectively. 1 �L of the sample was injected
in split mode (20:1) with a solvent delay of 2 min.

The oven temperature was optimized using a Focus gas
chromatograph equipped with a flame ionization detector from
ThermoFinnigan (Rodano, Italy).

2.2.3. Analytical figures of merit
Both proposed methods were evaluated in terms of resolution,

linearity, sensitivity and limit of detection.
The resolution factor (Rs) was calculated using the recom-

mended IUPAC [26] expression:

Rs = 2(tr2 − tr1 )
(Wb1

+ Wb2
)

where tr1 and tr2 are the retention times of two analytes and Wb1
and Wb2

are the respective widths of each adjacent peak at its base.
The detector linear range was calculated plotting detector sen-

sitivity, S, against concentration or amount injected [26]. The upper
limit of linearity was graphically established as the amount at which
the deviation exceeds the specified value in ±5% while the lower
limit of linearity was the minimum detectable amount. The limit
of detection, LOD, was expressed as concentration or mass flow of
the substance of interest in the mobile phase that gives a detector
signal equal to twice the noise level [26]:

LOD = 2N

S

where S is the sensitivity and N is the noise, calculated as the ampli-
tude of the envelope of the baseline which includes all random
variations of the detector signal.

In the case of concentration-sensitive detectors, such as fluores-
cence detection, S is calculated per unit concentration in the mobile
phase:

S = Ei

Ci

where Ei is the peak height and Ci is the concentration of the par-
ticular substance in the mobile phase at the detector.

In the case of mass-flow sensitive detectors, such as mass spec-
trometry detection, S is calculated per unit mass of the substance

in the mobile phase:

S = Ai

Wi

where Ai is the integrated peak area and Wi is the mass of substance.
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In both cases the limit of quantification (LOQ) was expressed as
.04 times the LOD [26].

.3. Sample collection

.3.1. Active sampling
Air samples were collected from several workplaces using a

ortable Buck-Genie VSS-5 pump from A.P. Buck (Orlando, FL,
SA), which was previously calibrated with a Multicon KS exter-
al flow calibrator (Dräger, Lübeck, Germany). Flow rate (from 100
o 150 mL/min) and sampling time (from 40 to 180 min) were pro-
rammed according to the tasks developed by each worker. The
amples were collected using Dräger tubes of activated charcoal
coconut shell, 20/40 mesh) type NIOSH (100/50 mg) that were

ounted in the connecting tube of the pump and attached to the
orker’s clothes. After collection, the tubes were closed with plastic

aps, sealed in plastic bags and stored at 4 ◦C.

.3.2. Passive sampling
Air samples were also collected using Radiello diffusive sam-

lers attached to the worker’s clothes. The Radiello system consists
n a cylindrical adsorbing cartridge housed coaxially inside a cylin-
rical diffusive body. The cartridges are stainless steel net cylinders
lled with 530 ± 30 mg of activated charcoal (35/50 mesh). BTEX
ompounds were sampled for the whole working shift of 8 h. The air
olume sampled for each analyte is dependant on its sampling rate,
hich is provided by the manufacturer of the diffusive sampler:
8 mL/min for ethylbenzene, 70 mL/min for m-xylene and p-xylene,
5 mL/min for o-xylene, 74 mL/min for toluene and 80 mL/min for
enzene. After collection, the cartridges were placed into their orig-

nal containers, sealed in plastic bags and stored at 4 ◦C.

.4. Sample preparation and extraction

.4.1. Activated charcoal tubes
The procedure used for the sample preparation and extraction

as been described previously [11] so only a brief summary follows.
The sampling tubes were broken and the front and back sorbent

ections loaded in separate 1 mL extraction cells where a disposable
ellulose filter had been previously installed, and then any void vol-
me was filled with clean sand (J.T. Baker, Deventer, Holland). An
SE 200 system purchased from Dionex Corporation (SunnyVale,
A, USA) was used for the pressurized fluid extraction. The samples
ere extracted with ACN at 160 ◦C, 1500 psi, preheat time 2 min,

tatic time 5 min, flush volume 10%, purge time 90 s and two cycles.
inally, extracts were made up to a final volume of 10 mL with ACN.

.4.2. Activated charcoal diffusive samplers
Since Radiello diffusive samplers contain a larger amount of

ctivated charcoal of different particle size than the tubes, the
ptimization of Radiello extraction was considered necessary. The
xtraction procedure was optimized by varying one parameter at a
ime, while keeping the others constant, from those optimized pre-
iously for activated charcoal tubes (ACN, 160 ◦C, 1500 psi, preheat
ime 2 min, static time 5 min, flush volume 10%, purge time 90 s
nd 2 cycles), although pressure and purge time were not varied
ecause these are not considered critical experimental parame-
ers. Neither the extracting solvent was changed because ACN had
lways exhibited the best results at PFE conditions.

This procedure is very similar to the one described previously.

he cartridges were opened and the activated charcoal loaded in
mL extraction cells. The samples were extracted by PFE with ACN
t 1500 psi and purge time 90 s. Temperature and preheat time were
aried between 120 and 180 ◦C and 0 and 6 min, respectively. Static
ime was set at 2, 4, 6 and 8 min. The flush volume and the number
ta 78 (2009) 1286–1292

of cycles ranged between 20% and 80% and 2–5 cycles, respectively.
Finally, extracts were made up to a final volume of 25 mL with ACN.

2.5. Validation

The BCR-562 certified reference material and the Radiello VOC
calibration kit were analysed by the HPLC and GC–MS methods
using the previously optimized conditions.

The populations of values obtained by both chromatographic
methods for each reference material were analysed by simple least-
squares regression (experimental values = f (theoretical contents)).
The statistical study of the intercept and the slope allows us to
establish, for a determinate confidence level, the accuracy of the
method and also the presence of errors [27].

2.6. Analysis of real samples

Five samples were collected at three different research laborato-
ries using activated charcoal tubes while workers were employing
some of the analytes of interest to develop their usual tasks. The
concentration in the workplace air is obtained as the concentra-
tion in the solution multiplied by the extract volume (10 mL) and
by the recovery [11], and divided by the volume of air collected
for each sample, which is calculated as the product of flow and
time.

Another six samples were collected using Radiello diffusive sam-
plers in an organic chemistry laboratory, in a petrol station and also
while a farmer was spraying the soil of a fruit trees plantation with
an herbicide. The concentration in the workplace air is obtained
as the concentration in the solution multiplied by the extract vol-
ume (25 mL) and by the recovery (Section 3.2.), and divided by the
volume of air collected for each analyte, which is calculated as the
product of sampling rate and time.

The workers’ daily exposures are calculated taking into account
time spent on each task and the concentration in the workplace air.

2.7. HPLC-FL versus GC–MS

The two populations of values obtained by both methods for
the certified samples and for the real ones were analysed by sim-
ple least-squares regression (HPLC-FL = f (GC–MS)). The statistical
study of the intercept and the slope allows us to establish, for a
determinate confidence level, whether both methods provide anal-
ogous accuracy [27].

3. Results and discussion

3.1. Instrumental analysis

3.1.1. HPLC-fluorescence detection
The effect of the sample injection volume on the separation was

studied because the resolution may be strongly dependent upon
sample amount. For this, 20, 5 and 2 �L of a BTEX standard solu-
tion containing 8 ppm of m-xylene and o-xylene, 10 ppm of toluene,
2.5 ppm of p-xylene, 16 ppm of ethylbenzene and 100 ppm of ben-
zene were injected. As the injected volume increases, the resolution
deteriorates significantly. Therefore, 2 �L was the optimum injec-
tion volume.

Preliminary studies were carried out in isocratic conditions with
binary mobile phases MeOH/water comprising from 20% to 75% for
MeOH (Fig. 1). As expected, the more the MeOH content of mobile

phase increases, the more the retention time decreases. Inversion
of the elution order of the analytes was observed when the mobile
phase contains 25%, 37%, 50% and 60% for MeOH.

To evaluate the quality of the separation of BTEX, the Rs between
adjacent peaks was calculated. The resolution is highly dependent
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ig. 1. Effect of methanol content of mobile phase (MeOH/water) on the retention
ime of benzene, toluene, ethylbenzene and o-xylene, m-xylene and p-xylene at
0 ◦C.

n the MeOH content and its values are closer to 1.0 for contents
f MeOH from 40% to 45%. Neither binary (ACN/water) nor ternary
ACN/MeOH/water) mobile phases provided a more efficient sepa-
ation. Gradient conditions did not supply better resolutions either.
inally, a mobile phase 45/55 MeOH/water was chosen for the fol-
owing experiments.

To improve the resolution between the analytes, different col-

mn temperatures were tested (Fig. 2). Changes on temperature
ave a great effect on the retention of solutes because inclusion
echanism is altered. As can be seen, lower temperatures enhance

he weaker bonding forces, so as the temperature decreases, the

ig. 2. Effect of temperature on the retention time and resolution of benzene,
oluene, ethylbenzene and o-xylene, m-xylene and p-xylene.
Fig. 3. Chromatogram of a standard mixture of 100 ppm of benzene, 10 ppm of
toluene, 16 ppm of ethylbenzene, 8 ppm of o-xylene and m-xylene and 2.5 ppm of
p-xylene under HPLC optimized conditions.

retention time of each analyte and the resolution between adjacent
peaks go up. At 10 ◦C, the resolutions are closer or higher than 1.5,
so 10 ◦C was selected as the optimum temperature.

The flow rate was varied between 0.6 and 1 mL/min. Its influence
on the resolution was minimal, so 0.8 mL/min was selected as the
optimum flow rate because it provides lower pressures on column
than 1 mL/min and shorter analysis time than 0.6 mL/min.

Based on these results, a complete separation of all BTEX
compounds under isocratic conditions (mobile phase 45/55
MeOH/water, temperature 10 ◦C, flow rate 0.8 mL/min and injection
volume 2 �L) is possible, as it can be seen in Fig. 3.

3.1.2. GC–MS
Several programs were tested to achieve the best resolution for

BTEX compounds since both the initial temperature and the ramp
can be quite critical for the separation of isomers on cyclodextrin
coated columns [28]. Tests were carried out by changing the initial
temperature from 25 to 50 ◦C and the temperature gradient from
1 to 4 ◦C/min. Results showed that the best compromise between
resolution of the analytes and analysis time was obtained when
the system was ramped from 40 to 44 ◦C at 0.5 ◦C/min, following
a 3 min hold, and then increased at 10 ◦C/min to 104 ◦C, kept for
5 min.

Under the chromatographic conditions described previously
(injector temperature 210 ◦C, interface temperature 230 ◦C, oven
temperature 40 ◦C – 3 min to 44 ◦C at 0.5 ◦C/min and then 10 ◦C/min
to 104 ◦C – 5 min, injection volume 1 �L, split mode 20:1 and sol-
vent delay 2 min), the resolutions are closer or higher than 1.5, so a
complete separation of all BTEX compounds can be achieved, as it
can be seen in Fig. 4.
3.1.3. Analytical figures of merit
Both proposed methods were evaluated in terms of resolution,

linearity, sensitivity and limit of detection.

Fig. 4. Chromatograms of a standard mixture of 20 ppm of each analyte under
GC–MS optimized conditions.
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Table 1
Linearity range, sensitivity and detection limits for HPLC-fluorescence detection analysis and for GC–MS analysis operating in SIM mode (m/z 78 and 91).

HPLC Linearity range (mg/L) Sensitivity (�V L/mg) LOD (mg/L) LODa (�g/sample)

Benzene 4–90 1600 4 40
Ethylbenzene 0.8–16 8000 0.8 8
Toluene 0.5–9 13000 0.5 5
o-Xylene 0.4–8 17000 0.4 4
m-Xylene 0.4–8 15000 0.4 4
p-Xylene 0.14–1.7 46000 0.14 1.4

GC–MS Linearity range (pg) 10−3 Sensitivity (�V s/�g) LOD (pg/s) LODb (�g/sample)

Benzene 7 to >6 × 104 52000 0.7 0.07
Ethylbenzene 9 to >6 × 104 77000 0.5 0.09
Toluene 8 to >6 × 104 61000 0.6 0.08
o-Xylene 8 to >6 × 104 65000 0.6 0.08
m-Xylene 9 to >6 × 104 62000 0.6 0.09
p 4
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could not be quantified by the HPLC method because its concentra-
tion in both certified samples was lower than the LOQ.

The population of values obtained by HPLC for the BCR-562 cer-
tified sample and for the Radiello calibration kit was analysed by
simple least-squares regression (by plotting experimental values in

Table 2
Determination of BTEX compounds in BCR-562 activated charcoal tubes (n = 3) by
GC–MS and HPLC considering the recovery (%) for each analyte.

Compound Mean C.V. (%)

Benzene
�gt 15
�gGC–MS

o 14.9 14.7 14.4 14.7 0.6
�gHPLC

o <LOQ <LOQ <LOQ – –

Toluene
�gt 147
�gGC–MS

o 147.9 154.2 155.2 152.4 6.5
�gHPLC

o 131.3 142.7 132.3 135.4 11.6

m-Xylene
�gt 96
�gGC–MS

o 83.9 81.7 79.6 81.7 6.5
�gHPLC

o 80.6 82.8 81.7 81.7 3.3
-Xylene 11 to >6 × 10 63000

a LOD multiplied by the extract volume (10 mL).
b LOD multiplied by the extract volume (10 mL) and by the time that each analyte

The analytes can be completely separated and quantified using
oth methods, although GC–MS provides a better resolution.

Table 1 displays their LOD, which are expressed as amount of
nalyte per air sample collected using activated charcoal tubes. As
t can be seen, as the sensitivity increases, the upper limit of lin-
arity and the LOD decrease for HPLC-fluorescence detection. The
esults obtained also indicate that GC–MS, in SIM mode, provides
ower detection limits than reversed-phase liquid chromatography
a 1–2 order of magnitude difference). In addition, GC–MS val-
es are slightly lower than those obtained by GC–FID using the
ame analytical column, whereas the LOD of benzene has signifi-
antly improved (2.0 pg/s for benzene and 1.3 pg/s for ethylbenzene,
oluene and o-xylene, m-xylene and p-xylene).

In spite of this, only the HPLC determination of benzene is not
pplicable to real samples because its sensitivity is lower than that
equired by the European legislation [2,3]. Using a sample con-
entration technique, increases in sensitivity could be obtained,
lthough the sample preparation would become more complicated.
n the other hand, HPLC method provides slightly shorter analysis

ime (11 min against 12.5 min).
GC–MS method also provides lower LOD than the method rec-

mmended by the USA National Institute for Occupational Safety
nd Health [5] based on GC–FID determination (0.5 �g/sample for
enzene and ethylbenzene, 0.7 �g/sample for toluene and p-xylene
nd 0.8 �g/sample for o-xylene and m-xylene).

The HPLC method requires the use of MeOH as a compo-
ent of the mobile phase whereas helium is used in the GC–MS
ethod. As a result, the amount of toxic waste generated and the

isk of airborne contamination using the HPLC method may be
igher.

.2. Pressurized fluid extraction optimization for Radiello
iffusive samplers

Synthetic samples were prepared by injecting 0.02–0.15 mg of
enzene, 0.4–7 mg of toluene, o-xylene, m-xylene and p-xylene and
.9–15 mg of ethylbenze directly onto Radiello diffusive samplers
ith a micropipette.

A 5 mL extraction cell was used because it most closely matches
he sample size. Changing the temperature, the preheat time and
he static time did not have an impact on analyte recovery, so they

ere set at 160 ◦C, 2 and 5 min, respectively, for the subsequent

xtractions. On the other hand, an increase in the amount of analyte
xtracted was found when three cycles and 40% flush volume were
sed. The optimized parameters for the extraction of BTEX from
adiello diffusive samplers using PFE were: ACN, 160 ◦C, 1500 psi,
0.6 0.11

at the MSD, and divided by the injection volume (1 �L).

preheat time 2 min, static time 5 min, flush volume 40%, purge time
90 s and three cycles.

The optimized extraction method was applied to establish the
recovery for BTEX compounds from the Radiello calibration kit. One
blank and three preloaded cartridges were prepared and extracted
following the previously described procedure. After the extraction,
the analytes were determined using the GC–MS method. The results
obtained from three independent analyses for a confidence level of
95% were 95 ± 5%, 96 ± 15%, 90 ± 7%, 88 ± 14%, 92 ± 8% and 88 ± 11%
for benzene, toluene, ethylbenzene and o-xylene, m-xylene and p-
xylene, respectively. Quantitative recoveries higher than 75% were
obtained, as required by the CEN standard EN 838:1996 [29] for
diffusive samplers.

3.3. Validation

The BCR-562 certified reference material and the Radiello VOC
calibration kit were analysed by the HPLC and GC–MS methods
using the previously optimized conditions.

The results obtained are summarized in Tables 2 and 3. Benzene
o-Xylene
�gt 93
�gGC–MS

o 79.1 74.4 70.9 74.8 13.7
�gHPLC

o 72.1 74.4 64.0 70.2 19.4

�gt: Certified value, �go: found value, LOQ: limit of quantification.
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Table 3
Determination of BTEX compounds in the Radiello calibration kit by GC–MS and
HPLC.

Benzene
�gt 4.69 8.97 17.9
�gGC–MS

o 4.35 8.63 17.1
�gHPLC

o <LOQ <LOQ <LOQ

Toluene
�gt 711 1366 2735
�gGC–MS

o 728 1252 2532
�gHPLC

o 669 1266 2584

Ethylbenzene
�gt 416 804 1603
�gGC–MS

o 385 696 1435
�gHPLC

o 421 700 1512

o-Xylene
�gt 403 775 1545
�gGC–MS

o 371 631 1396
�gHPLC

o 324 540 1304

m-Xylene
�gt 422 813 1660
�gGC–MS

o 405 727 1514
�gHPLC

o 435 862 1653

p-Xylene
�gt 438 845 1647
�gGC–MS 399 706 1492
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Table 4
Determination of BTEX compounds in activated charcoal tubes by GC–MS and HPLC.

Sample reference P1 A2 A3 O4 O5

Flow (mL/min) 150 150 150 100 100

t (min) 40 55 55 180 180

V (L) 6 8.25 8.25 18 18

Benzene
�g/mL <LOQ 0.4 1.5 0.8 0.06
mg/m3 <LOQ 0.5 1.8 0.4 0.03

Toluene
�g/mL <LOQ 0.3 1.2 0.3 0.04
mg/m3 <LOQ 0.4 1.4 0.17 0.023

Ethylbenzene
�g/mL 5.3 [6.0] 0.16 0.6 0.004 0.004
mg/m3 8.9 [10.0] 0.20 0.7 0.002 0.002

o-Xylene
�g/mL 1.6 [1.8] 0.11 0.4 <LOQ <LOQ
mg/m3 2.7 [3.0] 0.13 0.5 <LOQ <LOQ

m-Xylene
�g/mL 13.4 [14.0] 0.13 0.5 0.014 <LOQ
mg/m3 22.4 [23.4] 0.16 0.6 0.008 <LOQ

p-Xylene
�g/mL 2.1 [2.3] 0.14 0.5 [0.5] <LOQ <LOQ

preparing the emulsion of herbicide and spraying the soil of the
plantation with it whereas during the collection of sample F2 he was
only spraying the soil. Benzene was not being used while the sample
O1 was collected and neither the exhaust hood was being employed.
The difference between O1 and O2 is probably due to this. Samples

Table 5
Determination of BTEX compounds in activated charcoal diffusive samplers by
GC–MS and HPLC.

Sample reference F1 F2 O1 O2 G3 G4

Benzene
�g/mL <LOQ 0.23 <LOQ 0.3 0.3 0.3
mg/m3 <LOQ 0.20 <LOQ 0.3 0.22 0.21

Toluene
�g/mL 0.5 0.7 0.4 0.4 2.0 [1.6] 9[9]
mg/m3 0.4 0.5 0.3 0.3 1.2 [1.0] 5[5]

Ethylbenzene
�g/mL 0.4 0.4 0.4 0.3 0.3 0.3
mg/m3 0.3 0.3 0.3 0.24 0.20 0.20

o-Xylene
�g/mL 0.3 0.3 0.3 0.3 0.3 0.3
mg/m3 0.22 0.24 0.21 0.20 0.17 0.17

m-Xylene
�g/mL 0.4 0.4 <LOQ <LOQ 0.3 0.3
mg/m3 0.3 0.3 <LOQ <LOQ 0.20 0.20

p-Xylene
o
�gHPLC

o 410 787 1588

OQ: limit of quantification, �gt: certified value, �go: found value.

unction of expected values of the certified materials). The applica-
ion of a statistical test to the study of the slope and the intercept
llows us to establish that for a 95% confidence level, HPLC method
rovides good accuracy and does not require correction of the blank
or does it present any constant relative errors (y = 1.006x + 0.0018;
tudent’s t-test values: tabulated = 2.07; experimental, slope = 0.14,
nd intercept = 0.04). In the same way, GC–MS method also pro-
ides good accuracy and neither requires correction of the blank
r presents any constant relative errors (y = 0.9862x + 0.0007; Stu-
ent’s t-test values: tabulated = 2.04; experimental, slope = 1.7, and

ntercept = 0.10).

.4. Analysis of real samples

In order to verify the applicability of both proposed methods, the
etermination of BTEX in activated charcoal samplers was carried
ut.

Five samples were collected at three different research labo-
atories (P1 – parasitology lab.; A2 and A3 – analytical chemistry
ab.; O4 and O5 – organic chemistry lab.) using activated charcoal
ubes while workers were using some of the analytes of interest to
evelop their usual tasks.

The extracts of back sorbent sections and blanks did not contain
ny analyte of interest, so the sample collection was correctly done
30]. Table 4 displays that sample P1 shows the highest concen-
ration of xylene and ethylbenzene. It was collected for as long as a
orker was using commercial xylene to prepare several samples for

heir observation by microscopy and besides, there was not an air-
xtraction system at this laboratory. The highest content of benzene
nd toluene was found in the sample A3. Similar tasks were being
one while the samples A2 and A3 were collected. The difference
etween them is probably due to the different use of collection pro-
ection equipment, on the part of the worker, because the exhaust

ood was not being employed during the sample A3 collection. The
ame happened for the samples O4 and O5. The sample O4 was
aken without air extraction whereas the sample O5 was collected
hen the extraction system was working.
mg/m3 3.5 [3.8] 0.17 0.6 [0.6] <LOQ <LOQ

[HPLC values]. LOQ: limit of quantification, �g/mL: concentration in the solution,
mg/m3: concentration in the workplace air.

Another six samples were collected in an organic chemistry lab-
oratory (O1 and O2), in a petrol station (G3 and G4) and also while
a farmer was spraying the soil of a fruit trees plantation with an
herbicide (F1 and F2).

The extracts of blanks did not contain any analyte of interest. As
it can be seen in Table 5, similar amount of benzene was found in
the samples F2, O2, G3 and G4. Samples F1 and F2 were collected
in two different shifts. Sample F1 was taken while the farmer was
�g/mL 0.3 0.4 <LOQ <LOQ 0.3 0.3
mg/m3 0.3 0.3 <LOQ <LOQ 0.19 0.20

[HPLC values]. LOQ: limit of quantification, �g/mL: concentration in the solution,
mg/m3: concentration in the workplace air.
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3 and G4 which were collected on two different working days
ontained the highest amount of toluene.

Using HPLC analysis, only ethylbenzene, o-xylene, m-xylene and
-xylene in the P1 sample, p-xylene in the A3 sample and toluene
n the G3 and G4 samples were quantified (Tables 4 and 5).

Taking into account time spent on each task, it can be concluded
hat the occupational exposures determined were always accept-
ble because the workers’ daily exposures were lower than the
enth part of the recommended exposure limits [2,3,30].

.5. HPLC-FL versus GC–MS

The two populations of values obtained by both methods for
he certified samples and for the real ones were analysed by sim-
le least-squares regression (by plotting the experimental values
btained with the HPLC method in function of the experimental
alues provided by the GC–MS method). The study of the slope and
he intercept allow us to establish that for a 95% confidence level,
oth methods provide analogous accuracy (y = 1.0229x + 0.0007;
tudent’s t-test values: tabulated = 2.05; experimental, slope = 0.76,
nd intercept = 0.03).

. Conclusions

The GC–MS method in SIM mode provides a higher sensitiv-
ty and linearity range than the HPLC method. Moreover, the HPLC
etermination of benzene is not applicable to real samples because

ts sensitivity is lower than that required by the European legislation
or the exposure limit value for an 8-h workday.

Although GC–FID is the official method and the most popular
echnique for the analysis of BTEX in occupational environments,
C–MS is becoming more popular due to the superior sensitivity
f the mass selective detector when operated in SIM mode and
ts unique ability to positively identify individual compounds in
eal samples. Moreover, the HPLC method proposed here can be
mployed as an alternative for separating and determining toluene,
thylbenzene and o-xylene, m-xylene and p-xylene in occupational
nvironments. Finally, the use of �-cyclodextrin stationary phase
akes possible the separation and quantification of m-xylene and

-xylene structural isomers.
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a b s t r a c t

This paper presents the characterization of optical sensing membranes for calcium based on ionophore–
chromoionophore chemistry. Six different ionophores, 18-membered crown ether derivatives, were stud-
ied, coming from 18-crown-6 ether and 4,13-diaza-18-crown-6 ether to a series of double-armed crown
ethers with different type of terminal groups. The study of optical membranes containing the same
transducer and plasticizer allow drawing some conclusions on the influence of lipophilicity and size
eywords:
ouble-armed diazacrown ethers
ptical sensor

onophore–chromoionophore chemistry
electivity

of the terminal group of the side chain on calcium selectivity. We have calculated the exchange con-
stant K ILp

exch for each equilibrium with alkaline and alkaline-earth ions and the selectivity coefficient kOsel
I,J

for each ion against calcium as a way for a full characterization of sensing membranes. In all cases
the ion:ionophore stability constants for calcium were the highest and the ionophore V containing an
(N-adamantylcarbamoyl) acetyl moiety originated the most selective membrane for calcium. Analytical

eterm
parameters for calcium d

. Introduction

Since Pedersen introduced them in 1967 [1], a wide variety
f crown ethers have been synthesized and reported, espe-
ially during the last two decades [2–4]. The research interest
ocuses on their ability to form very stable molecular ensem-
les or complexes with alkaline, alkaline-earth metals and organic
ations. Their affinity for a given cation, based on coopera-
ive weak non-covalent interactions, depends on many factors,
ncluding the relative sizes of the cation and the macrocyclic cav-
ty.

Double-armed crown ethers characterized by a parent macro-
yclic ligand and a cation ligating sidearm [5] are suitable reagents
or use as specific ionophores in areas as metal-sensing and sepa-
ation processes. They form encapsulated and lipophilic complexes
ith stabilities intermediate between crown ethers and cryptands.

ince these armed macrocycles are stronger cation binders than the
rown ethers and more flexible than the cryptands, they offer great
ossibilities as analytical reagents.

This type of crown ethers is composed of two flexible cation-
inding arms and a parent crown ring. The selectivity on the

omplexation is determined by the size of the crown ring and the
ature and position of flexible side arms, which present a donor
roup that provides further coordination of a guest cation bonded
n the crown ring. Consequently, it is possible to design a metal-

∗ Corresponding author.
E-mail address: lcapitan@ugr.es (L.F. Capitán-Vallvey).

039-9140/$ – see front matter © 2009 Published by Elsevier B.V.
oi:10.1016/j.talanta.2009.01.046
ination using prepared membranes were calculated.
© 2009 Published by Elsevier B.V.

selective reagent by choosing a combination of parent crown ring
structure and functionalized side arms [6].

In this work we study the reactivity of a series of double-
armed crown ethers based on an 18 atoms ring against alkaline
and alkaline-earth ions. The ionophores are incorporated in optical
membranes working on ion-exchange. The use of the same chro-
moionophore as transducer permit to extract conclusions on the
influence of lipophilicity and size of the terminal group of the side
chain on calcium selectivity.

2. Experimental

2.1. Reagents and materials

Calcium, magnesium, sodium and potassium stock solutions
(1.000 mol L−1) were prepared in water from analytical reagent
grade calcium, magnesium, sodium and potassium chlorides (Pan-
reac, Barcelona, Spain) and standardized by atomic absorption
spectrometry. Solutions of lower concentration were prepared
by dilution with water. pH 8.5 and 9.0 buffer solutions 0.2 M
were made from diethanolamine (Probus, Barcelona, Spain), Tris
(Sigma–Aldrich Química S.A., Madrid, Spain) and HCl (Panreac).
All chemicals used for the ionophore synthesis were of synthe-
sis grade and reverse-osmosis type quality water (Milli-RO 12 plus

Milli-Q station from Millipore) was used throughout (conductivity
18.2 mS).

The chromoionophore 1,2-benzo-7-(diethylamino)-3-(octa-
decanoylimino)phenoxazine (lipophilized Nile Blue) was syn-
thesized, purified and identified by us according to [7] and the
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Fig. 1. Structure

onophores 18-crown-6 ether (ionophore I) and 4,13-diaza-18-
rown-6 (ionophore II) were received from Fluka (Fluka, Madrid,
pain) and Sigma–Aldrich Chemie (Aldrich, Steinheim, Germany),
espectively. The rest of the ionophores were synthesized by us.
ther chemical used for preparing the sensitive films, high molec-
lar weight poly(vinyl chloride) (PVC), tributylphosphate (TBP),
otassium tetrakis(4-chlorophenyl)borate (TCPB), and tetrahydro-
uran (THF) as solvent, were purchased from Sigma–Aldrich. Sheets
f polyester type Mylar (Goodfellow, Cambridge, UK) were used as
upport (Fig. 1).

.2. Ionophore synthesis

The ionophore 7,16-[bis(N-adamantylcarbamoyl)acetyl]-
,4,10,13-tetraoxa-7,16-diazacyclooctadecane (ionophore V) was
repared according to Suzuki et al. [8]. Here, we present the
ynthesis of the new ionophores III, IV and VI. Characterization of
he intermediate and the synthesized ionophores were made by
H-, 13C-NMR, IR and HRMS (FAB+ and MALDI).

.2.1. Synthesis of 7,16-dibenzoyl-1,4,10,13-tetraoxa-7,16-
iazacyclooctadecane(III)

To a solution of 4,13-diaza-18-crown-6 (200 mg; 0.8 mmol) in
thyl acetate (25 mL) was added drop by drop a solution of benzoyl
hloride (266 �L; 2.3 mmol) and triethylamine (638 �L; 4.6 mmol)
n ethyl acetate (2 mL). The reaction mixture was stirred at room
emperature for 10 min. Then, ethyl acetate (25 mL) was added and
ashed the solution with H2O (2 × 30 mL) and saturated aqueous
aHCO3 (2 × 30 mL), and then dried (Na2SO4) and concentrated.
he crude product was purified by column chromatography (10:1
thyl acetate–methanol) giving the title compound (268 mg, 74%)
solated as a solid, mp 97–99 ◦C. IR (KBr): 1628, 1572, 1428, 1134
nd 1079 cm−1. 1H-NMR (CDCl3, 400 MHz): ı (in ppm) 7.37 (s, 10H,
h), 3.80 (s br, 8H, CH2N) and 3.57 (s br, 8H, CH2O). 13C-NMR (CDCl3,
00 MHz): ı (in ppm) 172.2 (CO), 136.8, 129.3, 128.5, 126.6 (aromat-

cs C, CH), 70.6, 69.8 (CH2O), 49.9 and 46.2 (CH2N). HRMS (MALDI)
alc. for C26H34N2O6Na [M + Na]+ 493.2314. Found 493.2305.

.2.2. Synthesis of 7,16-dipivaloyl-1,4,10,13-tetraoxa-7,16-
iazacyclooctadecane(IV)

A solution of pivaloyl chloride (72 �L; 0.6 mmol) and triethy-
amine (160 �L; 1.2 mmol) in ethyl acetate (2 mL) was added to

solution of 4,13-diaza-18-crown-6 (50 mg; 0.2 mmol) in ethyl
cetate (10 mL). The reaction mixture was stirred at room tem-

erature for 20 min. Next, ethyl acetate (50 mL) was added and
ashed the solution with H2O (2 × 25 mL) and saturated aqueous
aHCO3 (2 × 25 mL), and then dried (Na2SO4) and concentrated.
he crude product was purified by column chromatography (10:1
thyl acetate–methanol) giving the title compound (63 mg, 76%)
ophores studied.

isolated as a solid, mp 95–96 ◦C. IR (KBr): 1614, 1102 and 1137 cm−1.
1H-NMR (CDCl3, 400 MHz): ı (in ppm) 3.67 (s, 8H, CH2N), 3.60 (s,
8H, CH2O) and 1.28 (s, 18H, CH3). 13C-NMR (CDCl3, 300 MHz): ı (in
ppm) 177.8 (CO), 70.8, 70.2 (CH2O), 48.5, 45.8 (CH2N), 39.1 (CH3) and
28.7 (C). HRMS (MALDI) calc. for C22H42N2O6Na [M + Na]+ 453.2940.
Found 453.2938.

2.2.3. Synthesis of 7,16-[bis(N-adamantylcarbamoyl)propionyl]-
1,4,10,13-tetraoxa-7,16-diazacyclooctadecane(VI)

The synthesis of ionophore VI was made using two steps with a
37% overall yield.

2.2.3.1. Synthesis of (N-adamantylcarbamoyl)propionic acid. To a
solution of succinic anhydride (0.8 g; 8 mmol) in ethyl acetate
(50 mL) was added a solution of 1-adamantylamine (1.2 g; 8 mmol)
and triethylamine (1110 �L; 8.8 mmol). The reaction mixture was
stirred at room temperature for 30 min. After this time, the solid was
separated, dissolved in water (25 mL) and acidified by addition of
HCl 25 wt% (25 mL) until pH ∼2. The aqueous solution was extracted
with CH2Cl2 (3 × 100 mL) and the combined organic phases were
dried (Na2SO4) and concentrated giving a solid product that corre-
sponding to the acid (957 mg, 49.5%), mp 183–185 ◦C.

2.2.3.2. Synthesis of 7,16-[bis(N-adamantylcarbamoyl)propionyl]-
1,4,10,13-tetraoxa-7,16-diazacyclooctadecane. 0.32 g (1.26 mmol) of
(N-adamantylcarbamoyl)propionic acid was dissolved in 15 mL of
thionyl chloride. The reaction mixture was stirred at room tem-
perature for 3.5 h. To remove the excess of thionyl chloride was
added, and eliminated by evaporation, anhydrous toluene. To a
solution of the reaction product in ethyl acetate (30 mL) was added
a solution of 4,13-diaza-18-crown-6 (100 mg; 0.42 mmol) and tri-
ethylamine (351 �L; 2.52 mmol) in ethyl acetate (20 mL). After this
time, the solution was washed with H2O (2 × 35 mL), 5 wt% HCl
(2 × 35 mL), saturated aqueous NaHCO3 (2 × 35 mL) and next with
H2O (1 × 35 mL). The organic layer was dried (Na2SO4), filtered and
concentrated to give a crude product that was purified by silica-
gel column chromatography (10:1 methylene chloride–methanol)
yielding ionophore VI (226 mg, 74%), isolated as a solid, mp
158–160 ◦C. IR (KBr): 3489, 1636 and 1544 cm−1. 1H-NMR (CDCl3,
400 MHz): ı (in ppm) 3.70–3.58 (m, 24H, CH2O and CH2N),
2.70–2.58 (m, 8H, CH2), 2.06 (s, 6H, CH), 2.00 (s, 12H, CH2) and
1.68 (s, 12H, CH2). 13C-NMR (CDCl3, 300 MHz): ı (in ppm) 70.9–69.8
(CH2O), 49.5, 48.1 (CH2N), 29.5 and 29.1 (CH). HRMS (FAB+) calc. for
C40H64N4O8Na [M + Na]+ 751.4610. Found 751.4622.
2.3. Optosensing manifold

The single-line flow-injection system used consist of a peri-
staltic pump (Gilson Minipuls-2, France) and a self-constructed
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ow-through cell, of 700 �L volume and 9.9 mm ∅ quartz windows,
ontaining the sensing membrane, mounted inside the sample
ompartment of a DAD spectrophotometer (HP-8453, Nortwalk, CT,
SA) coupled to a computer-controlled data acquisition unit. Sam-
le solutions were transferred to the flow system by continuous
spiration.

.4. Preparation of sensing membranes and measurement set-up

The membranes were produced on a polyester substrate
sing a spin-coating technique. Mixtures for the preparation
f sensing membranes were made from a batch containing
onophore, chromoionophore and lipophilic salt in 1:1:1 molar ratio
2.2 × 10−3 mmol each), next to 64.25 mg (68 wt%) of TBP and the
dequate amount of PVC was added to complete the 100 wt%, all
issolved in 1 mL of freshly distilled THF. The membranes were cast
y placing 20 �L of the cocktail on a 24 mm ∅ circular polyester sheet
sing a spin-coater and dried slowly in a dryer with saturated THF
tmosphere at room temperature. The sensing area of the sensor
s a transparent and red 10 mm ∅ circular film with a calculated
hickness of about 25 �m.

The response of the sensors was evaluated by using standard
olutions of alkaline and alkaline-earth ions under study ranging
rom 1 × 10−7 to 9 × 10−1 M in concentrations (50 mL volumet-
ic flask) in pH 8.5 or pH 9.0 Tris buffer solution 2 × 10−2 M or
H 8.5 diethanolamine buffer solution 2 × 10−2 M. The membrane
reviously introduced in the flow-through cell was measured suc-
essively for the absorbance at 660 nm after equilibration with
0−2 M HCl (AHC+ ); 2 × 10−2 M buffer solution; buffered standard
olutions to be measured (A), and 10−2 M NaOH solution (AC). The
embranes were not conditioned before use. All absorbance mea-

urements were carried out at room temperature (22.0 ± 0.5 ◦C).
The exchange constants K ILp

exch were calculated according to a
east-squares approximation method [9] using 1 − ˛ experimen-
al values in the maximum slope zone of the response function
btained working at eight different concentration levels and three
eplicates of each one. Activities were calculated according to the
ebye Hückel formalism [10].

The selectivity of these sensing membranes against Ca(II) was
easured by using the selectivity coefficients kOsel

I,J [11] that were
etermined using the separate solutions method (SSM) by plot-
ing the single-ion response functions (1 − ˛) vs logaIz+ according
o Eq. (4) for all cations studied. Since the pH was constant (pH 8.5),
he selectivity coefficients were given by the horizontal distance
etween curves of primary and interfering ions for a protonation
egree 1 − ˛ = 0.5 [12].

. Results and discussion

The sensing system is based on cation-exchange between a com-
lete organic phase of plasticized PVC membrane and an aqueous
roblem containing the analyte, as was described by Bakker et
l. [13]. The sensing membranes contain an ionophore L and a
hromoionophore C selective for hydrogen ions, giving both the
ositively charged species in membrane phase, ILz+

p and HC+, where
is the stoichiometry of the complexes formed. To permit the ion-

xchange equilibrium was also incorporated an alkaline salt of a
ighly lipophilic anion R− to the membrane.

In contact with the aqueous solution containing alkaline or
lkaline-earth ions next equilibrium occurs in sensing membrane:
z+ + pL + zHC+ ↔ ILz+
p + zC + zH+ (1)

here the ionophore is assumed to form 1:p (M:L) complexes.
pecies in the organic sensing phase are barred, while all others
re in the aqueous phase. This equilibrium is characterized by the
78 (2009) 1484–1488

exchange constant K ILp
exch defined as:

K ILp
exch =

az
H+ [C]z[ILz+

p ]

aIz+ [HC+][L]p (2)

where concentration in membrane phase are given in molalities
and in aqueous solution in activities.

The change between the protonated and deprotonated forms of
the chromoionophore (Eq. (1)) depends on the activity of the ion Iz+

in the aqueous phase. In a buffered solution, the analyte activity is
determined by the degree of protonation of the chromoionophore
(1 − ˛); which is optically calculated using the absorbance for the
fully protonated (AHC+ ), obtained in 10−2 M HCl, and deprotonated
forms (AC), obtained in 10−2 M NaOH, of the chromoionophore and
the absorbance A for the buffered standard solution [14]:

1 − ˛ = HC+

C0
= A − AC

AHC+ − AC
(3)

The ion activities ratio in aqueous phase is related to the
exchange constant K ILp

exch and the degree of protonation 1 − ˛
through the sigmoidal response function:

aIz+ = 1
K ILp

exch

(
aH+ ˛

1 − ˛

)z CR − (1 − ˛)CC

z(CL − (p/z)(CR − (1 − ˛)CC))p (4)

where CL, CC and CR are the analytical concentrations of ionophore,
chromoionophore and lipophilic salt, respectively.

In this paper we are interested in the study of calcium
ionophores for environmental sensors that could discriminate from
concomitant alkaline and alkaline-earth ions. In this way, we
have studied some ionophores crown ether type coming from 18-
crown-6 ether to 4,13-diaza-18-crown-6 ether and then introducing
N-substituent in the diaza parent crown ring to prepare a series of
double-armed crown ethers. The donor group on the functional-
ized flexible sidearm, that provides further coordination with the
guest alkaline or alkaline-earth cation complexed in the hydrophilic
crown ring, is a carbonyl group in all cases coming from an amide
bonding.

We have modified the lipophilicity of ionophore molecule using
different terminal units varying in lipophilicity and size at the
terminal of the side chains; namely benzoyl(III), pivaloyl(IV), and
N-adamantylcarbamoyl with two different size chain: acetyl(V) and
propionyl(VI). With the goal to know the complexing behaviour of
these ionophores and their discrimination ability of Ca(II) against
Mg(II), Na(I) and K(I), we have prepared optical membranes based
on ionophore–chromoionophore chemistry. Thus, plasticized PVC
membranes contained lipophilized Nile Blue as chromoionophore
in all cases and the corresponding ionophore were studied at pH 8.5
adjusted with Tris buffer 2 × 10−2 M. The answer of sensing mem-
branes against alkaline and alkaline-earth ions under study was
tested between 1 × 10−7 and 9 × 10−1 M using a flow-through cell
according to Section 2. In each case, the experimental 1 − ˛ val-
ues were calculated from spectroscopic data at 660 nm and were
fitted to theoretical equation (Eq. (4)) in logarithm of activities.
The exchange constants K ILp

exch for all ionophores and metallic ions
studied were calculated (Table 1) assuming a 1:1 stoichiometry
(p = 1) in all the cases, except for K(I) complexes with ionophores
IV, V and VI and all Na(I) complexes, with a 1:0.5 stoichiometry
(p = 0.5).

Potassium shows the biggest changes in exchange constant K ILp
exch

with the ionophore used, coming from 1.37 × 10−7 for ionophore
I to 4.5 × 10−9 for ionophore VI. The effect of the replacement of

two atoms of oxygen in crown ether (ionophore I) by two atoms of
nitrogen (ionophore II) is clearly demonstrated and the K ILp

exch cor-
respondent to ionophore I is half an order of magnitude greater
than that of the unsubstituted 4,13-diaza-18-crown ether; that sup-
pose that the complex with ionophore II is more stable. This data
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Table 1
Exchange constants (K ILp

exch
) of the sensing membranes based on the different ionophores studied for alkaline and alkaline-earth ions.

Ionophore KKLp
exch

KNaLp
exch

KMgLp
exch

KCaLp
exch

I (1.37 ± 0.06) × 10−7 (1.1 ± 0.1) × 10−8 (2.63 ± 0.04) × 10−15 (2.11 ± 0.01) × 10−15

II (8.7 ± 0.4) × 10−8 (1.3 ± 0.1) × 10−8 (1.6 ± 0.1) × 10−15 (2.3 ± 0.4) × 10−15

I −7 .08) × −8 −15 −15

I .01) ×
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8.5 (Table 2) and 9.0 were practically the same.
To compare the analytical characteristics of the different sens-

ing membranes for Ca(II) we studied their range, detection limit
and precision (Table 3). As measuring range we use the linear
II (1.22 ± 0.04) × 10 (1.42 ± 0
V (7.7 ± 0.4) × 10−9 (1.25 ± 0

(5.65 ± 0.01) × 10−9 (1.18 ± 0
I (4.5 ± 0.2) × 10−9 (1.12 ± 0

ontrast with the less stability reported for diazacrown ether com-
lexes with alkaline ions in water respect to the parent crown ether
15].

The attachment of benzoyl-functionalized arms to the diaza-
rown ring (ionophore III) significantly increases the K ILp

exch value,
ecreasing thus the stability constant of K(I) complex. However, the
hange of this group for pivaloyl (ionophore IV) or adamantyl units
ionophores V and VI) supposes a considerable increase in complex
tability due to the increase in length of side chain and lipophilicity
ext to the new carbonyl group.

On the other hand, Na(I) shows a nearly constant behaviour,
ith the greatest exchange constant K ILp

exch value for ionophore III,
ue probably to their smaller ionic radius. In the case of Mg(II)
he influence of side arms is very small with the only exception
f ionophores V and I that originate less stable complexes. The
ehaviour of Ca(II) is very similar to Mg(II), being the exchange
onstant higher than that of Mg(II). All values are very similar with
he exception of the less stable complex with ionophore V. These
alues calculated for K ILp

exch are similar to values previously reported
y us for Ca(II) and Mg(II) complexes of ionophores V [16] and VI
17].

Selectivity, expressed as logarithmic selectivity coefficients,
ogkOsel

Ca,J , respect to K(I) increases with the size and the lipophilic-
ty of the terminal group of the side chains, being the highest
or ionophore VI (Table 2). The selectivity pattern is similar for
a(I), although selectivity is lower than for K(I). General speak-

ng, the selectivity respect to Mg(II) is not very high, but there
re some interesting differences. Ionophore I, 18-crown-6 ether,
s more selective for Mg(II) than Ca(II), but substitution of O by

in the crown ring increases selectivity for Ca(II) and the intro-
uction of double side arms do not suppose any variation in
electivity except for ionophores V and VI. The introduction of the
-adamantylcarbamoyl units in the diazacrown ether increases

electivity for Ca(II) respect to Mg(II). These results are surprising
omparing to results given by Suzuki et al. that find ionophore V
s a very selective ionophore for Mg(II) in potentiometric sensors
8] and also in optical sensors but using both a different plasti-
izer, NPOE, and chromoionophore [18]. Additionally, the selectivity
oefficients obtained here for ionophore VI are lower than that cal-

ulated by us [17] probably due to the different composition of
ensing membrane.

Fig. 2 shows the complexing behaviour of these ionophores and
heir discrimination ability of Ca(II) against Mg(II), Na(I) and K(I).

able 2
electivity coefficients (kOsel

Ca,J , I = primary ion (Ca2+), J = interfering ion) for sensing
embranes studied.

electivity coefficients, logkOsel
Ca,J

onophore K(I) Na(I) Mg(II)

−1.15 −1.20 0.10
I −1.40 −1.18 −0.16
II −1.31 −1.19 −0.23
V −1.43 −1.23 −0.22

−1.80 −1.49 −0.07
I −1.78 −1.38 −0.33
10 (1.6 ± 0.1) × 10 (2.63 ± 0.06) × 10
10−8 (1.50 ± 0.01) × 10−15 (2.48 ± 0.01) × 10−15

10−8 (3.7 ± 0.3) × 10−15 (4.27 ± 0.06) × 10−15

10−8 (1.50 ± 0.07) × 10−15 (2.3 ± 0.2) × 10−15

As a conclusion, the optical membrane based on the double-armed
diazacrown ether possessing a malonic diamide in their side chains
(ionophore V) exhibits the best Ca(II) selectivity. Additionally, it
presents the highest selectivity respect to the alkaline ions K(I)
and Na(I); however, it responds equally to Ca(II) and Mg(II). Con-
sequently, the ionophore with the best Ca(II) selectivity over the
rest of the cations studied is VI, since its answer to K(I) and Na(I)
is similar to the corresponding to V and their differentiation from
Mg(II) is the best.

In order to compare the kOsel
I,J values previously reported by us

for alkaline and alkaline-earth ions for optical membranes using
ionophore I [9], membranes with the same composition that the
above-mentioned were prepared but the response of the sensor
was evaluated using solutions buffered with pH 8.5 diethanolamine
buffer solution 2 × 10−2 M instead of Tris buffer. The kOsel

I,J values
obtained in these new conditions were −0.57 Mg(II); −0.63 Na(I)
and −2.49 K(I) that compares favourably with selectivity coeffi-
cients values previously reported (−0.66 Mg(II); −1.58 Na(I) and
−2.08 K(I)). Comparing results obtained using Tris buffer solution,
the selectivity respect to Mg(II) and K(I) increases considerably,
whereas it decreases respect to Na(I), which shows the significant
role played by the buffer composition.

We have used ionophore V for hardness determination based
on the equal response to calcium and magnesium of sensing mem-
brane at pH 9.0 [16]. By this reason we have studied again the
selectivity against alkaline and alkaline-earth ions using the same
ionophore but at pH 9.0 adjusted with Tris buffer 2 × 10−2 M. The
resulting kOsel

I,J values in these conditions were −0.07 Mg(II); −1.47
Na(I) and −1.76 K(I), which means that is slightly more selective
for Na(I) and K(I) than the method previously reported. It is impor-
tant to emphasize that the selectivity coefficients obtained at pH
Fig. 2. Selectivity (SSM method) variation of the membranes as function of
ionophore used.
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Table 3
Analytical parameters for Ca(II) sensing membranes studied.

Ionophore I II III IV V VI

Intercept −0.0049 −0.0207 −0.0276 −0.0354 −0.0208 −0.0354
Slope −0.1741 −0.1902 −0.1867 −0.1921 −0.1603 −0.1921
Probability level (%) (lack-of-fit test) 53.7 69.2 50.1 87.4 49.3 87.5
Linear range (activities) 2.0 × 10−4–0.23 M 2.3 × 10−4–0.23 M 1.6 × 10−4–0.23 M 1.7 × 10−4–0.23 M 8.1 × 10−5–0.23 M 5.9 × 10−5–0.23 M
Detection limit (activities) 2.0 × 10−4 M 2.3 × 10−4 M 1.6 × 10−4 M 1.7 × 10−4 M 8.1 × 10−5 M 5.9 × 10−5 M

Intermembrane precision RSD (%)
0.8 mMa 2.47 3.70 0.93 0.97 1.10 1.03
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48 mMa 1.52 0.92
231 mMa 3.16 0.65

a Activities tested in mmol L−1.

elationship in the middle of the sigmoidal response function
efined by means a lack-of-fit test and as the detection limit
he intersection of the linear calibration function defined above
nd a linear function adjusted in the minimal slope zone. As
pper range we consider the highest value tested in all the cases
231 mM).

The detection limit decreases with the size and the lipophilicity
f the terminal group of the side chains coming from 2.3 × 10−4 M
or ionophore II to 5.9 × 10−5 M for ionophore VI according to the
xchange constant values K ILp

exch for each ionophore.
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a b s t r a c t

The efficiency of diluted nitric acid solutions for digesting regular coffee samples was evaluated employing
two closed vessel procedures: one was based on microwave-assisted heating and the other was based on
conductive heating using pressurized Parr bomb. The efficiency of digestion was evaluated by determining
residual carbon content (RCC) and residual acidity. The digestion was effective using both procedures,
i.e. there were no solid residues after the decomposition reactions when using up to 3.5 mol L−1 nitric
acid solutions. It was demonstrated that the digestion procedures are critically dependent on reactions
eywords:
icrowave-assisted heating

onductive heating
losed vessel
cid decomposition
iluted nitric acid
iquid phase oxidizing process

occurring in liquid and gas phase and that the formation of NO and its conversion to NO2 by O2 exerts
a major effect in the oxidation of organic matter. These processes are more effective in closed vessels
heated by microwave radiation due to the greater volume of these flasks and the temperature gradient
that exists during the first step of the digestion process. The proposed model for the digestion processes
in diluted nitric acid solution is corroborated by data about consumption of acid during the digestion and

e dur

as phase conversion

by measuring the pressur

. Introduction

Sample pretreatment is frequently the most time consuming
tep of an analytical procedure and the bottleneck of the whole
nalytical process when elements are determined in solid sam-
les [1]. Occasionally solid sample preparation for trace element
etermination can be performed by simple dilution [2,3], however,
sually, chemicals and different energy sources are associated for
otal or partial sample decomposition [2–12]. Two procedures are
enerally employed for sample preparation: dry and wet decom-
osition. For wet decomposition, pressurized closed vessels are
sually employed to avoid contamination and losses of volatile ele-

ents during acid digestion [2,3,8]. Digestion in closed systems at

levated temperatures begin to be successfully used only after the
ntroduction of polytetrafluoroethylene (PTFE, Teflon®) as mate-
ial for the reaction vessels due to the high degree of chemical

∗ Corresponding author. Tel.: +55 71 32836830; fax: +55 71 32836830.
E-mail address: korn@ufba.br (M.G.A. Korn).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.02.030
ing the whole process.
© 2009 Elsevier B.V. All rights reserved.

and thermal resistance [10]. Digestions at elevated temperature
and pressure in closed systems present advantages, such as the
decrease of both decomposition time and reagent volumes required
for sample digestion [11].

Most digestion procedures for biological samples employ nitric
acid because it is a strong oxidizing agent at high temperatures
and concentrations. Additionally, nitric acid is easily purified and
diluted solutions can be used for sample preparation step in order
to increase the safety and to decrease reagent volumes and residues.
Diluted nitric acid solutions were successfully used for microwave-
assisted plant digestion [13–18], leading to low blank values. The
effect of nitric acid and hydrogen peroxide concentrations on closed
vessel microwave-assisted digestion of plant materials was previ-
ously described [14] and the residual carbon did not exceed 13%. In
another work, a closed vessel microwave-assisted procedure was

combined with diluted nitric acid solution for digesting bovine
liver and spinach leaves standard reference materials and accurate
results were obtained for Al, Ca, Cu, Fe, K, Mg, Mn, P, and Zn [15].
Recently, an experimental design approach was applied to optimize
the extraction of trace elements from raft mussel samples with
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Table 1
Instrumental parameters for elements determination using axial ICP OES.

Instrumental parameter

RF generator (MHz) 40
Applied power (kW) 1.3
Plasma gas flow-rate (L min−1) 15.0
Auxiliary gas flow-rate (L min−1) 1.5
Nebulizer gas flow-rate (L min−1) 0.7
Integration time (s) 1.0
Stabilization time (s) 15
Reading time (s) 1
Replicates 3
Spray chamber Cyclonic
Nebulizer Concentric
Analytical wavelengths (nm)
C I 193.025
Ba II 455.396
C
P
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Table 2
Microwave heating program for digestion of powered coffee samples.

Step Time (min) Temperature (◦C)

1 5 120
u II 327.395
I 177.432

: Atomic line. II: Ionic line.

iluted acids associated to hydrogen peroxide by exploring closed
essel short microwave irradiation cycle [16]. Major improvements
n the extraction techniques have been introduced not only aim-
ng the preparation time but also to simplify sample preparation
andling for trace elements determination [18–21]. However, the
ehavior of closed vessel using diluted acid digestion procedures
o extract trace elements from diverse matrices has not been fully
xplained.

Therefore, the aim of the present work was to perform a system-
tic investigation about the efficiency of closed vessels digestion
sing nitric acid solutions in different concentrations associated
ith hydrogen peroxide to digest organic matrices (regular pow-
ered coffee samples) by employing heating either by microwave
adiation or by conduction. Finally, a general mechanism for organic
atter decomposition in both closed vessel digestion procedures
ere proposed based on the comparison of diverse parameters such

s final acidity, residual carbon contents (RCC) as well as element
oncentrations.

. Experimental

.1. Equipments

A closed vessel microwave digestion system with control sensor
ressure and temperature (ETHOS EZ, Milestone, Sorisole, Italy),
nd a pressurized bomb Parr (Model 4746, Parr Instrument Com-
any, Moline, IL, USA) were used for sample digestion.

An inductively coupled plasma optical emission spectrometer
ith axial viewing - ICP OES (Vista Pro, Varian, Mulgrave, Australia)

quipped with solid state detector, cyclonic spray chamber, and
oncentric nebulizer was employed for analytes and residual car-
on content determinations. The operational parameters adopted
re listed in Table 1. All measurements were carried out using
rgon as plasma gas. Total carbon concentration in powdered cof-
ee samples was determined by elemental analyzer (ThermoQuest®

innigan Flash EA 1112).

.2. Reagents, solutions and samples

All solutions were prepared with analytical grade reagents
Merck, Darmstadt, Germany), and deionized water from Millipore

ater purification system (Milli-Q, Millipore, Bedford, MA, USA),
as used for the preparation of the samples and standards. Labora-

ory glassware was kept overnight in 10% (v/v) nitric acid solution.
lasses were rinsed with freshly deionised water and dried in a dust

ree environment before use.
2 3 120
3 10 210
4 15 210

Reference solutions containing from 50 to 1500 mg L−1 C were
prepared using 5.0% (w/v) C stock solution prepared from urea
(Reagen, Rio de Janeiro, Brazil) as earlier reported [22].

One regular powder coffee sample purchased in a local mar-
ket was manually ground and sieved to a 100–500 �m particle size
range.

2.3. Digestion procedures

2.3.1. Microwave-assisted acid digestion
Masses of 250 mg of coffee samples were directly inserted into

microwave closed vessels made with perfluoroalcoxi polymer (PFA)
with a volume of 100 mL. Volumes of 7.0 mL of nitric acid solu-
tion were added in the following concentrations: 14.0, 10.5, 7.0, 3.5,
1.7 and 1.0 mol L−1. Then, volumes of 1.0 mL of 30% (w/w) H2O2
were also added to each vessel. The heating program described in
Table 2 was applied to six reagent vessels. The power and max-
imum pressure were set in 750 W and 35 bar, respectively. After
sample digestion, digests were transferred to glass volumetric flasks
and the volumes were made up to 20.0 mL with distilled-deionized
water.

2.3.2. Pressurized bomb acid digestion
Masses of 200 mg of coffee samples were directly introduced

into PTFE closed vessels with volumes of 23 mL. A volume of 2.0 mL
of the previously described nitric acid solutions was added to each
vessel. Then, a volume of 1.0 mL of 30% (w/w) H2O2 was also added
to each reaction vessel. Parr bombs were sealed and put in a muffle
furnace set at 120 ± 10 ◦C and remained at this temperature dur-
ing 12 h. After cooling down at room temperature, solutions were
transferred to glass volumetric flasks and volumes were made up
to 15.0 mL with water.

3. Results and discussion

The use of nitric acid for organic matrices digestion is the
most usual approach for wet sample pretreatment to facilitate
trace elements determination. Ideally, the best digestion should
led to a complete decomposition of organic material using mini-
mal amounts of nitric acid which should be as diluted as possible to
decrease residual carbon and the acid concentration in the resulting
digest solution with the aim to avoid critical effects on instrument
parts, such as nebulizer, nebulization chamber and torch in ICP OES
[11]. The minimization of nitric acid amount for promoting decom-
position processes can be performed by two different approaches:
(i) by adding aliquot volumes as low as possible of concentrated
nitric acid, or (ii) by using a diluted nitric acid solution. In fact
it is required a minimum volume of acid solution to merge with
the solid sample particles throughout the material decomposition
because it may be supposed that the solid sample digestion occurs
in the solid–liquid interface. In addition, a significant volume of acid
solution is transferred to the gas phase when the sample digestion is

carried out in pressurized closed vessels independently on the heat-
ing strategy. Therefore, the use of greater volumes of diluted nitric
acid for sample decomposition have been more exploited than the
minimization of the volume of concentrated solutions, in special for
microwave-assisted digestion of biological samples [13–21]. Addi-
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Table 3
Mean values and standard deviations (N = 4) for efficiency of organic matter decomposition (EOMD), residual acidity of the digests and Ba, Cu and P determinations in coffee
samples applying both closed vessel digestion procedures.

Closed vessel system HNO3 Efficiency of organic matter decomposition (%) Elemental concentration

Initial (mol L−1) Final (mol L−1) Consumed (%) Ba (�g g−1) Cu (�g g−1) P (mg g−1)

Parr Bomb 14 1.58 ± 0.07 88.8 ± 0.5 98.9 ± 0.2 3.4 ± 0.2 12.6 ± 0.1 1.84 ± 0.04
10.5 1.011 ± 0.003 90.37 ± 0.03 98.60 ± 0.04 3.7 ± 0.1 12.7 ± 0.1 1.88 ± 0.02
7 0.69 ± 0.02 90.1 ± 0.3 98.42 ± 0.05 3.8 ± 0.2 12.9 ± 0.2 1.83 ± 0.03
3.5 0.31 ± 0.02 91.2 ± 0.6 98.16 ± 0.08 3.9 ± 0.2 12.9 ± 0.3 1.82 ± 0.04

Microwave
.0 ± 0
.7 ± 0
.8 ± 0
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10.5 3.82 ± 0.01 63.6 ± 0.1 98
7 2.50 ± 0.03 64.2 ± 0.5 97
3.5 1.22 ± 0.04 65 ± 1 97

ionally, the use of diluted nitric acid solutions in routine analysis
ncreases the safety of the procedure. A further advantage of the
igestion using diluted nitric acid solutions is highlighted once
lank values can be diminished resulting in lower limits of quantifi-
ation. Despite the proper precision and accuracy when comparing
iverse analytical results obtained from different digestion strate-
ies as it can be observed in Table 3, the digestion procedure carried
ut with diluted nitric acid in closed vessels still needs a better
nderstanding about the chemical processes behind organic mat-
er decomposition. A hypothesis to explain the efficiency of closed
essel microwave-assisted organic matter digestion was recently
resented and it was based on the oxygen amount and the gradient
f temperature inside the digestion vessel during the beginning of
he process [11].

The digestion procedures for coffee samples applied in the
resent work were based on the use of diluted HNO3 solution and
2O2 as auxiliary reagent to take advantage of the high microwave
nergy absorption by water, as earlier discussed by Kingston and
aswell [23]. As a statement, the conversion of microwave energy

n heat is maximized by using diluted acidic solutions.
Two different digestion alternatives for coffee sample prepara-

ion procedures with diluted nitric acid solutions were investigated
or metal contents determination: microwave-assisted and pres-
urized bomb digestion (Table 3). A set of blanks was prepared
ogether with each batch of samples. It is important to point out
hat it was not possible to perform the experiments exactly in the
ame experimental conditions due to safety aspects. The microwave
essel has a volume of 100 mL and it allows working safely with
50 mg of sample without any sudden increase of pressure. Taking

nto account vessel characteristics, the digestion was carried out
sing 7.0 mL nitric acid and 1.0 mL hydrogen peroxide. On the other
and, using the pressurized bombs with volumes of 23 mL it was

easible to digest only 200 mg of sample with 2.0 mL nitric acid and
.0 mL hydrogen peroxide solutions. Solutions containing different
itric acid concentrations were employed to test their efficiency
nd to get a better understanding of the conductive-assisted and
icrowave-assisted digestion processes.
All digestion procedures were evaluated by comparing diverse

arameters: residual RCC, residual acidity of the digests and the
ajor, minor and trace element recoveries (Table 3) and no signifi-

ant differences were observed for 95% confidence level by applying
ne-way ANOVA followed by the application of multiple compar-
sons Bonferroni test [24,25] for acid concentrations greater than
.5 mol L−1. As previously mentioned, it is well known that the acid
oncentration of digests affect pneumatic nebulization and aerosol
ormation whereas RCC affects plasma excitation conditions and

auses spectral interferences mainly at low wavelengths. Notwith-
tanding, partial solid sample decomposition were obtained for
xperiments carried out with HNO3 concentrations lower than
mol L−1, some results obtained for digestion procedures using 1.75
nd 1.0 mol L−1 nitric acid solutions in microwave and pressurized
.2 3.7 ± 0.1 12.1 ± 0.2 1.66 ± 0.04

.2 3.7 ± 0.1 12.0 ± 0.2 1.64 ± 0.03

.5 3.6 ± 0.2 12.0 ± 0.3 1.73 ± 0.04

bomb systems were used to explain the processes behavior. The
residual acidity of the solutions obtained after the digestion proce-
dures performed with closed vessel microwave and in pressurized
bomb systems varied from 0.31 ± 0.03 to 4.66 ± 0.02 and from
0.16 ± 0.03 to 1.58 ± 0.07 mol L−1, respectively. The calculated resid-
ual acid concentrations were evidently lower starting from more
diluted HNO3 solution and the dispersions of these results (RSD,
in %) were increased for microwave-assisted and conductive heat-
ing by decreasing the initial nitric acid concentration. The relative
standard deviations associated to the parameter residual acid con-
centration for mutually independent digestions (N = 4) of the same
regular coffee sample carried out with 1 mol L−1 and concentrated
HNO3 solutions by exploring conductive and microwave heating
were 18 and 9.6% and 4.4 and 0.4%, respectively. The increases of
RSD values for digestions carried out with 1 mol L−1 HNO3 solution
were related to the fact that only a fraction of organic matter was
decomposed when using this solution.

The evaluation of the chemical mechanisms involved with
microwave and pressurized digestion processes is better accom-
plished considering the percentage of nitric acid consumed
(Table 3). Using closed vessels heated by microwave radiation, the
nitric acid consumption varied in the 63.6 to 66.7% range and with
pressurized bomb vessels varied in the 88.8 to 91.2% range. The
greater consumption of nitric acid in pressurized bomb was a hint
for understanding the processes behind the digestion. The model
proposed involves conversion processes in liquid and gas phases.

The effectiveness of the digestion processes was also evalu-
ated by the efficiency of organic matter decomposition (EOMD,
expressed in %) which value is calculated by the ratio between
the difference of total carbon contents (TCC) and the residual RCC
determined in the digests and TCC, i.e. (TCC − RCC/TCC) × 100. This
proposed parameter only can be considered when a homogeneous
liquid phase or only silicate solid phase residues are obtained after
the digestion. The EOMD was always higher than 98% for the eval-
uated closed vessel digestion processes (Table 3).

It is known that the main product when employing concentrated
nitric acid is NO2 [11]. On the other hand, in diluted nitric acid solu-
tions there is a preferential production of NO. In this case, during
the oxidation of organic matter by nitric acid, NO is produced and it
reacts with O2 in gas phase generating NO2. After, the formed NO2
can be reabsorbed in the liquid phase leading to NO3

− and HNO2
production. This reaction cycle proceeds till complete consumption
of the O2 in the gas phase. These chemical processes are represented
by the following equations:

2H2O2 → 2H2O + O2(g)
2NO(g) + O2(g) → 2NO2(g)

2NO2(g) + H2O → HNO3(aq) + HNO2(aq)
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ig. 1. Evaluation of HNO3 consumption for digestions of coffee sample in Parr bomb
BP) and microwave oven (MW).
HNO2(aq) → H2O + NO2(g) + NO

It is clear that these processes are critically dependent on the
olume of O2 in the closed vessel. As already pointed out, the
icrowave vessel has a 100 mL volume and the pressurized bomb

ig. 2. Profiles of temperature and pressure during the digestion in closed vessel microwa
et temperature. (a) HNO3 14 mol L−1; (b) HNO3 7.0 mol L−1; (c) HNO3 3.5 mol L−1.
Fig. 3. Consumption of H+ (mol) necessary to decompose 1 g of coffee sample by
employing Parr bomb (BP) and microwave oven (MW) procedures.

has a 23 mL volume. The greater volume of the former vessel implies
that there is more O2 available to promote oxidation processes in

the gas phase despite aliquots of the same volume of H2O2 were
added in digestion vessels.

In addition to the difference in volume, it is important to empha-
size that closed vessels heated by microwave radiation present an
intense temperature gradient during the first step of digestion. This

ve system. T: Temperature; P: Pressure; W: variation of applied power to reach the
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spect can be explained due to the transparency of the vessel to
he microwave radiation and the intense absorption of it by the liq-
id phase but not by the gas phase. Consequently, in the first step of
igestion the soluble gases as well those formed by evaporation and
hemical processes are transferred to the gas phase, which remains
t low temperature, and suffers condensation. This temperature
radient also acts to improve the reaction between NO, produced
y the oxidation of organic matter during the digestion, and O2
eading to NO2 production. The formed NO2 is reabsorbed in the
cid solution and regenerates HNO3, as discussed. The more intense
ccurrence of these processes in microwave-heated vessels was
xperimentally proved by the lowest consumption of HNO3 during
he digestion process (Fig. 1). Another evidence of the occurrence of
hese processes was the less intense increase of pressure observed
hen microwave digestion process was carried out with diluted
itric acid solution. Fig. 2 shows the variations of temperature and
ressure during the digestion in closed vessel microwave system
nd it corroborates the proposed mechanism once the increase of
ressure is slow and less pronounced only for the digestion pro-
esses with diluted nitric acid solutions (Fig. 2b and c). The pressure
ariation during the digestion carried out with concentrated nitric
cid solution can be seen in Fig. 2a.

In other approach the quantity of matter of nitric acid con-
umed to decompose 1 g of coffee sample can be easily calculated
or both digestion systems evaluated using diverse initial concen-
rations of nitric acid solutions. The aliquot volume of nitric acid
olution used for digestions in Parr bomb (2 mL) was lower than
hat used for microwave-assisted digestions (7 mL) and thus the
uantity of matter of H+ from nitric acid consumed was higher for
igestions in microwave system (Fig. 3). As it can be seen in Fig. 3,
he amount consumed of H+ per gram of sample has a linear depen-
ence with the initial concentration of nitric acid solution and it
ay be supposed that the same decomposition mechanism was fol-

owed independent on the nitric acid concentration. A consistent
inear relation (r = 0.9999) was obtained for microwave-assisted
igestions carried out with diluted nitric acid solutions (Fig. 3).

n theory, the quantity of matter of H+ consumed for the decom-
osition of 1.0 g of coffee sample with concentrated nitric acid
14 mol L−1) by closed vessel microwave digestion process would be
.249 ± 0.001 mol, i.e. 5% lower than that determined (0.262 mol),
ustaining the hypothesis of HNO3 regeneration.

Finally, the results obtained when these analytical methods were
pplied to Ba, Cu and P determination in coffee samples were
ummarized in Table 3 and the calculated element concentrations
ere similar to those obtained in other studies with Brazilian cof-

ee samples [8,26,27]. Notwithstanding excellent agreements were
btained for Cu and Ba concentrations by comparing coffee sample
igestions in pressurized Parr bomb and microwave system inde-
endent on the concentration of nitric acid. However a bias (ca.
9%) was observed by comparing phosphorous concentration after
he digestion in Parr bomb and microwave system for all range of
valuated nitric acid concentrations (from 3.5 to 14 mol L−1), how-
ver no significant differences were verified for 95% confidence
evel independently on the initial nitric acid concentration used
or coffee sample decomposition with the same digestion system.
hus, the systematic error observed for phosphorous concentra-
ion determined from digests obtained by employing closed vessels

onductive and microwave heated was explained by kinetic aspect.

So, taking into account important parameters such as the safety
f the sample preparation procedure, operator comfort and atom
conomy, the use of diluted nitric acid solutions is advantageous
ompared to the classical microwave-assisted-acid digestion.

[
[
[

[

8 (2009) 1378–1382

4. Conclusions

The use of diluted nitric acid solutions in closed vessels is a good
strategy for digestion of regular coffee samples and the digestion
process is critically dependent on the vessels size, availability of
O2 and temperature. Experimental data proved that the formation
of NO, its conversion to NO2 by O2 action, and the regeneration
of HNO3 may explain the chemical processes involved with the
digestion. The use of diluted nitric acid solutions for promoting
digestions is promising and certainly it will open new routes for
performing clean digestions compatible with trace analysis require-
ments.
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a b s t r a c t

Potentiometric sensors were developed for determining the concentration of the physiologically active
polymer polyvinylpyrrolidone (PVP) with the use of its adduct with triphenylmethane and azodyes as
electrode-active substances in plasticized membranes. The influences of electrolyte and pH of standard
ccepted 23 January 2009
vailable online 4 February 2009

eywords:
otentiometric sensor
olyvinylpyrrolidone
lasticized membranes
ye adducts

solutions on the electrode characteristics were determined. Polyvinylpyrrolidone determination in aque-
ous solutions of drug compounds, biological fluids and sewage was offered. The electrode selectivity
factors were defined by fixed preventing ion method. The determined value of the selectivity factors
varies in the n × 10−1 interval.

© 2009 Elsevier B.V. All rights reserved.
. Introduction

Synthetic high-molecular compounds are widely applied in
iochemistry, biology and medicine. One of the perspective direc-
ions of analytical chemistry is studying the polymers possessing
hysiological activity as they can prolong medical effects and
an be of interest as macromolecular catalysts or synthetic mod-
ls of biopolymers [1,2]. Research in the field of polymers for
edical application has been intensified within recent years. The

olymeric chain can be used as the carrier of biologically active
ubstances. Controlling the binding force of an active chain with a
acromolecule is possible via the rate of its dissociation from the

omplex.
Polyvinylpyrrolidone (PVP) is a physiologically active polymer.

harmaceuticals containing PVP are used for extending the activity
f biologically active substances and for decreasing organism intox-
cation. PVP is a water-soluble polymer that can form complexes

ith low- and high-molecular compounds due to hydrogen bonds,
ydrophobic and other non-covalent interactions [2–4]. Currently,
ubstantial research effort is devoted to creating and investigat-
ng medicinal dispersions and their properties on the basis of low
oluble medicinal substances and PVP [5–8].
The mechanism of polymer action is determined by the macro-
olecule properties: the physiological activity of PVP arises at a

olymeric level and depends both on the molecular weight of the
olymer, and on the distribution of the molecular mass [9]. Thus,

∗ Corresponding author. Tel.: +380 56 7762049; fax: +380 56 7762049.
E-mail address: olga.gurtovaya@mail.ru (O.V. Gurtovaya).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.01.049
the molecular weight of the polymer is of primary importance in
the mechanism of drug action:

1. PVP with low-molecular weight (Mr PVP < 2 × 104) is used for
detoxification of an organism. This is due to the ability of PVP
to interact with toxins and to transport them through a renal
barrier [1,4].

2. PVP with average molecular weight (Mr PVP = (2–5) × 104) is used
for drugs with prolonged effect. This is due to the ability of PVP
to form complexes with pharmacologically active compounds.
An increase of solubility of biologically active substances and of
their action time and a decrease of toxicity is observed when
injected.

3. PVP with high-molecular weight (Mr PVP > 5 × 104) as a rule is not
applied in medicinal preparations [9].

The use of physiologically active polymers in drug formulations
raises the relevant question of how polymers are distributed and
destroyed in an organism.

It has been established during research of PVP distribution in
organism, that macromolecules with Mr < 2.5 × 104 are removed by
means of glomerular filtration through kidneys during several days.
Macromolecules with Mr 2.5–11.0 × 104 are excreted during sev-
eral months via both other mechanism and through kidneys, and
macromolecules with Mr > 11.0 × 104 are removed only to a very low

extent throughout several years and hence are accumulated in cells
and can induce pathological processes.

Different classes of chemical substances, their associates, com-
plexes and products of interaction can act as an exchanger at
manufacturing potentiometric sensors [10–15].
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Here, we report the production of potentiometric sen-
ors reversibly detecting water-soluble polymers, such as
olyvinylpyrrolidone with different molecular weights [16].
he widespread technical and commercial application of PVP
akes such a sensor a timely task.
Polyvinylpyrrolidone is currently applied in several fields of sen-

or manufacturing:

as stabilizing agent for obtaining stable colloidal solutions of
nanoparticles (the electrodes from aqueous Pt colloids and glassy
carbon [17], sensor with nanoparticles of Pt and Pt alloys for
testing the blood alcohol content [18], PVP thin films containing
barium titanate nanoparticles on electrodes [19]);
as a modifier of electrodes (electrochemical detector having a
PVP/CdS quantum dot modified electrode as working electrode
for protein detection [20,21], for modifying the microstructure
of the sol–gel-derived iron oxide film electrodes with embedded
gold nanoparticles through the addition of PVP [22], in modified
carbon paste electrode for nitrophenols in environment determi-
nation [23], for thyroxine determination [24]);
as a compound for composite materials (chitosan/PVP hybrid
composite material for the fabrication of H2O2 biosensor based
on the immobilization of horseradish peroxidase in the chi-
tosan/PVP hybrid film [25], the reagent in the reaction layer of
the hydrophilic thin film of biosensor [26]);
as a water-permeable matrix for sensors [27].

n our work, a novel application of PVP adducts with organic
eagents as membrane-active materials for potentiometric sensor is
roposed [16,28]. In this case, our sensor is useful for determining
he polyvinylpyrrolidone content in environmental, medical and
linical samples.

. Experimental

.1. Reagents and solutions

All chemicals used were of analytical reagent grade and solu-
ions were prepared in distilled water.

PVP with different molecular mass (8.0 × 103, 1.0 × 104,
.2 × 104, 2.4 × 104, 4.0 × 104, 3.6 × 105) was purchased from BASF
Germany), FLUKA (Switzerland), and the Bolokhovo Chemical
lant (Russia). The monomeric unit of PVP is shown in Fig. 1. Stock
VP solution with concentration 20 g L−1 was prepared by dissolv-
ng a defined amount of polymer with distilled water directly prior
o use. Working PVP solutions (10.0–1.0 × 10−5 g L−1) were pre-
ared by dilution of this stock solution. To increase ionic strength,
eference solutions were prepared in 0.1 M solutions of strong elec-
rolytes (NaCl, KCl, NaNO3, KNO3, and Na2SO4).

Triphenylmethane dye (bromophenol blue (BPB)) and azodyes
tropeolin 0 (Tr 0), tropeolin 00 (Tr 00), tropeolin 000 (Tr 000),
iamond yellow (DY), stilbaso (SB) (Russia)) (Fig. 1) were used as a
art of plasticized membranes exchanger for sensors.

For preparation of polyvinylchloride membranes purified
eagents used were as follows: dibutylphthalate as a plasti-
izer, cyclohexanone as a solvent and high-molecular weight
olyvinylchloride as a polymeric support.

.2. Preparation of PVP adduct
PVP adducts formation with the specified dyes was determined
y molecular absorption spectroscopy (Specord M40, Germany).
onditions of PVP-dye adducts formation and ratio of ingredients

n adducts were found by a method of molar ratios.
78 (2009) 1259–1265

Adducts for membranes were prepared by mixing the dye
aqueous solutions and PVP (with different molecular weights)
in the found ratio and under necessary solutions acidity (H2SO4
or NaOH). The adducts obtained from chloroform were prepared
by mixing the fixed volumes of PVP chloroform solutions (with
molecular weights 8.0 × 103, 4.0 × 104, 3.6 × 105) and BPB in the
found ratio. The obtained samples were transferred to a Petri
dish and left for 2–3 days for evaporation of solvent in the flue-
block.

2.3. Membrane preparation and electrode construction

Sensor membranes were made as follows: 0.0050 g of an
electrode-active compound (PVP-dye adduct) was mixed with
0.5 mL of dibutyl phthalate, and a solution of 0.5 g of polyvinyl
chloride in 5 mL of cyclohexanone was added. The mixture was
intensively stirred for 10–15 min at 50–60 ◦C to form a homo-
geneous mass. The resulting liquid was poured into a Petri dish
and kept at room temperature for the evaporation of the sol-
vent.

A membrane prepared by this technique was an elastic polymer
film, from which a disk with a diameter of 10 mm was cut out and
pasted to the polyvinyl chloride case of an electrode with the use of
cyclohexanone. The internal reference electrode was an EM-SCN-
01 silver rhodanide electrode (Russia) with a platinum lead. The
inner solution of the electrode was a reference 1 × 10−2 g L−1 PVP
solution with the addition of SCN− ions.

In potentiometric determinations, the difference between
potentials in the galvanic cell composed of a film electrode and
an EVL-1M3 silver–silver-chloride electrode filled with a satu-
rated KCl solution was used as the analytical signal. The voltage
of the galvanic cell was measured with an EV-74 potentiome-
ter.

Internal reference electrode, SCN−, 10−2 g L−1 PVP|Electrode

membrane|Investigated solution|Saturated KCl, AgCl/Ag

2.4. Analytical determinations

2.4.1. Determination of PVP concentration in pharmaceuticals
The electrode potential of the sensor in standard aqueous PVP

solutions was measured within the concentration range 8.0 × 10−1

to 10−5 g L−1. Solutions were prepared by a consistent dilution on a
background solution of 0.1 mol L−1 KCl. Measurements were spent
with internal 8.0 × 10−3 g L−1 PVP solution.

Determination of PVP concentration in drug “Haemodesum - H”
(Ukraine, exact composition: 60 g L−1 PVP, 5.5 g L−1 NaCl, 0.42 g L−1

KCl, 0.5 g L−1 CaCl2, 0.005 g L−1 MgCl2, 0.23 g L−1 NaHCO3). An aliquot
of 0.33 mL of the drug was diluted with distilled water to 100 mL.
10.0; 1.0; and 0.1 mL of solution were transferred to volumetric
flasks of 25 mL, respectively, then 2.5 mL 1.0 mol L−1 KCl solu-
tion was added and filled up with distilled water. Finally, an
electrode potential was measured by the corresponding sen-
sor.

Determination of PVP concentration in drug “Medichronal - Dar-
nitsa” (Ukraine, exact composition: Package 1: 0.3 g PVP, 17.5 g glucose;
Package 2: 0.2 g PVP, 7 g aminoacetic acid, 3.5 g sodium formiate).
The content of a package was diluted with distilled water to
200 mL. An aliquot 1.33 mL of this drug solution then was diluted

to 100 mL. 0.125; 0.625 and 1.250 mL of solution were transferred
to flasks of 25 mL, respectively. Then 2.5 mL 1.0 mol L−1 KCl solu-
tion was added and diluted with distilled water to 25 mL. Finally,
the electrode potential was measured by the corresponding sen-
sor.
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2.4.4. Determination of PVP concentration in sewage
5 mL sewage containing PVP and other contaminants were trans-

ferred to a flask of 50 mL and diluted with distilled water. 2.5 mL
of the resulting solution was transferred to flasks of 25 mL and
2.5 mL 0.1 mol L−1 KCl solution was added. Then, 0.50 and 0.75 mL
Fig. 1. The chemical str

.4.2. Determination of PVP concentration in modeling bioliquids
Urine: 1.0 mL urine was transferred to a flask of 50 mL and

iluted with distilled water. Aliquots of 0.1 mL of the resulting solu-
ion were transferred to flasks of 25 mL. 0.12, 0.62 and 1.25 mL
f “Haemodesum - H” with PVP content 2.0 × 10−2 g L−1 were
dded, respectively, followed by 2.5 mL 1.0 mol L−1 KCl solution
nd dilution to the notch with distilled water. The respective
lectrode potential was measured by the corresponding sen-
or.

Blood plasma: 2.0 mL blood plasmas was transferred to a flask
f 50 mL, 0.12 mL 2.0 × 10−2 g L−1 PVP solution (Mr PVP = 8.0 × 103)
as added and the diluted with distilled water. An aliquot of 2.5 mL
f the resulting solution was transferred to a flask of 25 mL, then
.5 mL 1.0 mol L−1 KCl solution was added and diluted with distilled
ater. PVP concentration was determined by the method of stan-
ard addition. The respective electrode potential was measured by
he corresponding sensor.

.4.3. Determination of PVP concentrations in samples of urine
Patient urine samples were taken 2 and 24 h after the intake

f “Medichronal–Darnitsa”, respectively. 1.0 mL urine was trans-

erred to a flask of 50 mL and diluted with distilled water. An
liquot of 0.1 mL of the resulting solution was transferred to flasks
f 25 mL, and then 2.5 mL 0.1 mol L−1 KCl solution was added.
.25 and 0.75 mL PVP solution with concentration 2.0 × 10−2 g L−1,
espectively, were added followed by dilution with distilled water
e of polymer and dyes.

and measuring the electrode potential of the corresponding
sensor. PVP concentration was determined by the standard addi-
tion.
Fig. 2. The linear range of dependence for electrode potential and the logarithm of
PVP concentration (PVP-sensor with diamond yellow—PVP adduct, Mr PVP = 8.0 × 103,
pHDY:PVP=1:1 11.0).
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Table 1
Chemical–analytical characteristics of potentiometric sensors for PVP determination (Mr PVP = 8 × 103) in aqueous solutions.

Dye of adduct (R) Conditions of manufacturing,
molar ratio in R:PVP adduct

Background electrolyte
(0.1 mol L−1)

Dynamic range (g L−1) Slope of the electrode
function (mV dec−1)

Tropeolin 0 pH 2.5; 5:1 KNO3 0–5 26
NaNO3 2–5 37

Tropeolin 00 pH 6.0; 5:1 –//– –//– 26
35

Tropeolin 000 pH 4.0; 4:1 –//– –//– 24
35

pH 11.0; 1:1 –//– –//– 22
32

Stilbazo pH 4.5; 5:1 KNO3 0–5 20
pH 10.5; 2:1 NaNO3 2–5 36

Diamond yellow pH 4.0; 4:1 KCl 0–4 22
NaNO3 (−1)–3 35

pH 11.0; 1:1 KCl 0–4 28
NaNO3 (−1)–3 38

B

P
a
w
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3

f
i
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romophenol blue Chloroform; 1:3 KCl
pH 1.7; 1:1 NaCl

KCl

VP solution with concentration 2.0 × 10−2 g L−1, respectively, were
dded and diluted with distilled water and the electrode potential
as measured. PVP concentration was determined by the standard

ddition method.

. Results and discussion

.1. Electrode characteristics
The electrode characteristics of the sensors produced with dif-
erent dyes, pH of adduct manufacturing and solvent use were
nvestigated in the PVP concentration range of 101 to 10−5 g L−1 for
ll molecular weights of the polymer (Mr PVP = 8.0 × 103, 4.0 × 104,
.6 × 105). The linear range of dependence of the electrode poten-

ig. 3. Morphology of a polyvinylchloride membrane surface (200×) of the potentiome
ontaining polymer adduct with different reagents (2) stilbazo; (3) diamond yellow; (4) b
0–4 22
2–5 27
0–4 31

tials and the logarithm of PVP aqueous solution concentration is
shown in Fig. 2.

The influence of exchanger composition in a membrane and pH
of adducts on sensors characteristics was investigated. The content
of an exchanger in an interval from 0.10 up to 2.50% in relation to
mass of a membrane essentially does not influence the dynamic
potential of this method, but the slope of the electrode function
is increased with the decrease of exchanger content in a mem-
brane. Such an influence is certainly connected to an exchange

equilibrium time on the phase boundary “solution–membrane”.
The increase of pH up to 6 units in adducts manufacturing resulted
in decrease of the dynamic range of the method by 1.0–1.5 decades,
but the same time the slope of electrode function was increased
by 5–10%. It could be found, that the increase of standard solution

tric sensors: without of an ion exchanger (1), with addition of the ion exchangers
romophenol blue.
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Fig. 4. Morphology of a polyvinylchloride membrane surface (200×) of the potentiometric sensors: without an ion exchanger (1), with addition of the ion exchangers
containing polycation with different molecular weights (2) 8.0 × 103; (3) 40.0 × 103; (4) 360.0 × 103. Gegenion—bromophenol blue.

Table 2
Results of PVP concentration determination with the use of potentiometric sensor (exchanger—DY-PVP, pHadduct 11) (n = 3, P = 0.95).

Samples Nominal value, C × 104 (g L−1) Experimental value (C ± �) × 104 (g L−1) Sr

“Haemodesum -H” 1.0 1.1 ± 0.3 0.10
5.0 5 ± 2 0.13

10.0 9 ± 2 0.11

“Medichronal - Darnitsa” 1.0 1.0 ± 0.3 0.14
5.0 5 ± 1 0.12

10.0 11 ± 4 0.15

Urine 1.0 1.2 ± 0.4 0.13
5.0 5 ± 1 0.11

10.0 11 ± 3 0.11

Blood plasma 2.0 2.3 ± 0.7 0.13
4.0 4 ± 1 0.13
6.0 9 ± 3 0.13

Sewage – 3 ± 1 0.15

a
t

w
t
a
t
r
m
2

b
s
r
1
t
a

of measurements.
It has been found that the linear concentration range of the

method reaches 4–6 orders of magnitude, and the slope of the elec-
trode functions of our electrodes does not exceed 15–37 mV dec−1.

Table 3
Results of PVP concentration determination in urine of the patient with the use of
potentiometric sensor (exchanger—DY-PVP, pHadduct 11) (n = 3, P = 0.95).

Time (h) Nominal value,
C × 104 (g L−1)

Experimental value
(C ± �) × 104 (g L−1)

Sr

2 – 1.3 ± 0.4 0.11
4.0
6.0

cidity essentially decreases the slope of the electrode func-
ion.

For increasing ionic strength, the standard PVP solutions
ere prepared on a background of 0.1 mol L−1 strong elec-

rolyte solutions. NaCl, KCl, NaNO3, KNO3, Na2SO4 were tested
s background solutions (Table 1). The presence of NaCl in solu-
ion increases the analytical signal of the sensors: the dynamic
ange of the method is improved by not less than an order of
agnitude and the slope of electrode function is improved by

5%.
The lifetime of the synthesized membranes is 60–90 days. Mem-

ranes used after 90 days of storage had electrode characteristics

imilar to just-synthesized membranes. The slope of the sensor
esponse characteristic decreased to half the initial value after
20–130 measurements. This is apparently caused by diffusion of
he exchanger from the membrane into the surrounding medium
nd swelling of the membrane polymeric matrix. Therefore, the
7 ± 3 0.14
10 ± 2 0.09

sensor membranes had to be replaced after the mentioned amount
2.0 3 ± 1 0.13
6.0 7 ± 2 0.14

24 – 0.9 ± 0.3 0.13
2.0 3 ± 1 0.13
6.0 7 ± 2 0.13
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Table 4
Conditions and results of PVP determination by spectroscopy and direct potentiometry (n = 4, P = 0.95).

Reagent Sample Methoda pH range Linear concentration
ranges, C × 104 (g L−1)

Nominal value,
C × 104 (g L−1)

Experimental value
(C ± �) × 104 (g L−1)

Sr

BPB “Haemodesum - H” S 3.2 (0.3–1.2) × 10−1 0.5 × 10−1 (0.52 ± 0.04) × 10−1 0.07
DP 3.0–10.0 1 × 10−4 to 1.0 0.5 × 10−1 (0.56 ± 0.07) × 10−1 0.11

DY “Haemodesum - H” S >10.5 (0.8–8.5) × 10−4 5.0 × 10−4 (4.9 ± 0.5) × 10−4 0.04
DP 3.0–10.0 1 × 10−4 to 1.0 5.0 × 10−4 (5 ± 1) × 10−4 0.11

(0
1 ×

T
p
d

s
T

•
•

•

R
b
t
t
m
c
c
h
a
w

t
a
s
m
s
c
a
t
e

3

a
c
b
m
o
d
i
o
m
b
w
m

i
b
t

“Medichronal - Darnitsa” S >10.5
DP 3.0–10.0

a S: spectrophotometry; DP: direct potentiometry.

he received values of electrode function slope are linked to the
rocess of polyelectric swelling of molecules in solutions and are
efined by the shape and reactivity of the respective polycation.

An increase in the slope of the electrode functions was found for
ensors based on PVPD with different average molecular masses.
he slopes of electrode functions were as follows:

for sensor with DY-PVP adduct (Mr PVP = 8.0 × 103)—0.17 mV dec−1;
for sensor with DY-PVP adduct (Mr PVP = 49.0 × 103)—
0.31 mV dec−1;
for sensor with DY-PVP adduct (Mr PVP = 360.0 × 103)—
0.47 mV dec−1.

elative electrode selectivity factors were found experimentally
y the method of the mixed solutions with a constant concentra-
ion of the interfering molecule [29] for checking the possibility
o determine a low-molecular polymer in the presence of its high-

olecular weight analogue. Magnitudes of selectivity coefficients
hanged from 0.62 when polymer with low-molecular weight as
ompeting substance was used, up to 0.88 when polymer with
igh-molecular weight as competing was used. Resulted data allow
pproving an opportunity of potentiometric analysis of polymers
ith various molecular weights in solution.

The general principles of analytical signal formation of an elec-
rode (i.e. a potentiometric sensor) lie in the basis of film membrane
ction. According to Ref. [30], PVP under some conditions can react
imilarly to cationic surfactant. The mobility in the membrane
atrix and, correspondingly, the ability to exchange depends on the

izes and shapes of the polycations. Clearly, the exact way of poly-
ation transport in the matrix of a membrane also determines the
bility of a membrane to selectively absorb such a polycation and
herefore determines the possibility of manufacturing a membrane
lectrode being selective to a polycation.

.2. Morphology of a polyvinylchloride membrane film

A polyvinyl chloride sensor membrane is an elastic film with
thickness of up to 5 mm. Depending on the polymerization

onditions, polyvinyl chloride, as well as other polymers, forms
oth amorphous and crystalline structures. Commonly, a poly-
er film involves crystalline portions, which are located in some

rder rather than chaotically and form some texture. The intro-
uction of polyelectrolyte adducts, which are species rather large

n size and complex in shape, into polyvinyl chloride at the stage
f polymerization leads to a change in the structure of the poly-
er matrix of the membrane. In this case, its structure is affected

y the amount of the ion exchanger and the size of its particles,
hich is governed by the size of the polycation, i.e., its molecular

ass.
At exchanger contents up to 1% (m/m), it completely dissolves

n a membranous solvent, and extraction processes on the phase
oundary solution–membrane determine the mechanism of elec-
rode potential formation. Classical membranes on Punghor [10]
.8–8.5) × 10−4 5.0 × 10−4 (5 ± 1) × 10−4 0.05
10−4 to 1.0 5.0 × 10−4 (5 ± 1) × 10−4 0.13

contain more then 50% (m/m) exchanger, and they can be seen as
composite on the basis of the polymeric component.

In our opinion, the study of the structure of the membrane
matrix can yield some information about the distribution of the ion
exchanger in the membrane. The most readily available technique
for estimating a change in the structure of the polymer matrix is
studying the surface morphology of polyvinylchloride film mem-
branes.

The morphology of the surface of film polyvinylchloride mem-
branes containing adducts of polycations with inorganic and
organic counterions was studied. It was found that the introduction
of an ion exchanger into the polyvinylchloride matrix increases the
degree of texturing of the membrane matrix at ion exchanger con-
centrations up to 5% (m/m) [32]. In Fig. 3, it is clearly seen that a
pure polyvinyl chloride film has separate crystal-like portions with
small size of “crystallites” (term used in analogy with the real crystal
structure).

The introduction of an ion exchanger into a polymer matrix leads
to an increase in inner stress in the polymer matrix. In addition,
the larger adduct particle, i.e., the larger the molecular mass of the
polycation, the larger this stress and the larger the sizes of crys-
tallites. An increase in inner stress in a film undoubtedly must
increase the number of pores in the matrix, simplify polycation
adduct transport in the membrane, and, correspondingly, acceler-
ate the solution–membrane ion exchange. According to the fixed
charge theory, ion exchanger particles are aligned along areas with
the largest stress [33].

It can be assumed that the larger the molecular mass of the poly-
cation, the larger the number and sizes of pores in the membrane
material and the faster the equilibrium potential of the ion-selective
electrode is formed. Fig. 4 shows some increase in the size of
membrane crystallites upon increasing the molecular mass of poly-
cations in the ion exchanger.

3.3. Analytical application

The potentiometric techniques of polyvinylpyrrolidone deter-
mination in medicinal preparations, bioliquids and sewage of
pharmaceutical production (Tables 2 and 3) were offered on the
basis of the previous results and considerations.

Table 4 gives the conditions and the average of four measure-
ments for PVP determination obtained by spectroscopy [34] and
direct potentiometry. Results were compared and are shown.

4. Conclusions

We designed electrochemical sensors for direct potentiomet-
ric determination of polyvinylpyrrolidone concentration with

different molecular weight. The received chemical–analytical char-
acteristics of the sensors obtained have helped us to develop a
complex of potentiometric techniques of PVP concentration deter-
mination in aqueous solutions of medicinal preparations, bioliquids
and waste.
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a b s t r a c t

Novel selective and simple kinetic spectrophotometric method has been developed and validated
for the determination of norfloxacin (NOR) in its pharmaceutical formulations. The method was
based on the reaction of N-vinylpiprazine formed from the interaction of the mono-substituted
piprazinyl group in NOR and acetaldehyde with 2,3,5,6-tetrachloro-1,4-benzoquinone to give colored
N-vinylpiprazino-substituted benzoquinone derivative. The formation of the colored product was moni-
tored spectrophotometrically by measuring the absorbance at 625 nm. The factors affecting the reaction
was studied and optimized. The stoichiometry of the reaction was determined and the reaction pathway
was postulated. The activation energy of the reaction was calculated and found to be 5.072 kJ mol−1. The
initial rate and fixed time (at 5 min) methods were utilized for constructing the calibration graphs. The
graphs were linear in concentration ranges of 20–150 and 10–180 �g mL−1 with limits of detection of 8.4
and 3.2 �g mL−1 for the initial rate and fixed time methods, respectively. The analytical performance of

both methods was fully validated, and the results were satisfactory. No interferences were observed from
the excipients that are commonly present in the pharmaceutical formulations, as well as from tinidazole
that is co-formulated with NOR in some of its formulations. The proposed methods were successfully
applied to the determination of NOR in its commercial pharmaceutical formulations. The label claim
percentages were 98.4–100.4 ± 0.52–1.04%. Statistical comparison of the results with those of the official
method showed excellent agreement and proved that there was no significant difference in the accuracy

e offi
and precision between th

. Introduction

Norfloxacin (NOR; 1-ethyl-6-fluoro-1,4-dihydro-4-oxo-7-(1-
iprazinyl)-3-quinoline carboxylic acid (Fig. 1) is the most widely
rescribed fluoroquinolone antibacterial agent. It is receiving a
reat interest because of to its potency and broad spectrum of
ctivity against many Gram-positive and Gram-negative bacteria
1]. NOR and its pharmaceutical formulations are cited in the
nited States Pharmacopoeia [2] and European Pharmacopoeia

3]. Because of the therapeutic importance of NOR, numerous
nalytical methods have been developed for its determination in
ts bulk, pharmaceutical formulations and/or biological fluids. The
SP describes a high-performance liquid chromatographic method

or its determination and the European Pharmacopoeia describes a

on-aqueous titrimetric method. Other techniques were a subject
f many reviews [4–6].

Spectrophotometric technique is the most widely used in phar-
aceutical analysis [7–9]. The widespread of spectrophotometric

∗ Corresponding author. Tel.: +966 14677348; fax: +966 14676220.
E-mail address: idarwish@ksu.edu.sa (I.A. Darwish).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.02.027
cial and the proposed methods.
© 2009 Elsevier B.V. All rights reserved.

methods is attributed to their inherent simplicity, economic advan-
tages, and wide availability in most quality control laboratories.
Most of the spectrophotometric methods that have been described
for the determination of NOR involved its common backbone
structure: chelation with metal ions via the quinolone C O and
carboxylic OH [10], charge-transfer reaction with various accep-
tors involving the tertiary piperazinly nitrogen [11], and formation
of ion-pair associates with pairing reagent involving the carboxylic
group of NOR [12]. These methods lacked the selectivity as they
were unable to discriminate between NOR and the other members
of the fluoroquinolones. Furthermore, many of these methods were
handicapped in their applications because their procedures were
tedious and time-consuming.

Kinetic spectrophotometric methods are becoming of a great
interest in the pharmaceutical analysis [13–15]. The applica-
tion of these methods offers some specific advantages such as
improved selectivity due to the measurement of the evolution of the

absorbance with the reaction time. As well, it avoids the interfer-
ence of the colored and/or turbidity background of the samples, and
possibility the interference of the other active ingredients present
in the combined pharmaceutical formulations. Two attempts have
been made for the kinetic spectrophotometric determination of
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ig. 1. Chemical structures of norfloxacin (NOR) and tinidazole (co-formulated with
OR in Conaz® tablets.

OR based on its oxidation with potassium permanganate solu-
ion [16,17]. These methods, being based on oxidation, were
on-selective and subjected to interferences by the reducing phar-
aceutical excipients, and tinidazole that is co-formulated with
OR in Conaz® tablets. For these reasons, there is a need for the
evelopment of more selective and simple kinetic spectrophoto-
etric method for determination of NOR in its pharmaceutical

ormulations either alone or in combination with tinidazole.
The present study describes the development and validation of

novel kinetic spectrophotometric method with enhanced selec-
ivity and simplicity for the determination of NOR. The method is
ased on the reaction of NOR, via its free piperazinyl NH group,
ith acetaldehyde (ACD) to form the N-vinyl piperazine derivative,
hich is then reacted with 2,3,5,6-tetrachloro-1,4-benzoquinone

TCBQ) to give the corresponding colored N-vinylpiperazino-
ubstituted benzoquinone derivative. The development of the color
s monitored spectrophotometrically at its �max. The initial rate and
xed time methods, after their full optimization and validation,
re adopted for the determination of NOR in its pharmaceutical
ormulations.

. Experimental

.1. Apparatus

Double beam V-530 (JASCO Co. Ltd., Kyoto, Japan)
ltraviolet–visible spectrophotometer with matched 1-cm quartz
ells was used for all the spectrophotometric measurements.

.2. Chemicals and dosage forms

Norfloxacin (NOR; Merck & Co., Inc., Cyprus). Acetaldehyde
Sigma Chemical Co., St. Louis, USA) was 4% (v/v), prepared
n methanol. 2,3,5,6-Tetrachloro-1,4-benzoquinone (TCBQ; Sigma
hemical Co., USA) was 2 × 10−2 mol L−1, prepared in dioxane. All
olvents and other chemicals used throughout this study were of
nalytical grade. The available pharmaceutical dosage forms used
n the present investigation are the following: Chibroxine® eye
rops (Merck & Co., Inc., Cyprus) are labeled to contain 3 mg of
OR per 1 mL solution. Noroxin® tablets (Merck & Co., Inc., Cyprus)
re labeled to contain 400 mg of NOR per tablet. Conaz® tablets
Wockhardt, UK) are labeled to contain 400 mg of NOR and 600 mg
f tinidazole per tablet. Uroxin® tablets (Julphar, UAE) are labeled
o contain 400 mg of NOR per tablet. Laboratory-made (Lab-made)
ablets were prepared to contain 400 mg of NOR hydrochloride per
ablet.

.3. Preparation of standard and sample solutions
.3.1. Preparation of stock standard solution
Into a 50-mL calibrated flask, an accurately weighed amount

50 mg) of NOR was dissolved in 40 mL of methanol. For complete
issolution of NOR, the solution was sonicated for 5 min. The result-

ng solution was completed to volume with the same solvent. This
8 (2009) 1383–1388

stock solution (1 mg mL−1) was diluted with methanol to obtain
working concentrations in the range of 50–1500 �g mL−1.

2.3.2. Preparation of tablets sample solution
Twenty tablets were weighed and finely powdered. A quantity

of the mixed powder equivalent to 100 mg of NOR was trans-
ferred into a 50-mL calibrated flask, dissolved in 25 mL of methanol,
swirled and sonicated for 5 min, completed to volume with the
same solvent, shaken well for 10 min, and filtered. The first portion
of the filtrate was rejected, and 25 mL of the filtrate was diluted
with methanol to obtain working concentrations in the range of
50–1500 �g mL−1.

For Lab-made tablets (400 mg NOR as hydrochloride salt), a
quantity of the mixed powder equivalent to 100 mg of NOR was
transferred into a 100-mL calibrated flask, dissolved in 40 mL water,
swirled and sonicated for 5 min, completed to volume with water,
shaken well for 10 min, and filtered. The first portion of the filtrate
was rejected, and 50 mL of the filtrate was transferred quantitatively
into a 100-mL separating funnel, then rendered alkaline with 10%
NaOH solution. The liberated NOR was extracted with four 10-mL
portions of chloroform. The combined extracts were passed through
a small funnel containing anhydrous sodium sulphate (2 g) into a
50-mL calibrated flask. The contents of the separating funnel were
washed three times with chloroform. The combined extracts and
washings were then diluted to the mark with methanol to obtain a
working standard solution of 1 mg mL−1 of NOR.

2.3.3. Preparation of eye drops sample solution
Ten milliliter of the drops (3 mg mL−1) was transferred into a

10-mL tube and extracted with dichloromethane by employing the
procedures described by Pauliukonis et al. [18]. The dried extract
was reconstituted in 1 mL methanol and quantitatively transferred
into a 10-mL volumetric flask. The volume was completed to the
mark with methanol to obtain a solution of 3 mg mL−1. Further
dilutions were made for the extract to obtain sample solution of
concentrations of 50–1500 �g mL−1.

2.4. General analytical procedures and data treatment

One milliliter of the standard or sample solution
(50–1500 �g mL−1) was transferred into 10-mL calibrated flasks.
One milliliter of the ACD solution (4%, v/v, in methanol) and 1 mL
of TCBQ (2 × 10−2 mol L−1 in dioxane) were added. The reaction
mixture was mixed and completed to volume with methanol.
After dilution and mixing, the reaction mixture was immediately
transferred to a spectrophotometric cell and the absorbance was
recorded (at 625 nm) as a function of time against reagent blank
treated similarly.

The kinetic data that has been recorded were transformed to
the Slide Write Plus software, version 5.011 (Advanced Graphics
Software, Inc., CA, USA) for curve fitting, regression analysis, and
statistical calculations. The initial rate (K) of the reaction at differ-
ent concentrations was obtained from the slope of the tangent to
the absorbance-time curve. The calibration curve was constructed
by plotting the logarithm of the initial rate (log K) of reaction versus
logarithm of the concentration (log C) of NOR. Alternatively, the cali-
bration curve was constructed by plotting the absorbance measured
after a fixed time of 5 min.

2.5. Determination of molar ratio of the reactions
2.5.1. For NOR with ACD
The limiting logarithmic method [19] was employed. Two

sets of experiments were carried out employing the general
recommended procedures described above. The first set of
experiments were carried using increasing ACD concentrations
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1.5 × 10−2 to 3.8 × 10−2 mol L−1) at a fixed NOR concentra-
ion (1.9 × 10−4 mol L−1). The second set of experiments were
arried using increasing NOR concentrations (1.3 × 10−4 to
.6 × 10−4 mol L−1) at fixed ACD concentration (1.2 × 10−2 mol L−1).
he logarithms of the obtained absorbances were plotted as func-
ion of the logarithms of the ACD and NOR concentration in the
rst and second sets of experiments, respectively. The slopes of the
tting lines in both sets of experiments were calculated.

.5.2. For vinylpiprazino derivative of NOR with TCBQ
The limiting logarithmic method [19] was employed. Two

ets of experiments were carried out employing the gen-
ral recommended procedures described above. The first set
f experiments were carried using increasing TCBQ con-
entrations (7.5 × 10−4 to 1.5 × 10−3 mol L−1) at a fixed NOR
oncentration (1.9 × 10−4 mol L−1). The second set of exper-
ments were carried using increasing NOR concentrations
1.3 × 10−4 to 4.6 × 10−4 mol L−1) at fixed TCBQ concentration
2.0 × 10−3 mol L−1). The logarithms of the obtained absorbances
ere plotted as function of the logarithms of the TCBQ and NOR

oncentration in the first and second sets of experiments, respec-
ively. The slopes of the fitting lines in both sets of experiments
ere calculated.

. Results and discussion

.1. Involved reaction, design, and strategy for the assay
evelopment

The reaction involved in the present study is based on the
nteraction of the free piperazinyl NH group in NOR molecule

ith ACD forming N-vinylpiprazine derivative. The formed N-
inylpiprazine derivative is then allowed to react with TCBQ to
ive colored vinylpiperazino-substituted benzoquinone derivative
hich exhibits absorption maxima at 625 nm. The absorption spec-

rum for the reaction product is given in Fig. 2. This color reaction
as not been reported yet for NOR, therefore, the present study
as devoted to the investigation of this reaction for NOR and its

mployment in the development of a novel kinetic spectrophoto-
etric method for the determination of NOR. Since this proposed

eaction employed the piprazinyl NH of NOR, therefore, it is antic-
pated that tinidazole that is co-formulated with NOR in Conaz®

ablets and devoid of the NH group (Fig. 1) will not interfere and
ltimately a selective method will be developed. Previous studies

20] showed that free NH groups gave more sensitive (∼50 folds)
ssays than the corresponding hydrochloride salts. For these rea-
ons, the reaction involved in the present study was carried out on
he free NOR, rather than its HCl salts. In principal, any haloquinone
eagent could be used for color development, however Darwish [20]

ig. 2. Absorption spectra of NOR (1) and the reaction product (2) of NOR
60 �g mL−1) with ACD (0.4%, v/v) and TCBQ (2 × 10−3 mol L−1).
Fig. 3. Effect of ACD (©) and TCBQ (�) concentrations on the absorption intensity
of their reaction with NOR (60 �g mL−1).

demonstrated that TCBQ gives more sensitive assays than other
haloquinone reagents (2,3,5,6-tetrabromo-1,4-benzoquinone and
2,3-dichloronaphthoquinone). Therefore, TCBQ was selected in this
study.

The following sections describe the optimization of different fac-
tors affecting the reaction, kinetics, and the use of the optimized
conditions in the development of the assay procedures.

3.2. Optimization of reaction conditions

The factors affecting the reaction conditions (concentrations of
ACD and TCBQ reagents, temperature, and the diluting solvent)
were studied by altering each variable in turn while keeping the
others constant.

The color reaction was studied as a function of the concen-
trations of ACD and TCBQ reagent. The results indicated that the
color development was dependent on the concentration of both
reagents (Fig. 3). The highest color intensity was attained when
the concentrations of ACD and TCBQ were 0.2–0.8% (v/v) and
1.5–4 × 10−3 mol L−1 (in the final reaction solution), respectively.
Considering the precision of the readings, the optimum concentra-
tions that have been selected for further experiments were 0.4%
(v/v) and 2 × 10−3 mol L−1 for ACD and TCBQ, respectively.

The results obtained from the optimizing of the reaction tem-
perature indicated that the rate of color development increases
significantly when the reaction temperature was raised from 20
to room temperature (25 ◦C). At room temperature, the maximum
absorbance values (completion of the reaction) were attained after
20 min and remained constant for a further 10 min. At higher tem-
perature (40 ◦C), the maximum absorbance values were attained
after 15 min, however the readings decreased rapidly leading to
imprecision of the results. Therefore, further experiments were car-
ried out at room temperature (25 ◦C).

In order to select the most appropriate solvent for dilution,
different solvents were tested: methanol, ethanol, propan-2-ol,
butan-1-ol, acetonitrile, acetone, methylene chloride, 1,4-dioxane,
and dimethylformamide. The highest color intensity was attained
when methanol and acetone was used as diluting solvent; methanol
was selected for further investigations.

3.3. Stoichiometry and kinetics of the reaction
The stoichiometry of the reaction of NOR with each of ACD and
TCBQ was investigated by limiting logarithmic method [19]. Straight
lines with comparable slopes (Fig. 4) were obtained indicating the
1:1 ratio for the reactions of NOR with ACD and TCBQ. Based on this
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Fig. 4. Limiting logarithmic plots for molar reactivity of NOR with ACD and TCBQ.
C and A are the concentration and absorbance, respectively. The first line (�): log A
vs. log [NOR]; The second line (�): log A vs. log [TCBQ]; The third line (�): log A vs.
[ACD]. The figures on the lines are their slopes.

r
F

f
t

F
w

Fig. 5. Scheme for the reaction pathway of NOR with ACD and TCBQ.
atio, the reaction pathway was postulated to proceed as shown in
ig. 5.

Under the optimum conditions, the absorbance–time curves
or the reaction at varying NOR concentrations (0.63 × 10−4

o 4.70 × 10−4 mol L−1) with a fixed concentration of TCBQ

ig. 6. Absorbance–time curves for the reaction of varying concentrations of NOR
ith ACD (0.4%, v/v) and TCBQ (2 × 10−3 mol L−1).
Fig. 7. Linear plot for log C vs. log K for the kinetic reaction of NOR with ACD (4%,
v/v) and TCBQ (2 × 10−3 mol L−1). C is [NOR]: (0.63 × 10−4 to 4.7 × 10−4 mol L−1); K is
the reaction rate (per s).

(2 × 10−3 mol L−1) in presence of ACD (4%, v/v) were generated
(Fig. 6). The initial reaction rates (k) were determined from the
slopes of these curves. The logarithms of the reaction rates (log K)
were plotted as a function of logarithms of NOR concentrations
(log C) (Fig. 7). The regression analysis for the values was performed
by fitting the data to the following equation:

logK = log k′ + n log C

where K is reaction rate, k′ is the rate constant, C is the molar con-
centration of NOR, and n (slope of the regression line) is the order
of the reaction. A straight line with slope values of 1.1597 (≈1)
was obtained confirming that the reaction was first order. However
under the optimized reaction conditions, the concentrations of ACD
and TCBQ were in much more excess than that of NOR in the reac-
tion solution. Therefore, the reaction was regarded as a pseudo-first
order reaction.

3.4. The apparent rate constant and activation energy

The absorbance–time curves at different temperatures
(20–40 ◦C) were generated using fixed concentration of NOR
(1.9 × 10−4 mol L−1), ACD (0.4%, v/v), and TCBQ (2 × 10−3 mol L−1).
From these curves the apparent rate constants were calculated.
The activation energy, defined as the minimum kinetic energy that
a molecule possess in order to undergo a reaction, was determined
using Arrhenius equation [21]:logk = log F − Ea/2.303 RTwhere k
is the apparent rate constant, F is the frequency factor, Ea is the
activation energy, T is the absolute temperature (◦C + 273), and R is
the gas constant (1.987 calories degree−1 mol−1). The values of log k
were plotted as a function of 1/T. Straight line with slope value of
−338.9 (=−Ea/2.303 R) was obtained. From these data, the activa-
tion energy was calculated and found to be 5.072 kJ mol−1. This low
activation energy explained that the proposed reaction can easily
proceed under mild conditions, and ACD–TCBQ combination could
be used as useful analytical reagents in the spectrophotometric
determination of NOR.

3.5. Quantitation methods

3.5.1. Initial rate method
The initial rates of the NOR reactions would follow a pseudo-first

order, and were found to obey the following equation:
K = �A/�t = k′Cn

where K is reaction rate, A is the absorbance, t is the measuring time,
k′ is the pseudo-first order rate constant, C is the molar concentra-
tion of NOR, and n is the order of the reaction. The logarithmic form
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Table 1
Analytical parameters for the proposed fixed time spectrophotometric method for determination of NOR.

Reaction time
(min)

Linear range
(�g mL−1)

Intercept Standard deviation
of intercept

Slope Standard deviation
of slope

Correlation coefficient LOD (�g mL−1) LOQ (�g mL−1)

2 40–280 0.0575 0.0420 0.0039 0.00050 0.9803 35.5 107.7
5 10–180 0.0124 0.0063 0.0064 0.00008 0.9997 3.2 9.8

10 5–140 0.0157 0.0120 0.0094 0.00014 0.9995 4.2 12.8
15 5–120 0.0307 0.0162 0.0108 0.00019 0.9994 5.0 15.0
20 5–120 0.0348 0.0163 0.0112 0.00019 0.9993 4.8 14.6
25 5–120 0.0362 0.0184 0.0115 0.00022 0.9993 5.3 16.0
30 5–120 0.0409 0.0191 0.0117 0.00023 0.9992 5.4 16.3

Table 2
Precision for the initial rate and fixed-time spectrophotometric methods for determination of NOR.

Concentration (�g mL−1) Recovery (±RSD)a

Initial rate method Fixed time method

Intra-assay Inter-assay Intra-assay Inter-assay

101.6
99.6

1 101.8
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20 101.4 ± 1.84
60 100.8 ± 1.15
00 97.5 ± 1.42

a Values are mean of three determinations.

f the above equation is written as follow:

ogK = log �A/�t = log k′ + n log C

egression analysis using the method of least square was per-
ormed. The value of n (slope) was 1.1995 (≈1) in the regression
quation confirmed that the reaction was first order with respect
o the NOR concentration. The limit of detection (LOD) was calcu-
ated and found to be 8.4 �g mL−1. This low value confirmed the
ood sensitivity of the method and consequently its capability to
etermine low amounts of NOR.

.5.2. Fixed time method
In this method, the absorbance of the reaction solution con-

aining varying amounts of NOR was measured at a pre-selected
xed time. Calibration plots of absorbance versus the concentra-
ions of NOR were established at fixed periods of time for the
eaction. The regression equations, coefficients of correlation, and
etection limits are given in Table 1. The widest concentration
anges were obtained at fixed times of 2 and 5 min, however the
orrelation coefficient with 2 min was poor. At a fixed time of
min, lower LOD as well as a wide range were obtained, therefore

he fixed time of 5 min was recommended for the determination
22].

.6. Validation of the proposed methods
.6.1. Precision
The precision of the proposed kinetic spectrophotometric

ethod were determined at three levels of NOR concentrations
low, medium, and high of 20, 60, and 100 �g mL−1, respectively).
ive replicates of each sample were analyzed by both the initial rate

able 3
etermination of NOR in its pharmaceutical formulations by the official and the proposed

harmaceutical formulation Officiala (% ± RSD) Initial rate method

Label claim (% ± RSD)a

hibroxine® eye drops 100.1 ± 1.05 98.7 ± 0.82
oroxin® tablets 99.9 ± 1.05 98.7 ± 0.82
onaz® tablets 100.2 ± 0.62 99.3 ± 0.94
roxin® tablets 100.4 ± 0.62 99.9 ± 1.03
ab-made tablets 100.2 ± 0.72 98.9 ± 0.77

a Reference [2], values are mean ± RSD of five determinations.
b The tabulated values of t and F at 95% confidence limit are 2.78 and 6.39, respectively
± 1.04 99.4 ± 1.66 99.6 ± 0.33
± 0.95 99.9 ± 1.72 99.5 ± 0.52
± 1.02 100.3 ± 0.27 100.3 ± 0.06

and fixed time methods. The relative standard deviations (RSD) for
the results did not exceed 2% (Table 2), proving the high repro-
ducibility of the results and the precision of the method. This good
level of precision was suitable for quality control analysis of NOR in
its pharmaceutical dosage forms.

3.6.2. Accuracy and selectivity
The accuracy of the proposed methods was also checked by

performing recovery studies. Known amounts of the pure NOR
were added to preanalyzed NOR-containing pharmaceutical excip-
ients, and then determined by the recommended procedures. The
obtained mean recoveries and relative standard deviations were
in the range 97.5 ± 1.42–101.8 ± 1.02% (Table 2). These results prove
the accuracy of the proposed methods and absence of interferences
from the common excipients. It is worth noting that all the proposed
kinetic spectrophotometric methods were performed in the visible
region away from the UV-absorption region of the UV-absorbing
interfering excipient materials that might be co-extracted from
the NOR-containing pharmaceutical formulations. The interference
from the congenital tinidazole that is co-formulated with NOR in
Conaz® tablets was studied. Samples were prepared by mixing NOR
with tinidazole in a ratio which is normally present in the commer-
cial tablets, and the samples were analyzed for NOR content by the
proposed methods. Good percentage recovery (98.5 ± 1.46%) was
obtained proving the absence of interference from tinidazole with
the proposed method.
3.7. Application of the proposed methods

It is evident from the results obtained previously that the
proposed initial rate and fixed time methods of the proposed

initial rate and fixed time spectrophotometric methodsa.

Fixed time method

t-valueb F-valueb Label claim (% ± RSD)a t-value F-value

0.13 4.82 99.7 ± 0.78 0.78 1.32
0.13 4.82 98.7 ± 0.89 0.47 3.78
1.32 3.42 100.4 ± 0.74 1.04 2.37
1.23 1.93 99.8 ± 0.68 0.45 1.75
1.59 1.09 100.4 ± 0.52 1.41 2.84

.
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inetic spectrophotometric method for determination of NOR gave
atisfactory results with the analysis of NOR in bulk. The meth-
ds were applied on the analysis of NOR-containing commercial
harmaceutical dosage forms. The concentration of NOR was com-
uted from its corresponding regression equations. The results of
he proposed methods (initial rate or fixed time) were statisti-
ally compared with those of the official method [2], in respect
o the accuracy and precision. The obtained mean recovery values
f the labeled amounts were 98.4–100.4 ± 0.52–1.04% (Table 3). In
he t- and F-tests, no significant differences were found between
he calculated and theoretical values of both the proposed and
he reported methods at 95% confidence level. This indicated sim-
lar precision and accuracy in the analysis of NOR in its dosage
orms.

. Conclusion

The present study described a fully validated novel kinetic
pectrophotometric method for the determination of NOR in its
harmaceutical formulations with enhanced selectivity. The pro-
osed initial rate and fixed time methods can be easily applied
s they do not require elaborate treatment of the samples and/or
edious procedures for extraction of the chromophore. As well, both

ethods are sensitive enough for analysis of lower amounts of

OR. Furthermore, the proposed methods do not require expensive

nstruments and/or critical analytical reagents. These advantages
ive the proposed methods a great value and encourage its
pplication to the analysis of NOR in quality control laborato-
ies.
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a b s t r a c t

The evaluation of reactive oxygen species (ROS) and reactive nitrogen species (RNS) production by
neutrophils is currently a matter of extensive research, with scientific reports showing an enormous vari-
ability on the detection methods as well as the concentration of the detecting probes. Also the incubation
media used to test neutrophils and the respective ionic concentration, as well as the glucose concentra-
tion, varies enormously from study to study. This variability often results in different sensibility and/or
response of neutrophils to stimulating agents, which can be a focus of confounding and sometime contra-
dictory results among reports. Thus, the main objective of the present study was to appraise and compare
the effect of commonly described buffering media [phosphate buffer saline (PBS), Hank’s balanced salt
solution (HBSS) and Tris buffer], with or without glucose, on the activation of human neutrophils by phor-
bol myristate acetate (PMA), using different detection probes [luminol amplified chemiluminescence,

dihydrorhodamine 123 fluorescence or cytochrome c reduction (UV/vis spectrometry)].

It was observed that the choice of incubation media as well as the methodology used to detect neu-
trophils oxidative burst has an enormous influence on posterior results. Independently of buffer, the
presence of glucose is important, as a source of NADPH through pentose phosphate pathway (PPP). From
the obtained results, we advise the use of HBSS, with the glucose concentration of 0.55 mM. This incuba-
tion media provided the best performance of neutrophils allowing the use of lower concentrations of the

f the
tested probes as well as o

. Introduction

Neutrophils, also known as polymorphonuclear leukocytes
PMN), are the most common type of white blood cells, comprising
bout 50–70% of all white blood cells. They are the first immune
ells to arrive at the site of inflammation, especially as a result
f bacterial infections, through a process known as chemotaxis,
here they recognize and phagocytise the microorganisms [1]. In

he course of phagocytosis or upon contact with soluble stimu-

us, the killing machinery of neutrophils becomes activated for a
apid elimination of the invader. The success of that elimination
epends on two concurrent events occurring in the phagolyso-
ome of stimulated neutrophils: one oxygen-dependent, known

Abbreviations: PMN, polymorphonuclear leukocytes; ROS, reactive oxygen
pecies; RNS, reactive nitrogen species; PPP, pentose phosphate pathway; G6P,
lucose-6-phosphate; G6PDH, glucose-6-phosphate dehydrogenase; PMA, phorbol
yristate acetate; PBS, Dulbecco’s phosphate buffer saline; HBSS, Hank’s balanced

alt solution; DHR, dihydrorhodamine 123; DHEA, dehydroepiandrosterone; S.E.M.,
tandard error of the mean.
∗ Corresponding author. Tel.: +351 222078968; fax: +351 222004427.

E-mail address: egracas@ff.up.pt (E. Fernandes).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.02.050
stimulating agent, PMA.
© 2009 Elsevier B.V. All rights reserved.

as “oxidative burst”, through the formation of reactive oxygen
species (ROS) and reactive nitrogen species (RNS), and the other,
oxygen-independent, consisting on the release of enzymatic or
antimicrobial protein content into the granules [2]. The formation
of ROS is started by the production of superoxide radical (O2·−),
via the assemblement and activation of NADPH oxidase, which
transfers reducing equivalents from NADPH into molecular oxygen
(O2) [3–5]. This radical undergoes either spontaneous- or enzyme-
catalyzed dismutation (through superoxide dismutase, SOD from
ingested microorganisms) to hydrogen peroxide (H2O2) [6]. H2O2
may generate hydroxyl radical (HO·) via Haber Weiss cycle, which
combines a Fenton reaction and the reduction of Fe(III) by O2·−,
yielding Fe(II) and oxygen. Concomitantly, myeloperoxidase (MPO),
a heme protein present in azurophil granules of neutrophils is
released upon cell activation into the phagolysosome or into the
extracellular space. This protein contributes considerably to the
bactericidal capabilities of these cells via formation of HOCl from

H2O2 and chloride ions [2,5]. H2O2 can also react with HOCl, nitric
oxide (·NO) or peroxynitrite (ONOO−) to yield another highly reac-
tive ROS, singlet oxygen (1O2) [7].

Likewise ROS, the production of RNS is also highly increased
in the event of inflammatory processes, and contributes to the



nta 7

a
a
e
a
a
t
O
[

o
o
o
d
R
m
a
b
s
n
a
fl
t
c
p
[
f
m
a
t
[
r
h
d

i
p
t
f
t
a
b
s
[
n
i
T
fi
n
e
a
v
m
t
e
w
n
u

m
a
b
d
a
d
m
t

The measurement of neutrophil burst was undertaken by
chemiluminescence, by monitoring the oxidation of luminol by
neutrophil-generated reactive species, according to a previously
described procedure [20]. Reaction mixtures contained the follow-

Table 1
Composition of incubation media used to test neutrophils.

Composition (mM) PBS HBSS Tris Tris-G

CaCl2·2H2O 0.90 1.26 1.26 1.26
MgCl2·6H2O 0.49 – – –
KCl 2.68 5.37 5.37 5.37
MgSO4 – 0.81 0.81 0.81
NaCl 140 140 140 140
KH2PO4 1.21 0.36 – –
M. Freitas et al. / Tala

ntimicrobial activity [8]. ·NO results from the catalysis of l-
rginine by nitric oxide synthase (NOS). Three isoforms of this
nzyme have been described: nNOS (neuronal), eNOS (endothelial)
nd iNOS (induced, inflammatory) and all of them utilize l-arginine
s its substrate [9]. Activated neutrophils produce high concentra-
ions of ·NO mainly via iNOS [10]. The rapid reaction of ·NO with
2·− leads to the formation of a powerful nitrative agent ONOO−

9,11].
Endogenously produced ROS and RNS are essential to life, not

nly for neutrophils defense system, but also for a myriad of
ther redox-dependent cellular signalling systems. However, the
verproduction of these species or the impairment of antioxidant
efenses may result to detrimental effects on the host itself, since
OS and RNS can damage or cause degradation of essential complex
olecules in the cells, including lipids, proteins and DNA [12–14]. As
result of this dual effect, the evaluation of ROS and RNS production
y neutrophils has become an essential constituent in numerous
cientific studies, which fostered the implementation of a large
umber of sensitive methods for this purpose, including luminol
mplified chemiluminescence [3,15], dihydrorhodamine 123 (DHR)
uorescence [16,17] or cytochrome c reduction (UV/vis spectrome-
ry) [18]. Nevertheless, there are large variations in experimental
onditions among reported studies. The concentration of each
robe vary as much as 5 �M [19] to 500 �M [20] for luminol, 20 �M
21] to 150 �M [22] for cytochrome c and 2 �M [23] to 160 �M [24]
or DHR. Concerning stimulating agents, the phorbol ester, phorbol

yristate acetate (PMA), is commonly applied, making use of its
bility to activate protein kinase C [25]. Also in this case, concen-
ration of PMA referred on literature also varies as much as 1 nM
26] to 160 nM [20]. From this variability in the concentrations,
eflected in large variations of neutrophils responses, it becomes
ard to make qualitative and/or quantitative comparisons among
ifferent studies, concerning activating and/or inhibiting agents.

Above and beyond, biological relevant assay systems, such as
n vitro cellular systems, require rigorous equilibrium of several
hysical and chemical parameters, like osmolarity, pH, pO2 and
emperature. These procedures will assure good cell viability and
unctionality conditions. Again, some of these parameters, specially
he composition of incubation medium, show a high variability
mong scientific reports involving neutrophils. In fact, several incu-
ation buffers are being currently used, namely phosphate buffered
aline (PBS) [20,27–30], Hank’s balanced salt solution (HBSS)
3,31–33] and Tris buffer [34–36]. Importantly, many authors do
ot reveal the complete composition and/or concentration of the

ncubation buffers and just report the commercial name (PBS, HBSS,
ris,. . .). For the reader who tries to reproduce such studies, it is dif-
cult to choose the incubation media since, for example, with the
ame PBS there are more than five incubation media with differ-
nt ionic concentrations. Considering glucose, it is not always used
nd its concentration has been highly variable. These are important
ariables, because the responsiveness of cells to exogenous stimuli
ay depend on extracellular environment, especially on the rela-

ive ionic and glucose concentrations. It is, therefore, essential to
valuate the influence of the commonly used incubation media
ith different concentrations of glucose, on the performance of
eutrophils, namely on its capacity of producing reactive species
pon stimulation.

Considering this rationale, the importance of the buffering
edia and the respective glucose concentration becomes evident

nd requires a comparative study among the most commonly used
uffers. It is also relevant to perform that study using different

etection methods, and several concentrations of activating agents
nd detection probes, in order to better characterize the best con-
itions for measuring the neutrophil’s oxidative burst. Thus, the
ain objective of the present study was to appraise the effect of

he commonly used buffering media, with or without glucose, on
8 (2009) 1476–1483 1477

the activation of human neutrophils by PMA, using different detec-
tion methods. Owing to the important contribution of glucose to
this activation, its influence in the energetic levels and biochemical
pathways involved in the production of NADPH was also evaluated.

The singularity of this study is represented by the final sug-
gestion of the most feasible conditions for studying neutrophil’s
oxidative burst in vitro, concerning the choice of incubation media
as well as the methodology used to measure the reactive species
produced, which may help to provide standardized conditions for
those performing research in this area.

2. Experimental

2.1. Reagents

The following reagents were obtained from Sigma Chemical
Co. (St. Louis, U.S.A.): PBS, HBSS, PMA, trypan blue solution 0.4%,
luminol, DHR, cytochrome c from horse heart, potassium chloride,
dehydroepiandrosterone (DHEA), and luciferin–luciferase. Sodium
chloride, magnesium sulphate, perchloric acid, potassium bicar-
bonate and calcium chloride were obtained from Merck (Darmstadt,
Germany). Tris(hydroxymethyl)aminomethane (Tris) was obtained
from Riedel de Haën (Germany). The chemical composition of the
buffering media used in this study is presented in Table 1.

2.2. Methods

All determinations were performed in a microplate reader
(Synergy HT, BIO-TEK), using colorimetric, fluorimetric or chemi-
luminescence detection. Each study corresponds at least to five
individual experiments and performed in triplicate in each experi-
ment.

2.3. Isolation of human neutrophils

Venous blood was collected from healthy human volunteers by
antecubital venipuncture, into vacuum tubes with K3EDTA. The iso-
lation of human neutrophils by the gradient density centrifugation
method was performed as previously reported [37]. Cell viability
and cell yield were evaluated by the Trypan blue exclusion method,
using a neubauer chamber and an optic microscope (40×) as pre-
viously described [37].

2.4. Evaluation of the buffering media influence on PMA-induced
oxidative burst in human neutrophils using luminol as detection
probe
Na2HPO4 8.10 0.34 – –
NaHCO3 – 4.17 – –
d-Glucose – 5.55 – 5.55
Tris – – 25 25

pH 7.4
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ng reagents at the indicated final concentrations (in a final volume
f 200 �L): luminol (31.3–500 �M), buffers [PBS, HBSS, Tris, and Tris
ith glucose (Tris-G)], PMA (0.16–160 nM) and neutrophils (final

uspension = 1 × 106 cells/mL). The reaction mixture was subjected
o soft agitation and temperature of incubation of 37 ◦C during the
ourse of the assays. Kinetic readings were initiated immediately
fter cell stimulation. Measurements were taken at the peak of
he curve, the occurrence time of which varied depending on the
uffer used. Effects are expressed as chemiluminescence arbitrary
nits/min.

.4.1. Study of luminol concentrations
Reaction mixtures in the sample wells contained the following

eagents at the indicated final concentrations (in a final volume
f 200 �L): luminol (31.3, 62.5, 125, 250, 500 �M), buffer used to
est neutrophils (PBS, HBSS, Tris or Tris-G), PMA (160 nM) and neu-
rophils (final suspension = 1 × 106 cells/mL).

.4.2. Study of PMA concentrations
Reaction mixtures in the sample wells contained the following

eagents at the indicated final concentrations (in a final volume of
00 �L): luminol (50 �M when HBSS was used and 500 �M with
he other buffers), buffer used to test neutrophils (PBS, HBSS, Tris
r Tris-G), PMA (0.16, 1.6, 16, 160 nM) and neutrophils (final sus-
ension = 1 × 106 cells/mL).

.4.3. Study of glucose concentrations
Reaction mixtures in the sample wells contained the following

eagents at the indicated final concentrations (in a final volume
f 200 �L): luminol (50 and 500 �M when HBSS and Tris was used,
espectively), the buffer used to test neutrophils (HBSS or Tris) con-
aining 0, 0.055, 0.14, 0.28, 0.55, 5.55, 55.5 mM of glucose, PMA
160 nM) and neutrophils (final suspension = 1 × 106 cells/mL). The
uffer, HBSS or Tris, were prepared according to the mineral com-
osition presented in Table 1, except glucose that was added from
to 55.5 mM.

.5. Evaluation of the buffering media influence on PMA-induced
xidative burst in human neutrophils, using cytochrome c as
etection probe

The reduction of cytochrome c by O2·− was monitored at 550 nm,
ccording to a previously described procedure, with some modifi-
ations [38]. Reaction mixtures contained the following reagents
t the indicated final concentrations (in a final volume of 200 �L):
ytochrome c (12.5–100 �M), buffer used to test neutrophils (PBS,
BSS, Tris, Tris-G), PMA (0.16–160 nM) and neutrophils (final sus-
ension = 1 × 106 cells/mL). The reactional mixture was subjected
o soft agitation and incubation temperature of 37 ◦C during the
ourse of the assays. Kinetic readings were initiated after a lag time
f 5 min. Effects are expressed as absorbance arbitrary units/min.

.5.1. Study of cytochrome c concentrations
Reaction mixtures in the sample wells contained the following

eagents at the indicated final concentrations (in a final volume
f 200 �L): cytochrome c (12.5, 25, 50 and 100 �M), buffer used
o test neutrophils (PBS, HBSS, Tris or Tris-G), PMA (160 nM) and
eutrophils (final suspension = 1 × 106 cells/mL).

.5.2. Study of PMA concentrations

Reaction mixtures in the sample wells contained the following

eagents at the indicated final concentrations (in a final volume of
00 �L): cytochrome c (50 �M), buffer used to test neutrophils (PBS,
BSS, Tris or Tris-G), PMA (0.16, 1.6, 16, 160 nM) and neutrophils

final suspension = 1 × 106 cells/mL).
8 (2009) 1476–1483

2.5.3. Study of glucose concentrations
Reaction mixtures in the sample wells contained the following

reagents at the indicated final concentrations (in a final volume
of 200 �L): cytochrome c (50 �M), the buffer used to test neu-
trophils (HBSS or Tris) containing 0, 0.055, 0.14, 0.28, 0.55, 5.55,
55.5 mM of glucose, PMA (160 nM) and neutrophils (final sus-
pension = 1 × 106 cells/mL). The buffer, HBSS or Tris, was prepared
according to the mineral composition presented in Table 1, except
glucose that was added from 0 to 55.5 mM.

2.6. Evaluation of the buffering media influence on PMA-induced
oxidative burst in human neutrophils, using DHR as detection
probe

The generation of reactive species by neutrophils was mea-
sured by fluorimetry, by monitoring the reactive species-induced
oxidation of DHR to rhodamine 123, according to a previously
described procedure, with some modifications [38]. The fluores-
cence signal caused by the reaction of DHR with reactive species
was measured with excitation and emission wavelengths of 485
and 528 nm, respectively. Reaction mixtures contained the follow-
ing reagents at the indicated final concentrations (in a final volume
of 200 �L): DHR (5–40 �M), buffer used to test neutrophils (HBSS,
PBS, Tris or Tris-G), PMA (1.6–160 nM) and neutrophils (final sus-
pension = 1 × 106 cells/mL). The reactional mixture was subjected
to soft agitation and incubation temperature of 37 ◦C during the
course of the assays. Kinetic readings were initiated after a lag time
of 5 min after PMA activation. Effects are expressed as fluorescence
arbitrary units/min.

2.6.1. Study of DHR concentrations
Reaction mixtures in the sample wells contained the following

reagents at the indicated final concentrations (in a final volume of
200 �L): DHR (5, 10, 20, 40 �M), buffer used to test neutrophils
(PBS, HBSS, Tris or Tris-G), PMA (160 nM) and neutrophils (final
suspension = 1 × 106 cells/mL).

2.6.2. Study of PMA concentrations
Reaction mixtures in the sample wells contained the following

reagents at the indicated final concentrations (in a final volume of
200 �L): DHR (10 �M), buffer used to test neutrophils (PBS, HBSS,
Tris or Tris-G), PMA (0.16, 1.6, 16, 160 nM) and neutrophils (final
suspension = 1 × 106 cells/mL).

2.6.3. Study of glucose concentrations
Reaction mixtures in the sample wells contained the following

reagents at the indicated final concentrations (in a final volume of
200 �L): DHR (10 �M), the buffer used to test neutrophils (HBSS or
Tris) containing 0, 0.055, 0.14, 0.28, 0.55, 5.55, 55.5 mM of glucose,
PMA (160 nM) and neutrophils (final suspension = 1 × 106 cells/mL).
The buffer, HBSS or Tris, was prepared according to the mineral
composition presented in Table 1, except glucose that was added
from 0 to 55.5 mM.

2.7. Evaluation of the buffering media influence on neutrophil’s
ATP levels

Measurement of ATP levels in neutrophils incubated in dif-
ferent buffering media was performed by chemiluminescence,
as previously reported [39]. Briefly, neutrophils (final suspen-
sion = 1 × 106 cells/mL) were incubated in HBSS or Tris with

different concentrations of glucose (0, 0.14, 0.55, 5.55 mM), for
5 min, at 37 ◦C. Aliquot samples were then treated with HClO4 (5%
final concentration). These samples were subsequently neutral-
ized with an equal volume of 0.76 M KHCO3, and centrifuged at
16,000 × g for 2 min, in a refrigerated centrifuge (4 ◦C). Aliquots
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Fig. 1. Activation of human neutrophils, tested in HBSS, PBS, Tris and Tris-G, by PMA
(160 nM) using different probe concentrations. (A) Luminol, ***p < 0.001 compara-
M. Freitas et al. / Tala

f neutralized supernatants (100 �L) were mixed with 100 �L
uciferin–luciferase assay solution (0.15 mM luciferin, 300,000 light
nits of luciferase) and the chemiluminescence was immediately
easured. Effects are expressed as chemiluminescence arbitrary

nits/min.

.8. Evaluation of glucose-6-phosphate dehydrogenase influence
n PMA-induced activation of neutrophils oxidative burst

Glucose-6-phosphate dehydrogenase (G6PD) was specifically
nhibited by DHEA, as described before [40], with some mod-
fications. Reaction mixtures in the sample wells contained
he following reagents at the indicated final concentrations
in a final volume of 200 �L): neutrophils (final suspen-
ion = 1 × 106 cells/mL), buffer used to test neutrophils [HBSS or
ris-G, both with (5.55 mM glucose) or without glucose], DHEA
125 �M), PMA (160 nM) and luminol (50 �M when HBSS was
sed and 500 �M with Tris). The reaction mixture was subjected
o soft agitation and incubation temperature of 37 ◦C during the
ourse of the assays. Kinetic readings were initiated immediately
fter cell stimulation. Measurements were taken at the peak of
he curve, the occurrence time of which varied, depending on the
uffer used. Effects are expressed as chemiluminescence arbitrary
nits/min.

.9. Statistical analysis

Statistics were calculated using GraphPad PrismTM (version 5.0;
raphPad Software). Results are expressed as mean ± standard
rror of the mean (S.E.M.) (from at least five experiments, each
ith neutrophils from a different donor). Statistical comparison

etween groups was estimated using the one-way analysis of vari-
nce (ANOVA), followed by the Bonferroni’s post hoc test. In all cases,
-values lower than 0.05 were considered as statistically signifi-
ant.

. Results

.1. Influence of the buffering media in the activation of human
eutrophils using luminol, cytochrome c and DHR as detecting
robes

Fig. 1 shows the results obtained in the study of activation of
uman neutrophils, by PMA (160 nM), using HBSS, PBS, Tris and
ris-G as buffering media, and luminol, cytochrome c and DHR as
etecting probes. The use of different buffers resulted in signifi-
ant differences in the neutrophil’s oxidative burst. HBSS provided
aximal light emission in all concentrations of luminol tested

p < 0.001). As a representative example, for 500 �M of luminol,
he activation of neutrophils tested in HBSS resulted in lumines-
ence arbitrary values (mean ± S.E.M.) as high as 57,431 ± 6,030,
hile it only reached 7984 ± 839 in PBS, 19,935 ± 2,688 in Tris-G,

nd 4143 ± 548 in Tris. When cytochrome c was used, the results
hows that the best detection of O2·− occurred when the cells
ere resuspended in HBSS and in Tris-G. The 100 �M concen-

ration of cytochrome c provided the following mean absorbance
ntensity (mean ± S.E.M.) in neutrophils resuspended in HBSS, PBS,

ris-G and Tris: 43.0 ± 3.6, 21.6 ± 1.1, 46.6 ± 3.9, 18.7 ± 1.4, respec-
ively. Using a fluorescent method based on the oxidation of DHR
o rhodamine 123, the results shows that neutrophils tested in
BSS and PBS provided the higher fluorescence arbitrary units/min

mean ± S.E.M.) (366,520 ± 39,563, 318,320 ± 42,983), respectively,
or 40 �M of DHR), when compared with Tris-G (116,507 ± 14,655)
r Tris (133,261 ± 14,553).
tively to both incubation media, PBS, Tris and Tris-G; (B) cytochrome c; *p < 0.05,
**p < 0.01 and *p < 0.05 comparatively to HBSS, �p < 0.05 and ���p < 0.001 compara-
tively to Tris-G; (C) DHR ***p < 0.001 comparatively to HBSS and �p < 0.05, ��p < 0.01
and ���p < 0.001 comparatively to PBS. Values are given as mean ± S.E.M. (n ≥ 6).

3.2. Influence of the buffering media in the activation of human
neutrophils, using various concentrations of PMA as activating
agent, and luminol, cytochrome c and DHR as detecting probes

Once again, it is clearly shown that detection of human neu-
trophils activation was dependent on the buffer used (Fig. 2).
With all the detecting probes tested, HBSS originated the highest

degree of activation for all concentrations of PMA tested (p < 0.001),
even though a lower luminol concentration was required for this
buffer. By using HBSS buffer and luminol, the PMA concentra-
tion of 16 nM provided the best result (30,915 ± 2,447, 5113 ± 444,
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Fig. 2. Activation of human neutrophils, resuspended in HBSS, PBS, Tris-G and
Tris, by PMA (0.16, 1.6, 16, 160 nM), using different detecting probes. (A) Luminol
(50 �M with neutrophils resuspended in HBSS, 500 �M with neutrophils resus-
pended with PBS, Tris-G and Tris), ***p < 0.001 comparatively to both incubation
media, PBS, Tris and Tris-G, ��p < 0.01 and ���p < 0.001 comparatively to Tris-G; (B)
cytochrome c (50 �M), *p < 0.05, **p < 0.01 and ***p < 0.001 comparatively to HBSS,
�
(
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different glucose concentrations, using luminol, cytochrome c and
DHR as detecting probes

Fig. 3 shows the results obtained by activating human neu-
trophils resuspended in HBSS and Tris with different concentrations

Fig. 3. Activation of human neutrophils by PMA (160 nM), tested in HBSS and Tris
p < 0.05 and ��p < 0.01 comparatively to PBS, ���p < 0.001 comparatively to Tris-G;
C) DHR (10 �M), *p < 0.05, **p < 0.01 and ***p < 0.001 comparatively to HBSS, �p < 0.05
omparatively to PBS. Values are given as mean ± S.E.M. (n ≥ 6).

4,898 ± 1,643, 3291 ± 491) (mean ± S.E.M.) arbitrary chemilumi-
escence units/min with HBSS, PBS, Tris-G and Tris, respectively.
oteworthy, the luminol chemiluminescence response of PMA-
ctivated neutrophils was slowest when HBSS was used, that is,

he peak activity was reached after 15–20 min and it remained at
steady-state maximum during 20 min, decreasing after that time.

n contrast, the neutrophils tested in PBS and Tris had a faster and
ore short-term chemiluminescence response. The peak activity
8 (2009) 1476–1483

was reached after 5–10 min and remained at steady-state maxi-
mum 2–4 min.

3.3. Activation of human neutrophils tested in HBSS and Tris with
with different concentrations of glucose, using different detecting probes. (A) Lumi-
nol (50 �M with neutrophils tested in HBSS and 500 �M with neutrophils tested
in Tris) *p < 0.05, **p < 0.01 and ***p < 0.001 comparatively to respective incubation
media without glucose; (B) cytochrome c (50 �M); (C) DHR (10 �M). Values are given
as mean ± S.E.M. (n ≥ 6).
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f glucose, by PMA (160 nM) using luminol, cytochrome c and
HR as detecting probes. The use of different concentrations of
lucose results in significant differences in neutrophils activa-
ion. For all probes used to detect reactive species, it was clearly
hown that 0.55 mM of glucose provides excellent results. Using the
hemiluminescence method, HBSS with 0.55 mM of glucose pro-
ided the maximal light emission (37,553 ± 3,920) (mean ± S.E.M.).
lso with Tris, the same concentration of glucose provided
imilar results, when compared to 5.55 mM (22,491 ± 1,688 vs
5,947 ± 1,582) (mean ± S.E.M.). The results obtained with the
uorescence method does not seem to be correlated with the

evels of glucose, since in case of HBSS without glucose and
ith 5.55 mM of glucose the fluorescence arbitrary units/min are

imilar: 173,575 ± 15,397 and 205,450 ± 14,324 (mean ± S.E.M.),
espectively.

.4. ATP levels in neutrophils tested in HBSS and Tris with
ifferent concentrations of glucose

The results obtained from the measurement of ATP in neu-
rophils resuspended in HBSS and Tris with 0, 0.14, 0.55, 5.55 mM
f glucose, showed no significant (p > 0.05) differences among the
oncentrations of glucose tested in both incubation media (Fig. 4).

.5. Influence of glucose-6-phosphate dehydrogenase inhibition
n PMA-induced activation of neutrophils oxidative burst

The inhibition of neutrophil’s glucose-6-phosphate dehydro-
enase by DHEA in both incubation media, HBSS or Tris with
lucose (5.55 mM), reduced the neutrophil oxidative burst to lev-
ls close to that obtained in the absence of glucose (p < 0.001)
Fig. 5). In the study of HBSS containing glucose, the activa-
ion by PMA results in 34,150 ± 3,737 arbitrary chemiluminescent

nits/min (mean ± S.E.M.) while the same activation in the pres-
nce of DHEA results in 13,208 ± 2,687 arbitrary chemiluminescent
nits/min (mean ± S.E.M.), which is almost the same value of
eutrophils resuspended in HBSS without glucose 10,866 ± 1,716
mean ± S.E.M.). DHEA had no effect in neutrophils oxidative burst

ig. 5. Effect of dehydroepiandrosterone (DHEA) (125 �M) in the activation of human neu
lucose, ***p < 0.001; (B) cells resuspended in Tris with (5.55 mM) or without glucose, ***p
Fig. 4. Effect of different concentrations of glucose on ATP levels in human neu-
trophils. Values are given as mean ± S.E.M. (n ≥ 6).

in neutrophils resuspended in both incubation media without glu-
cose (neutrophils resuspended in HBSS without glucose + DHEA:
8714 ± 1831).

4. Discussion

The results obtained in the present study noticeably show
that the buffering media choice as well as the methodol-
ogy used to detect reactive species has a strong influence
on the activation and/or measurement of human neutrophils
oxidative burst. It was also demonstrated that glucose potenti-
ates PMA-induced neutrophil oxidative burst in a concentration
dependent manner and that the optimal concentration of glu-
cose, required to produce the maximal activation of neutrophils

and/or measurement of oxidative burst, depends on the buffer
used to test neutrophils and on the probe used to mea-
sure the formed reactive species. Glucose-mediated potentiation
of PMA-induced neutrophil burst was not related to a puta-
tive increase of ATP levels, but rather on the activation the

trophils by PMA (160 nM). (A) Cells resuspended in HBSS with (5.55 mM) or without
< 0.001. Values are given as mean ± S.E.M. (n ≥ 6).
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show that the oxidative burst of neutrophils depends on the level
of glucose, which is used on PPP for production of NADPH with
subsequent release of reactive species.

Comparing the kinetic profile of cytochrome c and DHR, the
results revealed that the intensity of the response with DHR, inde-
482 M. Freitas et al. / Tala

PP, which constitutes an essential pathway for NADPH supply,
equired for reactive species production through NADPH oxi-
ase.

In the tested experimental conditions, the incubation media
BSS provided the best response for all the detection probes used

chemiluminescence, colorimetry, and fluorescence). The chemi-
uminescence probe luminol is thoroughly studied and used for

onitoring reactive species production by neutrophils, namely
2·−, H2O2, HO·, HOCl, 1O2 [3], and ONOO− [41], due to its sen-

itivity, reliability and low cost [42]. By using HBSS buffer, lower
oncentrations of luminol and PMA can be used to achieve a maxi-
al light emission. In line with these results, Samuni et al. [43] has

reviously reported that in luminol-amplified chemiluminescence,
ome parameters have to be carefully controlled such as pH, [O2],
emperature and media composition to hinder disturbances in the
ystem. Also Nelson et al. [44] observed that several components
f the reaction medium have influence in the chemiluminescence
esults. These authors demonstrated that the addition of tyrosine,
ryptophan, soluble protein, or excess of nonopsonized particles
n the reaction medium, increased the light production, allowing
measurement of chemiluminescence with a reduced number of
uman leukocytes.

There are several methods to measure the O2·− production. In
he present study, it was used one of the simplest and easiest

ethods, which consists in following, spectrophotometrically, the
eduction of cytochrome c by O2·− [45]. Various concentrations
12.5, 25, 50, 100 �M) of cytochrome c were tested and, in all of
hem, neutrophils resuspended in HBSS and Tris-G provided the
est sensitivity. We applied 50 �M of cytochrome c to detect O2·−
enerated by various concentrations of PMA, and once again HBSS
nd Tris-G provided the best spectrophotometric signal. Neverthe-
ess, it should be kept in mind that cytochrome c can also be reduced
y HO· and ·NO, and can be re-oxidised by H2O2 and ONOO− [46].
hus, care should be taken in the interpretation of results using this
robe.

DHR is a cell-permeant and a non-fluorescent molecule that can
ndergo oxidation to the fluorophore rhodamine 123. This probe
as also low specificity. Several reactive species are capable of oxi-
izing DHR, namely ONOO−, HOCl, H2O2 [17,47]. In the present
ork, neutrophils assayed in HBSS oxidize DHR more extensively

t all the tested concentrations (5, 10, 20, 40 �M), comparatively to
he other buffering media used, followed by PBS. With this probe,
o differences were found between oxidative burst of neutrophils
ested in Tris with or without glucose.

The main difference between the buffers HBSS and PBS (Table 1)
s the presence of glucose and the lower concentration of phos-
hates in HBSS. In turn, Tris-G has the same composition of HBSS
xcept the phosphates that are absent in Tris-G. These differences
n buffer composition dictate the results obtained in the detection
f oxidative burst with the three methods tested. Our assumption
s that the different results obtained following the variation of the
uffers used to test neutrophils could be related to the presence or
bsence of glucose. We demonstrated that, using luminol amplified
hemiluminescence or cytochrome c reduction, the signal is better
hen neutrophils were tested in HBSS or in Tris-G. The contribution

f glucose for neutrophils oxidative burst has been controversial,
ince some authors reported that a glucose challenge induces a con-
istent increase in ROS [40,48–50], while others reported that high
lucose concentrations impairs O2·− production [51].

To attest the effect of glucose on oxidative burst of neutrophils
nduced by PMA, we used HBSS and Tris as incubation media

nd tested different concentrations of glucose. Once again, it was
learly shown that the results and the conclusions depend on
he methodology used to detect reactive species. That is, with
he chemiluminescent (luminol) and colorimetric (cytochrome c)

ethods we observed differences on activation of neutrophils
8 (2009) 1476–1483

among concentrations of glucose tested. In contrast, no differences
were found with DHR. We also concluded that, independently of the
buffer used, 0.55 mM of glucose is sufficient to instigate an excellent
response of neutrophils and that, in agreement with [51], the higher
(55.55 mM) concentration of glucose tested tendencially resulted
on lesser activation of neutrophils.

The neutrophil oxidative burst can be activated by a number
of different soluble and particulate stimuli, including chemoat-
tractants, certain cytokines, phorbol esters, calcium ionophores,
different lectins, and opsonized as well as various unopsonized
microorganisms [42]. PMA was used as neutrophil stimulator due
to its capacity of activating PKC, which results in NADPH oxidase
assemblement, with subsequent O2·− production [25,40]. Thus,
NADPH synthesis will be determinant in the neutrophils response
to PMA. It is well established that neutrophils utilize glucose essen-
tially to generate ATP through glycolysis, and NADPH, through
PPP pathway [52] (Fig. 6). The first step of PPP is mediated by
G6PDH, which converts G6P into 6-phosphogluconolactone with
NADPH production, which is subsequently consumed via NADPH
oxidase, for biosynthesis of O2·− [40]. NADPH is also produced by
6-phosphogluconate dehydrogenase, and malic enzyme. However,
G6PD is the most important regulator of NADPH levels [53]. In spite
of its role in ATP and NADPH production, the contribution of glu-
cose for neutrophils oxidative burst has been a matter of debate,
as stated above. In order to increase our understanding about the
mechanism associated to the better response of neutrophils to PMA
with increased concentration of glucose, we performed a study to
measure ATP in neutrophils tested in HBSS and Tris with 0–5.55 mM
of glucose that showed no significant (p > 0.05) differences among
the concentrations of glucose tested in both incubation media. As
glucose enters in cells via facilitated diffusion, greater extracellular
glucose levels lead to higher intracellular levels of its downstream
products, as G6P, which is a rate-limiting step in PPP. To determine
the contribution of glucose to oxidative burst depends on the PPP,
we evaluated the effect of the specific inhibitor of G6PDH, DHEA.
The results revealed that the addition of DHEA to neutrophils, tested
in both incubation media HBSS or Tris with 5.55 mM of glucose,
reduced the neutrophil oxidative burst response to levels close
to those obtained without glucose (p < 0.001). Thus, these results
Fig. 6. Schematic representation of relationship between glycolysis, pentose phos-
phate pathway and formation of O2·− by NADPH oxidase. PPP, pentose phosphate
pathway; G6P, glucose-6-phosphate; G6PDH, glucose-6-phosphate dehydrogenase;
GA3P, glyceraldehydes-3-phosphate; ATP, adenosine triphosphate (figure adapted
from [40]).
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endently of the buffer used, is higher than with cytochrome c.
wo reasons for this difference could be that the reduction of
ytochrome c is only extracellular, and the fact that this probe may
e re-oxidised by H2O2 and ONOO− [46], in contrast to DHR, which
etects both intracellular and extracellular reactive species, with a
roader reactivity with ONOO−, HOCl, H2O2 [17].

Taking together, our results indicate that the choice of incubation
edia as well as the methodology used to detect neutrophils oxida-

ive burst has an enormously influence on the results of the assays.
or that reason, before any experiment, is extremely important to
est the response of neutrophils with different buffers and method-
logies to avoid erroneous conclusions. Independently of buffer, the
resence of glucose is important as a source of NADPH through PPP.
rom the obtained results, we advise the use of HBSS, with the glu-
ose concentration of 0.55 mM. This incubation media provided the
est performance of neutrophils allowing the use of lower concen-
rations of the tested probes as well as of the stimulating agent,
MA. Important notions are also provided for the correct use and
nterpretations resulting from the application of different probes
or evaluating neutrophil’s oxidative burst, namely luminol ampli-
ed chemiluminescence, dihydrorhodamine 123 fluorescence or
ytochrome c reduction (UV/vis spectrometry).

cknowledgements

The authors acknowledge Fundação para a Ciência e Tecnologia
FCT) and Fundo Europeu de Desenvolvimento Regional (FEDER)
nancial support for the Project POCI/QUI/59284/2004. Marisa Fre-

tas acknowledges FCT and Fundo Social Europeu (FSE) her PhD
rant (SFRH/BD/28502/2006).

eferences

[1] S.D. Kobayashi, J.M. Voyich, C. Burlak, F.R. DeLeo, Arch. Immunol. Ther. Exp. 53
(2005) 505.

[2] V. Witko-Sarsat, P. Rieu, B. Descamps-Latscha, P. Lesavre, L. Halbwachs-
Mecarelli, Lab. Invest. 80 (2000) 617.

[3] H. Hasegawa, K. Suzuki, S. Nakaji, K. Sugawara, J. Immunol. Methods 210 (1997)
1.

[4] B.M. Babior, Blood 93 (1999) 1464.
[5] M.B. Hampton, A.J. Kettle, C.C. Winterbourn, Blood 92 (1998) 3007.
[6] B. Halliwell, Trends Biochem. Sci. 31 (2006) 509.
[7] S. Miyamoto, G.E. Ronsein, F.M. Prado, M. Uemi, T.C. Correa, I.N. Toma, A.

Bertolucci, M.C.B. Oliveira, F.D. Motta, M.H.G. Medeiros, P. Di Mascio, IUBMB
Life 59 (2007) 322.

[8] J.C. Hodgson, C.A. Watkins, C.W. Bayne, Vet. Immunol. Immunopathol. 112
(2006) 12.

[9] A. Denicola, R. Radi, Toxicology 208 (2005) 273.
10] R.P. Patel, J. McAndrew, H. Sellak, C.R. White, H.J. Jo, B.A. Freeman, V.M. Darley-
Usmar, Biochim. Biophys. Acta 1411 (1999) 385.
11] F.L.M. Ricciardolo, A. Di Stefano, F. Sabatini, G. Folkerts, Eur. J. Pharmacol. 533

(2006) 240.
12] D. Wu, A.I. Cederbaum, Alcohol Res. Health 27 (2003) 277.
13] G. Folkerts, J. Kloek, R.B. Muijsers, F.P. Nijkamp, Eur. J. Pharmacol. 429 (2001)

251.

[
[
[

8 (2009) 1476–1483 1483

14] W.D. Splettstoesser, P. Schuff-Werner, Microsc. Res. Tech. 57 (2002) 441.
15] G. Briheim, O. Stendahl, C. Dahlgren, Infect. Immun. 45 (1984) 1.
16] A. Lojek, L. Kubala, H. Cizova, M. Ciz, Luminescence 17 (2002) 1.

[17] A. Gomes, E. Fernandes, J. Lima, J. Biochem. Biophys. Methods 65 (2005) 45.
18] M.A. Barbacanne, J.P. Souchard, B. Darblade, J.P. Iliou, F. Nepveu, B. Pipy, F. Bayard,

J.F. Arnal, Free Radic. Biol. Med. 29 (2000) 388.
19] S.D. Catz, M.C. Carreras, J.J. Poderoso, Free Radic. Biol. Med. 19 (1995) 741.
20] D. Costa, A.P. Marques, R.L. Reis, J. Lima, E. Fernandes, Free Radic. Biol. Med. 40

(2006) 632.
21] T. Suda, Y. Suzuki, T. Matsui, T. Inoue, O. Niide, T. Yoshimaru, H. Suzuki, C. Ra, T.

Ochiai, Br. J. Dermatol. 152 (2005) 887.
22] K. Wong, X.B. Li, N. Hunchuk, J. Biol. Chem. 270 (1995) 3056.
23] G. Fossati, D.A. Moulding, D.G. Spiller, R.J. Moots, M.R.H. White, S.W. Edwards,

J. Immunol. 170 (2003) 1964.
24] C.F.M. Franssen, M.G. Huitema, A.C.M. Kobold, W.W. Oost-Kort, P.C. Limburg, A.

Tiebosch, C.A. Stegeman, C.G.M. Kallenberg, J.W.C. Tervaert, J. Am. Soc. Nephrol.
10 (1999) 1506.

25] J.M. Robinson, J.A. Badwey, M.L. Karnovsky, M.J. Karnovsky, J. Cell Biol. 105
(1987) 417.

26] H.W. Lu, K. Sugahara, Y. Sagara, N. Masuoka, Y. Asaka, M. Manabe, H. Kodama,
Arch. Biochem. Biophys. 393 (2001) 73.

27] M.P. Wymann, V. Vontscharner, D.A. Deranleau, M. Baggiolini, J. Biol. Chem. 262
(1987) 12048.

28] M.C. Perianayagam, N.E. Madias, B.J.G. Pereira, B.L. Jaber, Eur. J. Clin. Invest. 36
(2006) 353.

29] J.L. Dou, C.Y. Tan, Y.G. Du, X.F. Bai, K.Y. Wang, X.J. Ma, Carbohydr. Polym. 69
(2007) 209.

30] J.G. Bender, D.E. Vanepps, Infect. Immun. 41 (1983) 1062.
31] R.A. Proctor, E. Prendergast, D.F. Mosher, Blood 59 (1982) 681.
32] H. Faden, P. Sutyla, P.L. Ogra, Infect. Immun. 24 (1979) 673.
33] M. Shiraishi, K. Suzuki, S. Nakaji, K. Sugawara, N. Sugita, K.J. Suzuki, S. Ohta,

Luminescence 14 (1999) 239.
34] Y. Yui, R. Hattori, K. Kosuga, H. Eizawa, K. Hiki, S. Ohkawa, K. Ohnishi, S. Terao,

C. Kawai, J. Biol. Chem. 266 (1991) 3369.
35] G.R. Tintinger, R. Anderson, Biochem. Pharmacol. 67 (2004) 2263.
36] R. Cockeran, A.J. Theron, H.C. Steel, N.M. Matlola, T.J. Mitchell, C. Feldman, R.

Anderson, J. Infect. Dis. 183 (2001) 604.
37] M. Freitas, G. Porto, J.L. Lima, E. Fernandes, Clin. Biochem. 41 (2008) 570.
38] M. Rinaldi, P. Moroni, M.J. Paape, D.D. Bannerman, Vet. Immunol.

Immunopathol. 115 (2007) 107.
39] H. Pontes, M. Carvalho, P.G. de Pinho, H. Carmo, F. Remiao, F. Carvalho, M.L.

Bastos, Toxicol. In Vitro 22 (2008) 910.
40] R. Oehler, G. Weingartmann, N. Manhart, U. Salzer, M. Meissner, W. Schlegel, A.

Spittler, M. Bergmann, D. Kandioler, C. Oismuller, H.M. Struse, E. Roth, Blood 95
(2000) 1086.

41] R. Radi, T.P. Cosgrove, J.S. Beckman, B.A. Freeman, Biochem. J. 290 (1993)
51.

42] C. Dahlgren, A. Karlsson, J. Immunol. Methods 232 (1999) 3.
43] A. Samuni, C.M. Krishna, J. Cook, C.D.V. Black, A. Russo, Free Radic. Biol. Med.

10 (1991) 305.
44] R.D. Nelson, M.J. Herron, J.R. Schmidtke, R.L. Simmons, Infect. Immun. 17 (1977)

513.
45] J.M. McCord, I. Fridovic, J. Biol. Chem. 244 (1969) 6049.
46] C.L. Murrant, M.B. Reid, Microsc. Res. Tech. 55 (2001) 236.
47] M.M. Tarpey, I. Fridovich, Circ. Res. 89 (2001) 224.
48] P. Mohanty, W. Hamouda, R. Garg, A. Aljada, H. Ghanim, P. Dandona, J. Clin.

Endocrinol. Metab. 85 (2000) 2970.
Hashimoto, M. Naruse, H. Sano, H. Utsumi, H. Nawata, Diabetes 49 (2000) 1939.
51] A. Perner, S.E. Nielsen, J. Rask-Madsen, Intensive Care Med. 29 (2003) 642.
52] N. Borregaard, T. Herlin, J. Clin. Invest. 70 (1982) 550.
53] Z.Q. Zhang, J. Yu, R.C. Stanton, Anal. Biochem. 285 (2000) 163.



M
a

M
D
E

a

A
R
R
A
A

K
E
L
B

1

r
i
t
[
a
t
b
c
a
w
o
e

0
d

Talanta 78 (2009) 1303–1309

Contents lists available at ScienceDirect

Talanta

journa l homepage: www.e lsev ier .com/ locate / ta lanta

icroorganisms recognition and quantification by lectin
dsorptive affinity impedance

. Gamella, S. Campuzano, C. Parrado, A.J. Reviejo, J.M. Pingarrón ∗

pto. Química Analítica, Facultad de CC. Químicas, Universidad Complutense de Madrid,
-28040 Madrid, Spain

r t i c l e i n f o

rticle history:
eceived 3 December 2008
eceived in revised form 22 January 2009
ccepted 30 January 2009
vailable online 10 February 2009

eywords:
lectrochemical impedance spectroscopy
ectins
acteria

a b s t r a c t

Lectin-based screen-printed gold electrodes are reported for the impedimetric label-free detection of
bacteria. The selective interaction of lectins with carbohydrate components from microorganisms surface
was used as the recognition principle for their detection and identification. Electrochemical impedance
spectroscopy (EIS) was employed for the direct label-free transduction of the bacteria–lectin binding.
Biotinylated Concanavalin A (Con A) and Escherichia coli were used for the evaluation of the lectin–bacteria
complex formation. This complex was formed in solution, and then adsorbed onto the gold SPE surface.
No bacteria immobilization was observed on the sensor prepared in the absence of ConA, demonstrat-
ing the absence of non-specific bacteria adsorption onto the gold SPE. On the contrary, the changes in
electron transfer resistance allowed monitoring of E. coli–biotinylated Con A complex formation with-
out any amplification step. Experimental variables such as the biotinylated-Con A concentration and the
bacteria–lectin incubation time were optimized. The electron transfer resistance varied linearly with the
logarithmic value of E. coli concentration over four orders of magnitude, 5.0 × 103 and 5.0 × 107 cfu mL−1.

The selectivity of the approach was evaluated by checking the impedimetric responses of gold SPE mod-
ified with the complexes formed between nine lectins and three different bacteria (E. coli, Staphylococcus
aureus and Mycobacterium phlei). Different response profiles were found when the different lectins were
used as recognition elements. principal component analysis (PCA) allowed classification and distinction
among bacteria. Finally, electrochemical monitoring of �-galactosidase activity for the surface attached
bacteria was demonstrated to be useful to distinguish between E. coli and S. aureus, which exhibit a similar

ted-C
affinity towards biotinyla

. Introduction

The early detection of low microorganisms concentrations still
emains a challenge to allow immediate decisions to be taken
n many important fields such as food safety, water contamina-
ion, disease diagnostics and biological terrorism threat control
1–3]. Accordingly, reliable, rapid, low cost and highly sensitive
nalytical methods are highly demanded. Recent alternatives to
raditional bacteria detection methods (e.g. plating and culturing,
iochemical tests, microscopy, flow cytometry), which are time-
onsuming, inconvenient and require several handling steps [3,4],
re immunosensors or DNA chips. However, they have failed to gain

ide acceptance due to the high user expertise required, high cost

f labelling reagents and low stability of the biological recognition
lements [3].

∗ Corresponding author. Fax: +34 913944329.
E-mail address: pingarro@quim.ucm.es (J.M. Pingarrón).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.01.059
on A.
© 2009 Elsevier B.V. All rights reserved.

An attractive alternative detection approach is the one relying on
carbohydrate recognition, which offers some potential advantages
over antibody/nucleic acid detection. Most of microorganisms,
proteins and viruses have carbohydrates at their surface, and there-
fore, the recognition of these carbohydrates can be used for their
detection and identification [5]. Oligosaccharides are smaller than
antibodies, thus allowing higher densities of carbohydrate-sensing
elements leading to higher sensitivity and lower non-specific
adsorption [3].

Lectins associate selectively and reversibly with mono- and
oligosaccharide components of polysaccharide structures [6], major
structural components of cells surface and secreted proteins [7,8].
Lectins are polyvalent, i.e. each lectin molecule possesses at least
two carbohydrate binding sites to allow cross-linking between cells
(by combining with sugars on their surfaces) [7]. Furthermore,

these proteins are readily available and inexpensive, which is highly
appropriate to combine with mass produced screen-printed elec-
trodes as transducing elements [9].

Concanavalin A (Con A) is a mannose- and glucose-binding
lectin. Con A can aggregate to specific terminal carbohydrates
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f bacterial surface lipopolysaccharides with different bind-
ng ability [3]. Two divalent metals (Mn2+ and Ca2+) must be
resent for carbohydrate binding as they are necessary for Con
to have the active conformation to interact with �-mannose

3,10].
To date, they are few reports in the literature on the use of lectins

o implement biological detection systems. Ertl and Mikkelsen [6]
eveloped lectin-based sensor arrays for qualitative discrimination
f bacterial strains. Lectin-modified membranes were fixed on the
urface of a Pt electrode in order to obtain electrochemical sig-
als from respiratory cycle activity. Shen at al. [3] used lectins to

orm bridges between a specific carbohydrate structure and bacte-
ia containing a complementary carbohydrate pocket to amplify the
esponse on a quartz crystal microbalance. Recently, Serra et al. [11]
roposed a method for the detection and quantification of microor-
anisms by immobilizing lectins on a gold-plated quartz crystal
urface, with a detection limit of approximately 104 Escherichia coli
fu mL−1.

Electrochemical impedance spectroscopy (EIS) is an efficient
nd rapid electrochemical technique suitable for characterization of
iocatalytic transformations on electrode surfaces, and especially
or the label-free transduction of biosensing events on electrodes
12]. In this article, the potentialities of lectin-based impedimet-
ic Au/SPEs for the label-free detection of bacteria are investigated.
mpedimetric measurements were carried out for nine biotiny-
ated lectins with three different microorganisms, and factor based
rincipal component analysis (PCA) was used for data analysis.
oreover, the amperometric monitoring of the metabolic activity

f attached bacteria allowed discrimination between Enterobacte-
iaceaes and other bacterial families and between living and dead
rganisms.

. Experimental

.1. Apparatus and electrodes

All electrochemical measurements were performed with a
oltalab PGZ 402 potentiostat/galvanostat equipped with the
oltaMaster 4 Upgrade 4.00 electrochemical software. Gold
creen printed electrodes (220BT, 4 mm diameter, Au/SPEs) were
urchased from Dropsens (Oviedo, Spain). All potential val-
es were referred to the screen printed silver pseudo-reference
lectrode.

.2. Materials and solutions

Wild type E. coli (CECT 515), Staphylococcus aureus (CECT 59)
nd Mycobacterium phlei (CECT 3009) were obtained from the
panish Collection of Type Cultures. Biotinylated lectins, sup-
lied by Sigma, were from: Canavalia ensiformes (Concanavalin
), Arachis hypogaea, Helix pomatia, Lens culinaris, Lycopersicon
sculentum, Tetragonolobus purpureas, Dolichos biflorus, Triticum vul-
aris, Ulex europaeus. Buffer solutions, prepared daily, consisted
f 0.1 M acetate buffer of pH 5.0 containing 1 mM of Mn2+ and
mM Ca2+. This medium was chosen to obtain, according to
rovider instructions, optimum Concanavalin A activity in its dim-
eric form. All chemicals used were of analytical-reagent grade,

nd water was obtained from a Millipore Milli-Q purification
ystem.
Reagents used for the electrochemical measurements of bac-
erial �-galactosidase activity were: tyrosinase (from mushroom,
C 1.14.18.1, activity 6750 U mg−1 solid; Sigma), phenyl �-d-
alactopyranoside (PG) (Fluka) as �-d-galactosidase substrate, iso-
ropyl �-d-galactopyranoside (IPTG) (Sigma) as �-d-galactosidase

nductor and polymyxin B sulfate (Sigma) as permeabilizer.
8 (2009) 1303–1309

2.3. Procedures

2.3.1. Preparation of (bacteria–biotinylated-lectin)
complex-modified Au/SPEs

Firstly, Au/SPEs were pre-treated by depositing 50-�L of a 0.5 M
H2SO4 solution on the electrode active surface, and cycling the
potential between 0.0 and +1.25 V at a scan rate of 100 mV s−1 for
10 cycles; then, the electrodes were rinsed with water and dried
under a N2 flow. Their voltammetric behavior in acidic solution
was analogous to that reported in literature for gold wire electrodes
[13,14]. Biotinylated-lectin–bacteria complexes were immobilized
on the pre-treated Au/SPEs by successive deposition of 20 �L of
a 0.06 mg mL−1 biotinylated-lectin solution and 20 mL of bacteria
cultures with different cell numbers, and allowing the immobiliza-
tion to proceed for 1 h at room temperature. Then, the modified
electrodes were rinsed softly with deionised water.

2.3.2. Impedimetric and cyclic voltammetry measurements
Impedimetric and cyclic voltammetry measurements were car-

ried out after deposition of 40 �L of a K3Fe(CN)6/K4Fe(CN)6,
2 mM in each component, solution in 0.1 M KCl. Impedance mea-
surements were performed at the equilibrium potential of the
Fe(CN)6

4−/Fe(CN)6
3− pair, with a 10 mV (rms) sinusoidal excitation

amplitude, and an automatic analyser integration time (0.001% S.D.
of İ(jw) correlator output) with a 100 s cut-off time. Measurements
were made at 20 steps per decade in the appropriate frequency
range five times at each frequency and averaged during each run.
Impedance data, were analysed by non-linear least squares (NLLS)
using the EQUIVCTR.PAS (EQU) program by Boukamp [15]. The
impedance Z is expressed in term of a real (Zre) and an imagi-
nary (Zim) component. The changes in resistance were calculated
according to:

�Ret = Ret(lectin–bacteria) − Ret(lectin)

where Rlectin is the value of the resistance when the biotinylated
lectin was immobilized on the electrode and Rlectin–bacteria is the
value of the resistance after lectin-bacteria complex formation.
However, in some cases (see Section 3.4), we observed non-specific
adsorption of bacteria (S. aureus and M. phlei) onto the activated
Au/SPEs. In these cases, the latter equation should be changed for:

�Ret = Ret(lectin–bacteria) − Ret(lectin) − Ret(bacteria)

in order to take into account the resistance contribution from this
non-specific bacteria adsorption.

Cyclic voltammetry was used to monitor the fabrication process
of the lectin based-sensor. Voltammograms were recorded from
−0.2 to 0.8 V at a scan rate of 100 mV s−1. All the experiments were
carried out at room temperature.

2.3.3. Bacteria cultivation
All bacteria used in this work belong to the microorganism

biosafety level 2 group, except M. phlei which belongs to level 1, and,
consequently, all safety considerations concerning these groups
were accomplished in the manipulation of these bacteria. E. coli
and S. aureus cultures were grown overnight in Luria broth medium
(LB) at 37 ◦C with aeration by shaking, which allowed the growing
stationary phase to be reached. M. phlei cultures were grown dur-
ing 72 h in Middlebrook broth medium at 37 ◦C, with aeration by
shaking until the stationary phase was also reached. Then, bacterial
cultures were serially diluted (10-fold steps) and 10 �L of samples

were applied to LB agar or Middlebrook agar plates, respectively,
and incubated for 24 h at 37 ◦C, for enumeration of colonies (M. phlei
were incubated for 72 h). At the same time, the stationary-phase
cultures were diluted to 10–108 cfu (colony forming units) mL−1

with deionized water for the impedimetric measurements.
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a decrease in the peak current and an increase in the separation
of peak potentials compared to the voltammetric behaviour of the
unmodified electrode. Binding of biotinylated-lectin–bacteria com-
plex on the electrode surface produced an increase of 59 mV in
the separation of peak potentials as well as a remarkable decrease

Table 1
Calculated values of the equivalent circuit elements for a bare Au/SPE, a biotinylated
Con A-modified Au/SPE and a E. coli–biotin–Con A-modified Au/SPE.
ig. 1. (a) Complex impedance plots and (b) cyclic voltammograms for a bare Au/SP
u/SPE. 2 mM [Fe(CN)6]3−/4− (1:1) in 0.1 M KCl E. coli, 1.0 × 106 cfu mL−1. 0.1–50,000
yclic voltammetry.

Moreover, to induce galactosidase activity during bacteria
nrichment, the stationary-phase cultures were diluted to 10–
08 cfu mL−1 in LB, containing 0.25 mM IPTG.

.3.4. Data chemometric analysis
Impedimetric data obtained for three replicate runs with each

ell culture were used to generate a matrix for PCA. One column in
he data matrix consisted of the impedimetric responses for each
f the nine biotinylated lectins assayed. Thus, three columns were
enerated for each microorganism. Factor analysis was performed
sing Statgraphics Plus (Version 5.1) and involved the genera-
ion of reduced eigenvectors to determine the optimal number
f factors, examination of the resulting residuals plots for ran-
omness, and the generation of scores for the first three principal
omponents. These scores were obtained for each of the three repli-
ate trials for each microorganism, and were plotted to determine
hether qualitative groupings of microorganisms existed in the

iotinylated-lectin-binding impedimetric responses.

.3.5. Electrochemical measurement of bacterial ˇ-galactosidase
ctivity from attached bacteria

In this approach, once the bacteria were attached to the elec-
rode surface via biotinylated-lectin interaction, the probe was
insed with water and 50 �L of 0.1 M PBS buffer (pH 4.5, containing
0 �g mL−1 polymyxin B and 468 U tyrosinase) were deposited on a
acteria-biotin–ConA-Au/SPE. The electrode was then polarised to
0.10 V, which is an adequate potential value for phenol detection,
nd the current was allowed to stabilize. Amperometric responses
ere obtained after the addition of a 5-�L drop of 0.02 M PG onto

he electrode surface [16].

. Results and discussion

.1. Formation of the lectin–bacteria complex at the Au/SPE
urface

This step was evaluated by using biotinylated-Concanavalin A
nd E. coli as a model system. The lectin was adsorbed onto the pre-
reated Au/SPE as described in the Experimental section and EIS and
yclic voltammetry were employed to follow the stepwise assembly
f the systems and the electronic transduction for the detection of

. coli.

Fig. 1a compares Nyquist plots obtained for bare Au/SPE and for
odified electrodes with biotinylated Con A, as well as after the for-
ation of the Con A–E. coli complex in the presence of equimolar

Fe(CN)6]4−/3−. The bare Au/SPE showed the expected fast electron
iotinylated Con A-modified Au/SPE, and a (E. coli–biotin–Con A) complex-modified
quency range with a 10 mV rms signal for EIS measurements and v = 100 mV s−1 in

transfer process with a diffusional limiting step. Formation of the
adsorbed biotinylated lectin layer produced an increase in the elec-
tron transfer resistance, and the further attachment of bacterial
cells to the electrode surface gave rise to an additional barrier for
the access of the redox probe to the electrode, resulting in a fur-
ther increase in electron-transfer resistance [17,18]. The magnitude
of this increase in electron transfer resistance could be related to
the number of bacterial cells immobilized through the biotinylated
lectin to the electrode surface [19].

The Randles modified equivalent circuit (Fig. 1 inset) was used
to fit the EIS data and to determine the electrical parameters for
each step [18,19]. Table 1 summarizes the values calculated for the
electrolyte resistance (RS), the Warburg impedance resulting from
ion diffusion from the electrolyte bulk (ZW), the electron transfer
resistance (Ret), and the constant phase element Q (instead of the
double layer capacitance, Cdl) to take into account the frequency
dispersion often related directly to electrode roughness. As can be
seen, Ret changed from 164.75 to 663.90 �, i.e., increased a 403%,
upon the binding of the biotin–lectin–E. coli complex on the acti-
vated Au/SPE surface. These results indicated that EIS is able to
monitor the change in electron transfer resistance resulting from
the immobilization of bacteria (through the complex formed with
an appropriate lectin) on the surface of Au/SPEs without any ampli-
fication step.

Fig. 2 shows the changes in electron transfer resistance for
Au/SPEs modified with biotinylated-Con A (bar 2), with the
adsorbed E. coli–biotinylated Con A complex (bar 4), and with non-
specific adsorbed E. coli cells (bar 3). As it can be seen, no resistance
was measured in this latter case, indicating that no significant E.
coli non-specific adsorption occurred on the electrode surface.

Cyclic voltammograms recorded at the bare and modified
Au/SPEs for the [Fe(CN)6]4−/3− redox pair are displayed in Fig. 1b. As
expected, electrode modification with biotinylated-Con A produced
Q (�F) ZW (� s−1/2) Ret (�) Rs (�)

Au/SPE 5.81 × 10−6 2.94 × 10−3 50.10 34.88
Biotin–ConA–Au/SPE 3.49 × 10−6 2.97 × 10−3 164.75 25.26
E. coli–biotin–ConA–Au/SPE 3.63 × 10−6 2.97 × 10−3 663.90 30.00
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ig. 2. Electron transfer resistance increments measured for a bare Au/SPE (bar 1), a
u/SPE on which biotinylated-Con A is adsorbed (bar 2), a Au/SPE incubated for
h in an 1 × 105 cfu mL−1 E. coli solution (bar 3), and a Au/SPE on which the E.

oli–biotinylated Con A complex is adsorbed (bar 4).

n peak current. These results are consistent with the changes
bserved in the electron transfer resistance by EIS. However, it
s important to note that the increase in electron transfer resis-
ance upon bacteria attachment was of 403% with respect to the
et found for the biotinylated-Con A-modified electrode, whereas
he signal change (decrease of the anodic current) was only of 24%
hen cyclic voltammetry was used. This suggests that EIS mea-

urements of electron transfer resistance were more sensitive than
urrent voltammetric measurements for sensing the change on the
lectrode surface upon binding of the biotinylated-lectin–bacterial
ells complex [19].

A similar set of EIS experiments was carried out using non-
iotinylated Con A-modified Au/SPE. In this case no change of
et was observed after modification of the Au/SPE with the

ectin/bacteria mixture, which can be attributed to the fact that
iotinylated-Con A is strongly adsorbed on gold, as it was demon-
trated by Yam et al using combined Fourier transform infrared
eflection-absorption spectroscopy (FT-IRRAS) and X-ray photo-
lectron spectroscopy (XPS) [20].

Another control experiment was performed by changing slightly
he electrode modification process described in the Experimen-
al section. So, an Au/SPE was modified with the 0.06 mg mL−1
iotinylated-Con A solution (without bacteria) allowing the immo-
ilization to proceed for 1 h. Then the electrode was rinsed with PBS
uffer to remove unbound biotinylated-Con A, and the modified
u/SPE was incubated for 1 h upon further deposition of the bac-

eria solution prepared in acetate buffer containing 1 mM Ca2+ and

ig. 3. Effect of the biotinylated-Con A concentration used (a), and the bacteria–lectin in
oli. Other conditions as in Fig. 1.
8 (2009) 1303–1309

Mn2+. This modification process produced a much lower increase in
the Ret value, and accordingly a lower sensitivity, than that achieved
by following the immobilization procedure described in the Sec-
tion 2.3.1, i. e. with successive deposition of lectin and bacteria and
allowing the joint immobilization to proceed for 1 h. This result
suggests that it is the biotinylated-Con A in solution rather than the
electrode surface-confined Con A which played a key role in the
enhancement of E. coli cell adhesion onto the Au/SPE. This fact also
suggests that Con A in solution aggregates on the E. coli cell walls
through binding to their O-antigen structure, which produced an
accumulation of Con A-E coli conjugates in form of multilayers at
the electrode surface [3,11].

3.2. Optimization of the experimental variables

First the influence of the biotinylated-Con A concentration was
checked. As expected, the electron-transfer resistance increased
notably with the lectin concentration up to a value of 0.06 mg mL−1

(Fig. 3a). However, higher Con A concentrations provoked a
decrease of the Ret value, which may be due to agglutination phe-
nomena at high lectin concentrations.

Furthermore, bacteria–lectin incubation time also played and
important role in the detection of E. coli. Fig. 3b shows that the
electron-transfer resistance increased with incubation time until
1 h. Longer incubation times produced a decrease in the mea-
sured Ret, probably due to the instability of the biotinylated-Con
A–E. coli complex. A similar event was already reported for an
antibody-bacteria conjugate [21]. Therefore, 1 h was selected as the
incubation time for further work.

3.3. Analytical characteristics

The addition of different E. coli concentrations gave rise to
significantly different impedimetric responses, thereby suggest-
ing the possibility of bacteria quantification. Fig. 4 shows as the
electron-transfer resistance varied linearly (r = 0.987) with the loga-
rithmic value of E. coli concentration over four orders of magnitude,
between 5 × 103 and 5 × 107 cfu mL−1. Signals levelled off for higher
bacteria concentration indicating system saturation. Again, nega-
tive controls (without biotinylated-Con A) showed no significant
Ret changes, demonstrating the absence of significant non-specific

adsorptions even for large bacteria concentrations.

Taking the electron transfer resistance of the biotinylated
lectin–Au/SPE as the signal threshold, the detection limit of this
lectin-based sensor, estimated as 3 times the standard deviation
of the blank signal, was 5 × 103 cfu mL−1. When this value was

cubation time (b) on the electron transfer resistance obtained. 1.0 × 106 cfu mL−1 E.
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Table 2
Analytical performance of different E. coli impedimetric biosensors reported in the literature.

Immobilization method L.R. (cfu mL−1) LOD (cfu mL−1) Time of the assay Ref.

Covalent immobilization of antibodies
using an epoxysilane monolayer on
ITO substrate

6.0 × 104–6.0 × 107 6.0 × 103 ∼36 h: preparation of
antibodies-modified chips; 1 h:
antibodies-bacteria binding reaction

[17]

Covalent immobilization of antibodies
onto an indium–tin oxide
interdigitated array microelectrode

4.36 × 105–4.36 × 108 1.0 × 106 Overnight preparation of
substrate-attached antibodies;
incubation with bacteria solution until
its evaporation

[18]

Covalent immobilization of antibodies
using an epoxysilane monolayer on
ITO substrate

– 6.0 × 105 ∼24 h: preparation of
antibodies-modified substrates

[22]

Covalent immobilization of antibodies
using an epoxysilane monolayer on
ITO substrate

4.215 × 103–4.215 × 106 4.215 × 103 – [23]

Antibody immobilization via
heterobifunctional cross-linkers on a
interdigitated array gold electrode

1.0 × 104–1.0 × 107 1.0 × 104 – [24]

Biotinylated polyclonal antibody linked
to a mixed SAM on a gold electrode
through biotin-neutravidin
interaction

1.0 × 101–1.0 × 104 10 ∼16 h: preparation of
antibodies-modified substrates; 1 h:
antibodies-bacteria binding reaction

[12]

Interdigitated array gold
microelectrode coupled with
magnetic nanoparticle-antibody
conjugates

– 7.4 × 104 ∼1 h: immunomagnetic concentration
of bacteria

[25]

Interdigitated array gold
microelectrode coupled with
magnetic nanoparticle-antibody
conjugates

– 1.6 × 102 ∼1 h: immunomagnetic concentration
of bacteria; 35 min: measurement

[26]

Covalent immobilization of antibodies
through EDC and NHS on a gold
electrode modified with a
mercaptoacetic acid (MACA) SAM

3.0 × 103–3.0 × 107 1.0 × 103 (50 with preconcentration steps) ∼38 h: preparation of
antibodies-modified substrates; 1 h:
antibodies-bacteria binding reaction

[21]

Interdigitated array microelectrode
containing a gold layer sputtered on
borosilicate glass substrate

– 8.0 (14.7 h) and 8.2 × 108 (0.8 h) – [27]

Biotinylated ConA–E. coli complex 5.0 × 103–5.0 × 107 5.0 × 103 5 min: Au/SPE pretreatment; 1 h: This work

L

c
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a
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t

immobilization onto Au/SPE

.R.: linear range. LOD: limit of detection.

ompared with those reported in the literature for other biosensors
ased on EIS techniques (Table 2), it could be deduced that we could
chieve a low detection limit for E. coli without pre-concentration
r pre-enrichment steps. Moreover, the range of linearity, covering
orders of magnitude, was as wide as the best ones reported for

ther impedimetric sensors.

In addition, the reproducibility of the responses obtained with

ight different Con A–Au/SPE sensors prepared in the same manner
as also tested. A RSD value of 9.8% for an E. coli concentration

evel of 1 × 105 cfu mL−1 was obtained, which can be considered as
cceptable for this kind of disposable sensors.

ig. 4. Calibration plot between the logarithmic value of E. coli concentration and
he electron-transfer resistance. Other conditions as in Fig. 1.
immobilization of the lectin–bacteria
complex

In summary, when the analytical performance of the biotin-
Con A-based Au/SPE is compared with previous impedimetric
approaches (summarized in Table 2), it can be deduced that the
lectin-based approach offers significant advantages, mainly taking
into account the simplicity and rapidity of the proposed methodol-
ogy.

3.4. Selectivity

The selectivity of the approach was evaluated by checking
the impedimetric responses of Au/SPEs modified with complexes
formed between nine different lectins and three different bac-
teria (E. coli, S. aureus and M. phlei) at the same concentration
level (1 × 105 cfu mL−1) and under the experimental conditions
selected above. Three different measurements were carried out
for each case. In order to ascertain whether the impedimetric
responses could be classified according to species patterns, PCA
was applied to the set of results. This analysis was carried out in
a semi-quantitative manner (see Table 3), in which �Ret values
(corresponding to the difference in electron transfer resistance for
the lectin-modified electrode in the presence and in the absence of
microorganism) were classified in three ranges: Ret values >200 �
were denoted as (++), Ret values ranging between 0 and 200 �

(+), and (0) for those cases in which there was not increase in
the Ret after incubation with the corresponding bacteria, i.e., the
bacteria–lectin interaction was negligible. As it can be deduced
from Table 3, different bacteria response profiles were found when
the different lectins were used as recognition elements.
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Table 3
Semi-quantitative responses for �Ret (see text for details) obtained with nine
biotinylated-lectins and three different microorganisms.

Biotinylated-lectin Microorganism

E. coli S. aureus M. phlei

Concanavalin A + + 0
+ + 0
+ + 0

Arachis hypogaea 0 + + +
0 + + +
0 + + +

Ulex europaeus + + 0 +
+ 0 0
+ + 0 0

Triticum vulgaris + + + + 0
+ + + + 0
+ + + + 0

Helix pomatia + + + + +
+ + + + +
+ + + + +

Tetragonolobus
purpureas

+ 0 0
+ 0 0
+ 0 0

Dolichos biflorus + 0 0
+ 0 0
+ 0 0

Lens culinaris + + + + +
+ + + + +
+ + + + +

L
e

t
(
c
t
a
a

t

F
r
w

ycopersicon
sculentum

+ + + +
+ + + +
+ + + +

PCA analysis showed that three components explained more
han 95% of the total variance across the matrix: PC 1 (42%), PC 2
35%) and PC 3 (18%). Fig. 5 shows the three-dimensional plot for the
omponents loadings. As it can be observed, a suitable clustering for

he measurements obtained from each type of microorganism was
chieved with this simple approach, thus allowing classification
nd distinction among them.

Furthermore, semi-quantitative data in Table 3 seem to indicate
hat U. europaeus, T. purpureas and D. biflorus lectins could be more

ig. 5. Pattern recognition plot obtained using data shown in Table 3. Each point
epresents a column of nine individual measurements (one of each lectin assayed)
ith E. coli, S. aureus and M. phlei.
Fig. 6. Current–time recordings recorded upon addition of 2.0 mM PG after
bacteria–lectin complex immobilization. Electrodes: S. aureus–biotinylated-
ConA–Au/SPE (- - -) and E. coli–biotinylated-ConA–Au/SPE (—). Eapp = −0.10 V.

advantageous for E. coli detection that Con A. This point will be
explored in further work.

3.5. ˇ-Galactosidase activity monitoring from attached bacteria

In order to further increase the selectivity and discriminate
between viable and nonviable cells, an approach involving elec-
trochemical monitoring of �-galactosidase activity of the bacteria
attached to the surface via biotinylated-lectin interaction was
assayed. It has been demonstrated that �-galactosidase activity
can be regarded as a good marker for Enterobacteriaceaes with no
significant interference from other bacterial families [28,29].

Therefore, the possibility of using �-galactosidase activity mon-
itoring to distinguish between E. coli and S. aureus, which exhibit
a similar affinity towards biotinylated-Con A, was evaluated as a
proof of concept. Modified electrodes with or without enzymatic
induction during bacteria enrichment for both types of bacteria
were prepared. Following the protocol described in 2.3.5 section,
a small current change was observed for S. aureus with or without
IPTG (Fig. 6), which is consistent with the absence of intrinsic �-
galactosidase activity for non Enterobacteriaceaes. However, a big
current increase was produced in the case of E. coli in the presence
of the enzyme reaction inducer. As it can be deduced from Fig. 6,
this approach is able to distinguish clearly between both types of
bacteria. Although the methodology needs to be optimized further,
these promising preliminary results suggest that the measurement
of �-galactosidase activity of the surface-bound bacteria may allow
an estimation of bacterial activity.

4. Conclusions

The possibility of rapid label-free detection, identification and
quantification of microorganisms based on impedimetric moni-
toring for the specific recognition of bacteria wall cell glycocalyx
components by lectins, through immobilization of (biotinylated-
lectins–bacteria) complexes on gold screen-printed electrodes
is demonstrated. The proposed approach can be advantageously
compared with conventional bacterial plate counting methods
and other electrochemical techniques, enabling the detection of
5.0 × 103 cfu mL−1 E. coli within 1 h. The use of small amounts of
test solution and cheap reagents also minimizes assay costs. The
selective binding of lectins to oligosaccharide residues present on

the surface of the microorganisms can be exploited to generate
characteristic patterns of binding to the electrodes, as it is demon-
strated by the groupings obtained for three microorganisms using
PCA. Moreover, this kind of information can be easily coupled with
that provided by checking electrochemically the �-galactosidase
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a b s t r a c t

Capillary electrophoresis (CE) with capacitively coupled contactless conductivity detection (C4D) was
used for rapid, accurate and simultaneous determination of free fluoride and monofluorophosphate (MFP)
in six different toothpaste samples. A buffer solution containing 15 mmol L−1 histine, 25 mmol L−1 lactic
acid, and 2.5 mmol L−1 tetradecyltrimethylammonium bromide (TTAB) was used as background elec-
trolyte (BGE). A complete separation of the analytes and the internal standard (tartrate) could be attained
eywords:
apillary electrophoresis
apacitively coupled contactless
onductivity detection
oothpaste

in less than 2.5 min. The limits of detection (LOD) and quantification (LOQ) were, respectively, 0.17 and
0.57 mg L−1 for free fluoride and 0.70 and 2.33 mg L−1 for MFP. Recoveries ranging from 85 to 107% were
obtained for samples spiked with standard solutions of free fluoride or MFP. The CE-C4D method was
compared to an ion-selective electrode (ISE) method and the results were in good agreement. More
importantly, the CE-C4D method demonstrates the advantage of being able to determine MFP without a
ree fluoride
onofluorophosphate

prior hydrolysis step.

. Introduction

Sodium fluoride and monofluorophosphate (MFP) have been
sed in toothpaste formulations as caries preventive agents. These
ompounds are sources of fluoride ions, which act in the tooth rem-
neralization process [1] that prevents teeth against the erosion
aused by caries. Fluoride ions from sodium fluoride dissociation
re readily available in the toothpaste while they are gradually
eleased from the MFP hydrolysis [1] catalyzed by phosphatases
resent in human saliva. MFP guarantees a low concentration of
ree fluoride ions in the toothpastes, minimizing the formation
f insoluble fluoride compounds such as CaF2. In most countries,
ublic heath regulatory agencies establish the maximum allowed
otal fluoride concentration (free ion and MFP forms) in tooth-
aste as 1.50 mg g−1. Total fluoride concentrations above this limit

an significantly increase dental fluorosis incidence [2], caused
y excessive fluoride intake, especially by children, during tooth
rushing. On the other hand, total fluoride concentrations below
han 0.50 mg g−1 are not effective for caries prevention [3]. So, the

∗ Corresponding author at: Grupo de Eletroforese e Microssistemas de Análise,
nstituto de Química, Universidade Estadual de Campinas, P.O. Box 6154, 13083-970
ampinas, SP, Brazil. Fax: +55 19 3521 3023.

E-mail address: dosil@iqm.unicamp.br (D.P. de Jesus).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.02.041
© 2009 Elsevier B.V. All rights reserved.

concentration determination of free fluoride and MFP in toothpaste
is very important to evaluate the quality and human health risk
related to this dentifrice.

Although some alternative methods are proposed in the litera-
ture [4–6] for free fluoride and MFP determinations in toothpaste,
the ion-selective electrodes (ISE) [7] or ion chromatography [8] are
usually the first choice. ISE methods allow detection of only free
fluoride, so a MFP hydrolysis step [7] is required before analysis,
making the sample treatment more laborious and time consuming.
Methods based on ion chromatography can provide simultane-
ous determination of these analytes, however the analysis time is
long. On the other hand, rapid and simultaneous determination
of free fluoride and MFP is feasible by capillary electrophoresis
(CE), although few papers in the literature [9–13] have reported
this application. In these papers indirect photometric detection
was always used and chromate buffer was the first choice as
background electrolyte (BGE). However, capacitively coupled con-
tactless conductivity detection (C4D) [14,15] in CE (CE-C4D) seems
a suitable approach for this analysis because it is appropriate for
direct detection of small ions. We have previously applied CE-C4D

for determination of cations and anions in many samples, such as
ethanol fuel [16], human serum [17], rain water [18], air [19] and
coconut water [20]. Other applications of CE-C4D for several com-
pounds and samples can be found elsewhere [21,22]. This article
describes, to the best of our knowledge, the first work in which
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The MFP hydrolysis rate is low at neutral pH but can be signif-
icantly increased in acid medium and temperatures above room
temperature [24]. In order to evaluate if MFP hydrolysis could
influence the accuracy of the quantitative analysis we carried out

Fig. 1. Electropherograms: (A) standard solution containing 3.80 and 28.80 mg L−1

of free fluoride and MFP, respectively; (B) and (C) toothpaste samples with, respec-
I.C. Guimarães et al. / T

E-C4D is applied for simple, rapid, accurate and simultaneous
etermination of free fluoride and MFP in commercial toothpastes.

. Experimental

.1. Reagents and solutions

Reagents were all of analytical grade. Acetic acid, sodium
cetate, sodium citrate, lactic acid (Lac), and l-histidine (His) were
urchased from Labsynth (Diadema, SP, Brazil). Tetradecyltrimethy-

ammonium bromide (TTAB), tartaric acid, NaF, and MFP were
urchased from Aldrich (Milwaukee, WI, USA). Deionized water
as obtained from a Milli-Q-Water-Purification-System (Millipore,
edford, MA). A buffer solution (pH 4.0) containing 15 mmol L−1

is, 25 mmol L−1 Lac, and 2.5 mmol L−1 TTAB (electroosmotic flow
odifier) was used as BGE throughout this work. Free fluoride

nd MFP solutions were prepared and stored in polypropylene
asks. Individual stock solutions of tartaric acid (1500 mg L−1), NaF
420 mg L−1), and MFP (1440 mg L−1) were prepared by dissolv-
ng the corresponding solid reagents in deionized water. The MFP
tock solution was prepared daily and stored in the refrigerator
4 ◦C) in order to minimize hydrolysis. Free fluoride and MFP stan-
ard solutions for CE-C4D analysis were prepared by dilution of
he respective stock solutions with deionized water, as required.

TISAB buffer solution (1.0 mol L−1 sodium chloride, 0.25 mol L−1

cetic acid, 0.75 mol L−1 sodium acetate, 0.001 mol L−1 sodium cit-
ate, pH 5.2) was prepared as described in the reference cited
23] for the ISE method used in this work. TISAB buffer was used
or preparation of samples and standard free fluoride solutions
0.38–2.85 mg L−1) employed in the ISE method.

.2. Sample preparation

Commercial toothpaste samples containing sodium fluoride or
FP were acquired at local markets. Polypropylene flasks were also

sed for preparing toothpaste samples. For CE-C4D analysis, 1.25 g
f toothpaste was suspended in 25 mL of deionized water under
onication by using an ultrasonic bath for 5 min. The resulting sus-
ension was filtered with a membrane filter (pore size 0.45 �m)
nd diluted 20–25-fold with deionized water as required. For ISE
nalysis of the toothpastes containing sodium fluoride, the sam-
les were prepared in a similar way as for CE-C4D analysis, except
hat TISAB buffer was used for 10–25-fold dilution. According to
he adopted ISE method [23] samples containing MFP require a
rior acid hydrolysis step. Then 2.0 g of toothpaste was suspended

n about 20 mL of deionized water (an ultrasonic bath was also used)
nd 4.0 mL of 6 mol L−1 HCl was added. The suspension was heated
nd stirred with a stirring hot plate at 80 ◦C for 30 min. After the
amples were cooled to room temperature, deionized water was
dded to bring the volume to 50 mL. Before the potentiometric mea-
urements, 1 mL of these hydrolyzed samples was diluted in 25 mL
f TISAB buffer and finally the volume was completed to 50 mL with
eionized water.

.3. Instrumentation and procedure

A commercial Waters CE system (Milford, MA, USA), modified
o contain a home-made C4D, was used in the CE-C4D analysis.

computer interfaced to the equipment and an in-house soft-
are, implemented in Labview 8.2 (National Instruments, Austin,
X, USA), were used for control and data acquisition. A 50 cm long
40 cm effective) bare silica capillary with internal diameter of
5 �m was used. Sample injection was performed by gravity for
0 s at a height of 100 mm. The separation voltage was 25 kV and
he C4D operated at 550 kHz and 2.0 V peak amplitude. Before the
78 (2009) 1436–1439 1437

analysis, the capillary was flushed with 0.1 mol L−1 NaOH solution
for 5 min, then with deionized water for 5 min, and finally with the
BGE for 10 min. After each run, the capillary was flushed with BGE
for 1 min.

For ISE analysis a free fluoride selective electrode Q 838-F
(Quimis, São Paulo, SP, Brazil), an Ag/AgCl reference electrode (Anal-
yser, São Paulo, SP Brazil), and a digital pH meter (Tecnal, São Paulo,
SP, Brazil) were used.

3. Results and discussion

3.1. CE-C4D separation

We optimized the composition of the BGE in order to attain the
best peak resolution and detectability. Fig. 1 shows electrophero-
grams obtained with the optimized BGE for a standard solution and
two toothpaste samples (20-fold diluted). As one can note, sep-
arations with good peak resolution can be achieved in less than
2.5 min. Phosphate is a common component of the toothpastes and
can interfere in the free fluoride determination when BGE with pH
around 8.0 is used [10,11]. This occurs because at this pH condi-
tion the effective electrophoretic mobilities of the free fluoride and
phosphate are very similar. However, by using a BGE with lower pH
(4.0), phosphate did not interfere in the CE-C4D method. Tartrate,
added as tartaric acid, was a good choice as internal standard for
the reason that it showed a migration time very close to that of the
analytes and good peak resolution.

3.2. MFP hydrolysis

MFP hydrolyzes, producing free fluoride and phosphate ions
according to the following reaction:

FPO2−
3 + H2O � F− + H2PO−

4

tively, MFP and free fluoride in their formulation. Tartrate (22.51 mg L−1) was added
to all solutions as internal standard. BGE: 15 mmol L−1 His, 25 mmol L−1 Lac, and
2.5 mmol L−1 TTAB. Separation voltage 25 kV; gravity injection for 30 s at a height of
100 mm; silica capillary with 75 �m inner diameter and 50 cm length (40 cm effec-
tive). C4D operated at 550 kHz and 2.0 V peak amplitude. Peaks: (1) system peak; (2)
free fluoride; (3) MFP; (4) tartrate; (*) unidentified peaks.
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Table 1
Analytical characteristics of the CE-C4D method.

Analytes Sensitivity (V min mg−1 L) LODa (mg L−1) LOQb (mg L−1) Concentration range (mg L−1) R2c

Free fluoride 2.82 × 10−3 0.17 0.57 0.9–15.2 0.9999
MFP 8.20 × 10−4 0.70 2.33 4.9–78.4 0.9996
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Table 2
Recovery (%) for toothpaste samples spiked with free fluoride or MFP.

Samplesa Spiked F−

(mg L−1)b
Spiked MFP
(mg L−1)b

Foundc

(mg L−1)
Recovery (%)

A 1.90 – 1.92 101
B 1.90 – 2.03 107
C 1.90 – 1.81 95
D – 9.80 8.33 85
E – 9.80 9.90 101
F – 9.80 9.51 97

a Samples were spiked with the corresponding fluoride form present in each for-
Limit of detection for SNR = 3.
b Limit of quantification for SNR = 10.
c Regression coefficient.

E-C4D separations for a standard solution (14.40 mg L−1 MFP and
2.51 mg L−1 tartrate), as soon as it was prepared and after some
aiting time. As can be seen in the electropherograms shown in

ig. 2, with time the MFP peak area decreases and a free fluoride
eak appears. After 4 h all MFP was hydrolyzed and the free fluo-
ide peak reaches its maximum area. Phosphate from the hydrolysis
eaction was not detected because its concentration is lower than
he limit of detection for this ion. Based on these results we conclude
hat MFP hydrolysis can affect analysis accuracy. In order to over-
ome this drawback, the MFP standard solutions were prepared at
he moment of injection and the temperature of the stock solution
as kept ca. 4 ◦C by storage in a refrigerator. The same procedure
as adopted for the preparation of the toothpaste samples con-

aining MFP. Moreover, we found that increasing the free fluoride
oncentration inhibits the MFP hydrolysis due to the equilibrium
isplacement towards the reagents. Thus, the analytical curves for
ree fluoride and MFP were simultaneously obtained with standard
olutions containing both analytes.

.3. Analytical characteristics of the CE-C4D method

Table 1 shows some analytical characteristics of the CE-C4D
ethod.
Good linearity was attained for both analytes over a large range

f concentrations. Limits of detection (LOD) are comparable or bet-
er than those obtained by CE methods with indirect photometric
etection [10,12–13].
.4. Toothpaste analysis

Table 2 shows the results of the recovery tests carried out
y spiking the toothpaste samples with the corresponding fluo-

ig. 2. Electropherograms for a standard solution containing 14.40 mg L−1 of MFP
nd 22.51 mg L−1 of tartrate (internal standard): (A) injected as soon as prepared
nd after (B) 2 and (C) 4 h. Separation conditions as in Fig. 1. Peaks: (1) free fluoride;
2) MFP; (3) tartrate.
mulation.
b Spiked concentrations in the injected samples.
c Concentration difference between spiked and non-spiked samples.

ride form present in each formulation. It can be seen that only
sample D exhibited a poor percent recovery, most likely due to
MFP hydrolysis. We believe some component of this sample cat-
alyzed the hydrolysis reaction, thereby releasing free fluoride and
forming insoluble CaF2, which was not detected by the CE-C4D
method.

Table 3 summarizes the results obtained in the analysis of the
toothpaste samples by the CE-C4D and ISE methods.

The samples containing MFP showed some free fluoride concen-
tration (see electropherogram B in Fig. 1), except sample D. This free
fluoride may be provided by MFP hydrolysis or may be present as
an impurity in the MFP salt added by the manufacturer. Table 3 also
shows the total fluoride content, which represents the sum of the
concentrations of the free fluoride and the ionizable fluoride (val-
ues in parenthesis) in the form of MFP. It is worth commenting that
sample C is formulated for children, so its total fluoride content is
lower than for the other samples indicated for adults. When com-
paring CE-C4D and ISE methods a good agreement was observed,

but sample D exhibited a lower total fluoride by the ISE method.
This result may be explained by the fact that the accuracy of the ISE
method is affected by incomplete MFP hydrolysis or formation of
insoluble CaF2 [7]. The extent of this calcium interference depends

Table 3
Concentrations (mg g−1) of free fluoride, MFP, and total fluoride in the analyzed
toothpastes.

Samples CE-C4D ISEd

Free fluoride MFP Total fluoridec

A 1.33 ± 0.02 NDa 1.33 ± 0.02 1.35 ± 0.01
B 1.21 ± 0.06 NDa 1.21 ± 0.06 1.30 ± 0.03
C 0.93 ± 0.03 NDa 0.93 ± 0.03 0.95 ± 0.02
D NDa 5.98 (1.16)b ± 0.05 (0.01)b 1.16 ± 0.01 0.75 ± 0.02
E 0.20 ± 0.06 4.8 (0.92)b ± 0.4 (0.07)b 1.12 ± 0.09 1.05 ± 0.01
F 0.14 ± 0.03 5.4 (1.05)b ± 0.2 (0.05)b 1.19 ± 0.06 1.01 ± 0.03

a Not detected.
b Values in the parenthesis represents the concentration of the ionizable fluoride

in MFP form.
c Total fluoride concentration obtained by CE-C4D method, calculated by sum-

ming the concentrations of the free fluoride and the ionizable fluoride (values in the
parenthesis) in MFP form.

d Total fluoride concentration obtained by the ISE method.
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n the level of insoluble calcium carbonate, added in toothpaste as
brasive agent. On the other hand, the CE-C4D method is less prone
o these errors because MFP is determined without prior hydrolysis.

. Conclusions

The CE-C4D method was demonstrated to be a rapid and accu-
ate analytical technique for simultaneous determination of free
uoride and MFP in toothpaste. The total fluoride determination

n this dentifrice is important for the toothpaste industry as well
s for health agencies. The analysis time of the CE-C4D method is
ower than for ISE and others methods, especially for MFP, because

prior hydrolysis step or complex treatments of the samples are
ot necessary.

Although the CE-C4D method was developed for toothpaste
nalysis, we believe it can easily be used or adapted for determi-
ation of free fluoride and MFP in other matrices, such as human
aliva or cementation materials, where MFP has been added as a
orrosion inhibitor of steel in concrete.
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a b s t r a c t

Molecular imprinted polymers (MIPs) as a recognition element for sensors are increasingly of interest and
MIP nanoclusters have started to appear in the literature. In this study, we have proposed a novel thiol
ligand-capping method with polymerizable methacryloylamidocysteine (MAC) attached to gold–silver
nanoclusters, reminiscent of a self-assembled monolayer and have reconstructed surface shell by syn-
thetic host polymers based on molecular imprinting method for recognition. In this method, methacryloyl
iminodiacetic acid-chrome (MAIDA-Cr(III)) has been used as a new metal-chelating monomer via metal
old–silver nanoclusters sensor
olecularly imprinted polymers
ipicolinic acid
acillus spores recognition
hotoluminesence

coordination–chelation interactions and dipicolinic acid (DPA) which is a main participant of Bacillus
spores has been used as a template. Nanoshell sensors with templates give a cavity that is selective for
DPA. The DPA can simultaneously chelate to Cr(III) metal ion and fit into the shape-selective cavity. Thus,
the interaction between Cr(III) ion and free coordination spheres has an effect on the binding ability of
the gold–silver nanoclusters nanosensor. The binding affinity of the DPA imprinted nanoclusters has been

Lang
ol L−1
investigated by using the
were found as 18 × 106 m

. Introduction

The rapid identification of Bacillus spores is of importance
ecause of its potential use as a biological warfare agent. Biolog-

cal warfare detection equipment requires low detection limits,
igh specificity, portability, strong, inexpensive and the ability to
imultaneously detect several broad-range potential threat agents
bacteria, viruses, spores, and toxins) within a few minutes for mili-
ary and civilian use. There are many literature reported studies for
he detection of Bacillus spores [1–8].

Dipicolinic acid (DPA) is known to be a unique and characteristic
omponent (10%, dry weight) in all endospores [9]. DPA detection
ould provide good estimation of bacteria spore content. Several
ethods such as spectrophotometry [10], Raman spectroscopy [11],

ourier transform infrared spectroscopy [12], high-performance

iquid chromatography [13], photoluminescence [14], capillary
one electrophoresis [15], fluorescence [16], potentiometric sensor
ased on the surface imprinting technique [17] and pyrolysis mass
pectrometry [18] have been applied for DPA detection but they use

∗ Corresponding author at: Fen Fakültesi, Yunus Emre Kampüsü, Anadolu Univer-
itesi, 26470 Eskişehir, Turkey. Tel.: +90 222 335 0580; fax: +90 320 4910.

E-mail address: rsay@anadolu.edu.tr (R. Say).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.02.007
muir and Scatchard methods and determined affinity constants (Kaffinity)
and 9 × 106 mol L−1, respectively.

© 2009 Elsevier B.V. All rights reserved.

large and costly instruments and require sophisticated, frequently
extended analysis procedures. Also field-portable devices such as
holographic sensors [2] and surface-enhanced Raman scattering
(SERS) [19] have demonstrated successful spore detection.

Molecular imprinting is a technology to create recognition sites
in a macromolecular matrix using molecular templates. In other
words, both the shape image of the target and alignment of the func-
tional moieties to interact with those in the target, are memorized
in the macromolecular matrix for the recognition or separation
of the target during formation of the polymeric materials them-
selves. Molecularly imprinted polymers (MIP) are easy to prepare,
stable, inexpensive and capable of molecular recognition [20–23].
Therefore, MIPs can be considered as artificial affinity media.
Molecular recognition-based separation techniques have received
much attention in various fields because of their high selectivity
for target molecules [24,20]. Three steps are involved in the ion-
imprinting process: (i) complexation of template (i.e., metal ions)
to a polymerizable ligand, (ii) polymerization of this complex and
(iii) removal of template after polymerization [25].
In last years, interest in the preparation and characterization of
nanostructured materials has increased because of their character-
istic properties and potential technological applications. Nanoscale
materials submit widespread possibilities for contributions to
science and technology and explore the vast potential of nano-
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Fig. 1. Synthesis

aterials. These equipments are designed as potential building
locks for future nanoelectronic instruments, which are expected
o be smaller, faster, cheaper, and smarter [26]. Many strategies
nvisioned for nanotechnology require assembled nanometer-scale
lements of two or more metals or semimetals to have hybrid prop-
rties [27]. The electronic conduction in such structures is varied
rom metallic to the insulating limit by controlling the size and the
trength of the coupling. Usually, self-assembly of nanoparticles
an be gained either by direct covalent attachment of different pre-
unctionalized building blocks or by their noncovalent interactions
electrostatic, hydrophobic, hydrogen bonding, etc.) [28,29].

In recent years, the combinations of nanoparticles and MIPs
ave been applied in selective sensing detection. Only a few
pplications of nanoclusters/MIPs have been reported [30–32].
n this work, we have proposed a novel thiol ligand-exchange

ethod using polymerizable methacryloylamidocysteine (MAC) of
old–silver nanoclusters to cap by organic layer, reminiscent of a
elf-assembled monolayer and have reconstructed surface shell by
ynthetic host polymers based on molecular imprinting method for
acillus spores recognition. MAIDA-Cr(III) was used as a new metal-
helating monomer via metal coordination–chelation interactions
nd DPA which is main participant of Bacillus spores was used as
template. We have combined nanoscale materials with MIP con-

idering the ability of DPA to chelate of Cr(III) ion of methacryloyl
minodiacetic acid (MAIDA) monomer to create reminiscent ligand
xchange (LE) assembled binding sites for Bacillus spores recogni-
ion, because the Cr(III) primarily interacts with the DPA which is
ound in Bacillus spores [33]. Synthesis, characterization and effi-
iency of the nanoclusters sensor based on DPA imprinted polymer
ave been reported in this work.

. Experimental

.1. General methods

Methacryloyl chloride was supplied by Aldrich and used as
eceived. DPA and ethylene glycol dimethacrylate (EDMA) were
btained from Fluka A.G., distilled under reduced pressure in the
resence of hydroquinone inhibitor and stored at 4 ◦C until use. Azo-
isisobutyronitrile (AIBN) and Cr(NO3)3·9H2O nitrate nonahidrate
ere also supplied from Fluka. All other chemicals were of reagent

rade and were purchased from Merck AG. All water used in the
xperiments was purified using a Barnstead NANOpure ultrapure
ater system.

Photoluminescence spectra were acquired by spectrofluorom-
ter (Varian Cary Eclipse, Australia). 1H and 13C NMR spectra
ere recorded in DMSO-d6 with TMS as the internal standard
sing Bruker 500 MHz NMR equipment. The Transmission Emission
icroscopy (TEM) images of nanocrystals were acquired on a FEI-

ecnaiTM G2 Sprit transmission electron microscope (20–120 kV).
ample preparation was consisted of drop coating the nanoclus-

ers onto carbon-coated copper grids and air dried. Raman spectra
mages were obtained using a Raman spectrophotometer (Bruker
enterra Dispersive Raman Microscope, Germany). Fourier Trans-
orm Infrared (FTIR) spectra images were obtained using a FTIR
Spectrum 100, Perkin Elmer, USA). The dry beads (about 0.1 g)
AIDA monomer.

were thoroughly mixed with KBr (0.1 g, IR Grade, Merck, Germany),
pressed into a pellet and than the FTIR spectrum was recorded.

2.2. Preparation of functional and metal-chelate monomers

Methacryloylamidocysteine, monomer, was used for forming of
reminiscent of self-assembled monolayer on the surface of nan-
ocluster and was synthesized and characterized according to the
previous procedure [34]. The role of ligand-exchange monomers is
to assist in the creation of the specific binding cavity after the poly-
merization situated within the cavity in an optimal size and shape
position for rebinding. MAIDA was prepared using the following
literature methodology [35] (Fig. 1).

Iminodiacetic acid (IDAA) (9.52 mmol, 1 g, 1 eq) was dis-
solved in water. A solution of methacryloyl benzotriazole (MA-Bt)
(9.52 mmol, 1 g, 1 eq) in 25 mL of 1,4-dioxane was slowly added
to the IDAA solution. Reaction mixture was allowed to stir
for 10–20 min at room temperature. Completion of reaction is
monitored by TLC, after the reaction finished, 1,4-dioxane was
evaporated under vacuum. The residue was diluted with water
and extracted with ethyl acetate (3 × 50 mL) to remove 1H-
benzotriazole. Collected water phases were neutralized to pH 6–7
using 10% water solution of HCl in order to prevent possible poly-
merization of methacryloyl group in acidic medium. Then, water
was removed via rotary evaporator to give MAIDA in 85–90% yield.
MAIDA monomer was characterized with FT NMR and FTIR.

Data for MAIDA: 1H NMR (DMSO-d6, 500 MHz), ı:
5.55 (s, 1H, CH2 = C), 5.25 (s, 1H, CH2 = C), 4.03 (s, 4H,
–CH2–N(methacryloyl)–CH2–), 2.20 (s, 3H, –CH3) ppm.

13C NMR (DMSO-d6, 125 MHz), ı: 168.0, 167.0, 142.0, 120.0, 49.0,
20.5 ppm.

FTIR spectrum of MAIDA has the characteristic stretching vibra-
tion amide III absorption band at 1300 cm−1, carbonyl band at
1730 cm−1, alken bands at 1650 cm−1 and 890 cm−1.

MAIDA-Cr(III) was preorganized using MAIDA and
Cr(NO3)3·9H2O. MAIDA (0.1 mmol) and Cr(NO3)3·9H2O (0.1 mmol)
were dissolved in 5.0 mL of ethanol and the solution was stirred for
24 h. The FTIR spectrum confirms that MAIDA-Cr(III) metal-chelate
monomer structure was exactly produced (Fig. 2a). Carbonyl band
at 1637 cm−1 shows that Cr(III) was incorporated into MAIDA.
The 1700 cm−1 carbonyl band shifted to 1637 cm−1 which indi-
cated that the metal interaction. Ligand-exchange monomer,
MAIDA-Cr(III)-DPA, was preorganized using MAIDA-Cr(III) and
template, DPA. MAIDA-Cr(III) (0.1 mmoL) and DPA (0.1 mmoL)
were dissolved in 5.0 mL of ethanol and the solution was stirred for
4 h. MAIDA-Cr-DPA, ligand-exchange monomer, was characterized
with FTIR (Fig. 2b). In FTIR spectrum of MAIDA-Cr-DPA the bands
that appeared at 1384 and 1351 cm−1, which indicated the pyridine
vibrations. Solution color changed from green to violet after DPA
ligand coordinated MAIDA-Cr complexation.
2.3. Synthesis of gold–silver nanoclusters and DPA imprinted
gold–silver nanoclusters sensor

The gold–silver nanoclusters were prepared in a two-phase
water/toluene system using a modified Brust method [36]. Briefly,
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anoclusters were prepared by the dropwise addition of 0.01 M
queous NaBH4 solution in an equal volume of ammonical aque-
us 0.5 mM HAuCl4 (pH ca. 7.8) and 1 mM MAC in ethanol under
igorous stirring. AgNO3 (0.5 mM) was added to 40 mL of Au–MAC
anoclusters dispersion under continuous stirring.

Au–Ag–MAC nanoclusters were separated and washed thor-
ughly several times with water and toluene and dried under
itrogen, followed by redispersion in dimethyl sulfoxide (DMSO).
or the synthesis of DPA recognized nanoshell/polymer Au–Ag
anoclusters, methacryloyl-activated nanoparticles were added

nto the reaction mixture containing the metal-chelate (MAIDA-
r(III)/DPA) monomer (0.05 mmol) in DMSO, EDMA crosslinking
onomer (0.4 mmol) and 1 mol% of the initiator (AIBN) of the radi-

al polymerization in ethanol. This solution was transferred into the
ispersion medium and stirred magnetically at a constant stirring
ate of 600 rpm in a glass polymerization tube. The polymeriza-
ion tube was irradiated with UV light at 365 nm for 4 h. After the
olymerization, DPA nanoshells having Au–Ag nanoclusters were
eparated from the polymerization medium by centrifugation. The
esiduals (e.g., unconverted monomer and initiator) were removed
y a cleaning procedure. The resulting nanocrystals were treated

ith 10 mL (3/1, v/v) of methanol/phosphoric acid solution for 24 h

o remove the templates.
Nonimprinted (NIP) Au–Ag nanoclusters sensor, without using

PA as template, was prepared in a similar way as described above
nd used as a reference.
Cr(III) and (b) MAIDA-Cr-DPA.

2.4. Bacterial strain and spore preparation

The type strain Bacillus cereus NRRL B-3711 was obtained from
the ARS Culture Collection (NRRL), National Center for Agricultural
Utilization Research, Peoria, Illinois.

Spores were prepared on slightly modified fortified nutrient agar
(FNA) as described by [37] containing (all per liter): nutrient broth,
13 g; agar, 20 g; NaCl, 3 g; MnSO4·H2O, 0.05 g; CaCl2, 0.06 g; glu-
cose, 0.1 g; (NH4)2SO4, 0.08 g; MnCl2·4H2O, 0.008 g; CuSO4·5H2O,
0.005 g; ZnSO4·7H2O, 0.005 g; pH 7.0. Cells were precultivated at
32 ◦C for 24 h in nutrient broth, and 250 �L of preculture was spread
plated onto FNA. These plates were incubated at 32 ◦C for 5 days and
cultures reached >90% spore content as determined by green mala-
chite staining technique. Samples were stored frozen overnight and
then thawed for 1–2 h at room temperature to lyse remaining veg-
etative cells [38]. The resulting preparation was >99% spores as
determined by green malachite staining technique. The spores were
harvested with a glass spatula and sterile distilled water, and then
washed and concentrated four times by centrifugation (2500 × g,
15 min, 4 ◦C) with sterile distilled water [39]. Finally the spore pellet
was re-suspended in sterile distilled water and stored at 4 ◦C.
2.4.1. Plate counting of spores
Spore concentration (CFU mL−1) was determined by serially

diluting washed spore stock in 0.1% buffered sterile peptone-water
plus 0.05% Tween 80. Tween 80 was added to minimize clumping
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f spores and consequently improve the accuracy of spore counts.
00 �L of diluted spores was plated on recovery medium (nutri-
nt agar supplemented with 1 g L−1 of starch) plates in triplicate,
nd the number of CFU mL−1 was calculated following overnight
ncubation at 30 ◦C [40].

.4.2. DPA extraction
DPA is located in the spore core. Endospores are also enriched

n calcium ions, most of which are combined with DPA [41]. Due
o the protection of the spore cortex, common cell lysing tech-
iques were ineffective for DPA extraction. Techniques such as acid
xtraction, autoclaving at 121 ◦C have been utilized [9]. Autoclave
reatment was applied for release of DPA in the spores. The stock
uspension was diluted serially 10-fold in sterile distilled water. The
ilution series were autoclaved at 121 ◦C for 20 min. After cooling,
ach dilution series were centrifuged at 10,000 × g for 10 min [15].

.5. Evaluation of nanoclusters luminesence

The sensing capability and specificity of the DPA memory hav-
ng Au–Ag nanoclusters sensor was further explored by introducing
PA as a template molecule. DPA adsorption studies were per-

ormed in a batch system. DPA was dissolved in water and 20 mg of

IP and NIP clusters were placed in DPA solution at different con-

entrations (10−7 to 10−4 mol L−1) for a period of 5 min at room
emperature. The interactions between DPA and MIP/NIP parti-
les were studied observing fluorescence measurements. The DPA
mprinted Au–Ag nanoclusters showed a high separation between
(c) Au–Ag-MIP nanoclusters with Bacillus spores (unleached) and (d) Au–Ag-MIP

the excitation and emission wavelengths, simplifying fluorescence
measurements, recorded photoluminescence spectra using spec-
trofluorometer (Varian Cary Eclipse, Australia). DPA imprinted
Au–Ag nanoclusters nanosensors were excited at 260 nm, and emis-
sion was recorded at 521 nm. Au–Ag nanoclusters having DPA
imprinted nanoshell was tested against B. cereus spores. The proce-
dure for DPA was repeated using, B. cereus spores suspension.

3. Results and discussion

3.1. TEM characterization of nanoshell sensors

TEM images for Au–Ag nanoclusters having MAC monolayer
before and after the removal of DPA template are used for the size
determination of nanoclusters. The shape of nanoclusters is close
to spherical, aggregated and with average size about 42 nm. The
shape of the Au–Ag-MIP nanoclusters with DPA-template (aver-
age size about 62 nm) is like spherical, more aggregated because of
polymerization. Au–Ag-MIP nanoclusters without DPA template is
also close to spherical and aggregated look like MAC-capped Au–Ag
nanoclusters and with average size about 55 nm.

3.2. Raman characterization
DPA, Au–Ag-MIP nanoclusters with DPA, Au–Ag-MIP nanoclus-
ters with Bacillus spores and Au–Ag-MIP nanoclusters without DPA
template were characterized with Raman spectroscopy (Fig. 3). The
Raman spectrum obtained for a solution of DPA in water (Fig. 3a)
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nd the following band shifts are observed 878, 1045, 1099, and
451 cm−1. Many of these bands have been previously assigned
42,43]. In Raman spectrum of Au–Ag-MIP nanoclusters with DPA
as band shifts at 1417, 1012, 950, 713, and 677 cm−1 because of DPA

tself (Fig. 3b). In Fig. 3c shows that the removal of template of the
PA imprinted nanocluster. Raman spectrum of Au–Ag-MIP nan-
clusters with Bacillus spores has band shifts 1466 and 1368 cm−1

ecause of DPA itself (Fig. 3d).

.3. Measurement of binding interactions of molecularly
mprinted nanoshell sensor via photoluminescence

The functional metal-chelate monomer, MAIDA-Cr(III), was
hosen to interact DPA, to form metal chelate and to make metal-
omplexing polymeric receptors for selective binding of DPA and
nalogues [35]. Metal-chelate monomer and DPA molecule were
ixed through preorganization and this preorganization complex

efines the size and direction of the chemical interactions of the
PA imprinted cavity to prepare synthetic DPA receptor of Au–Ag
anoclusters (Fig. 4).

The selective binding ability and detection of DPA imprinted
u–Ag nanoclusters MIP and NIP sensors were studied with flu-

rescence spectroscopy, and the results were given in Fig. 5. DPA
ddition caused significant decreases in fluorescence intensity
ecause they induced photoluminescence emission from Au–Ag
anoclusters through the specific binding to the recognition sites
f the crosslinked nanoshell polymer matrix.

ig. 4. Schematic representation of nanoshell based on DPA-template reconstruc-
ion on Au–Ag/nanoclusters.
Fig. 5. The effect of concentration of DPA on the quenching of the fluorescence of
the DPA imprinted Au–Ag nanosensor (sensor specificity-adsorption isotherm).

The fluorescence intensity of the DPA imprinted Au–Ag nan-
oclusters can be quenched by DPA. The quenching of fluorescence
intensity is proportional to DPA concentration. The linearity rela-
tion between spore concentration (CFU mL−1) and dipicolinate
content was investigated using calibration graph (Fig. 5) and found
that 85 �mol L−1 dipicolinate corresponds to 1.8 × 107 CFU mL−1.
The detection limit, defined as the concentration of analyte giving
quenching of the fluorescence equivalent to three standard devia-
tion of the blank plus the net blank quenching fluorescence, was
0,1 �mol L−1 corresponding to 2.1 × 104 CFU mL−1. Zhou et al. [17]
have been reported that the minimum detectable amount of DPA
with MIP was obtained 1.5 �M and in our study the detectable
amount of DPA was found to be 0.1 �M.

The experiments were performed in replicates of three and the
samples were analyzed in replicates of three as well. In the lit-
erature, the lowest detection limits reported for Bacillus spores
by a DPA assay were 1.2 × 105 CFU mL−1 (Bacillus globigii) [44],
4.4 × 105 CFU mL−1 (Bacillus subtilis) [45], 7.2 × 105 CFU mL−1 (Bacil-
lus thuringiensis) [15]. So, this new DPA nanosensor has both low
detection limit and very low cost.

The fluorescence intensity correlates to the amount of DPA ana-
logues bounded to the nanoshell having Au–Ag nanoclusters in the
cases of incubating the DPA imprinted nanoclusters sensor with
the DPA aqueous solution. As can be seen in Fig. 5, fluorescence
intensity decreased with increase concentration of DPA.

Au–Ag nanoclusters having DPA imprinted nanoshell was tested
against B. cereus spores. The sensor’s response as a function of both
Spore concentration (CFU mL−1) and DPA concentration (mol L−1)
is shown in Table 1.

The affinity constants of DPA can be estimated from the thermo-
dynamic analysis of the fluorescence intensity as a function of the
DPA concentration based on Scatchard analysis [46,47] and Lang-
muir isotherm [48].
If we consider a binding equilibrium such as:

DPA + (Au–Ag)nanocluster
k
�DPA–(Au–Ag)nanocluster

Table 1
The sensor’s response as a function of both Spore number (CFU mL−1) and DPA
concentration (mol L−1).

Spore number (CFU mL−1) DPA concentration (�mol L−1)

1.8 × 107 85.3 ± 0.002
1.8 × 106 80.5 ± 0.003
1.8 × 105 75.8 ± 0.002
1.8 × 104 72.1 ± 0.004
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Table 2
Comparison of Langmuir and Scatchard analysis for DPA imprinted nanoparticles.

T Ima

D 138

w
D
t
c
l

w
i
r

i
e
r

i
a

b
b
t
S
s
o
a
D
i
n

v
o
S
M
r
s

3

s
s
t
t
r
t
fl
i
p
t
A
s
r
m

i
i

[

[

[
[
[
[
[
[
[
[
[

[

emplate molecules Langmuir (Ka, M−1)

ipicolinic acid 18 × 106

here, DPA and (Au–Ag)nanocluster represent DPA in the solution and
PA imprinted polymeric nanoshell having nanocluster, respec-

ively, and DPA–(Au–Ag)nanocluster is the DPA-nanocrystal bound
omplex. A Scatchard relationship can be obtained using the fol-
owing equation.

I

CO
= Imax

KD
−

(
I

KD

)
(2)

here, KD is the equilibrium dissociation and I is the fluorescence
ntensity. A plot of I versus I/C gave a straight line and the equilib-
ium binding constants calculated as Ka = 1/KD were given in Table 2.

The validity of the Langmuir isotherm can be tested by determin-
ng the affinity constant measuring the fluorescence intensities at
quilibrium with different bulk concentrations (Fig. 5). Langmuir
elationship can be obtained using the following equation;

CO

I
= 1

Imax · b
+ CO

Imax
(3)

The results obtained from the linearized form of the Langmuir
sotherm, by plotting CO/I as a function of CO, and the Scatchard
nalysis findings were compared in Table 2.

Association constant, Ka, and the apparent maximum num-
er of recognition sites, Imax, values for the specific interaction
etween the template imprinted polymer of the nanoclusters and
he template itself were determined by Langmuir isotherms and
catchard’s plots. The comparison of the Ka and Imax are pre-
ented in Table 2. As seen from Table 2, in general, the magnitude
f Ka (18 × 106 mol L−1 and 9 × 106 mol L−1, based on Langmuir
nd Scatchard analysis, respectively) is due to the accessibility of
PA template molecules. Some template cavities formed during

mprinting process were stayed inside the polymer matrix of the
anoclusters.

The Ka and Imax values estimated from Scatchard analysis are
ery close to the Langmuir analysis data and DPA templated sites
f nanocrystals are highly selective to the DPA recognition sites.
o, the Ka based on Scatchard analysis for the binding of DPA to
IP nanosensor and Imax were found to be 9.0 × 106 M−1 and 111.1,

espectively. The value of Ka suggests that affinity of the binding
ites is very strong.

.4. Recognition selectivity of DPA imprinted nanoshell sensor

Molecular imprinting process with DPA gives a cavity that is
elective for DPA and its analogues. Because phtalic acid has very
imilar molecular structure with DPA, DPA imprinted nanocrys-
als were treated with phtalic acid in order to check whether
he nanoshell has any effect on recognition process. The obtained
esults indicated that MIP nanosensor has 28 times greater selec-
ivity for DPA than that of phtalic acid. The investigation of
uorescence intensity of NIP did not show a significant change

n fluorescence intensity. The selectivity coefficient, k, of DPA and
htalic acid was found to be 28 for MIP particles and 2 for NIP par-
icles and relative selectivity coefficient, k1, was determined as 14.
s seen that, MIP sensor was 14 times selective with respect to NIP
ensor. Obtained results clearly indicated that the change of fluo-

escence intensity is due to specific binding between DPA and DPA
emory sites having nanoclusters.
The DPA can simultaneously chelate to Cr(III) metal ion and fit

nto the shape-selective cavity. So, this interaction between Cr(III)
on and free coordination spheres has an effect on the binding abil-

[
[
[

[

x (a.u.) Scatchard (Ka, M−1) Imax (a.u.)

.9 9.0 × 106 111.1

ity of the Au–Ag nanosensor. Experimental results showed that
shape-selective cavity formation was occurred for DPA.

4. Conclusion

We have developed a novel chemical preparation method for
methacryloyl based self-assembled monolayer and to make up
imprinting polymer via ligand exchange of DPA on Au–Ag nanoclus-
ters. The DPA imprinted MAIDA-Cr(III)-EDMA copolymer of Au–Ag
nanoshell is expected to bind DPA and its analogues for Bacillus
spores sensing. The results showed that the change in fluores-
cence could be attributed to the high complexation geometric shape
affinity (or DPA memory) between DPA molecules and DPA cavi-
ties occurred the on the Au–Ag nanoshells. In conclusion, the DPA
imprinted nanoshell sensor has been gaining widespread recogni-
tion as a sensor for DPA because the imprinting methods create a
nanoenvironment based on shape of cavity memorial, size and posi-
tions of functional groups that recognizes the imprinted molecule,
DPA, based on ligand-exchange imprinting methods. Nanoshell sen-
sors having DPA templates responses to DPA and its analogues
through fluorescence intensity decrease.
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a b s t r a c t

Highly effective and selective synergistic extraction of Li+ has been found using 2-
naphthoyltrifluoroacetone (Hnta) as an acidic chelating agent and 2,9-dimethyl-1,10-phenanthroline
(dmp) or 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (dmdpp) as a neutral ligand (denoted as L) in
toluene. The synergism was ascribed to the adduct formation in the organic phase, and the composition
and the formation constants of the adducts for alkali metal ions (M+) were determined by the extraction
eywords:
ynergistic extraction
ithium
odium
otassium

equilibrium analysis. The adducts found were M(nta)L for Li+ and Na+, while M(nta)L and M(nta)L2

for K+. To understand thermodynamics of the adduct formation with the bidentate amines, quantum
chemical calculations of the 1:1 and 1:2 adduct formations with dmp and 1,10-phenanthroline (phen)
were performed. The electronic and steric effects of the methyl groups at 2,9-positions of phen on the
thermodynamic functions of adduct formation as well as the high lithium selectivity were quantitatively
ubstituent effect
b initio calculations

elucidated.

. Introduction

Adduct formation of metal chelates with neutral ligands has
een exclusively studied in synergistic extraction of metal ions such
s bivalent alkaline earth and first transition metals and tervalent
anthanoid and actinoid metals [1]. Since these metal ions tend to
orm coordinately unsaturated chelates with bidentate monopro-
ic ligands such as �-diketones, the synergism is caused by the
dduct formation of the chelates with neutral ligands, which is
ccompanied by the replacement of the residual water molecules
oordinated to the central metal ion with the neutral ligand or
urther increase in the coordination number of the central metal
on.

The synergistic extraction has been also studied for uni-
alent alkali metals. As a synergist neutral unidentate ligands

uch as tributyl phosphate (tbp) and trioctylphosphine oxide
topo) have been used with a combination of �-diketone such as
-thenoyltrifluoroacetone (Htta) [2–4], dibenzoylmethane [5,6], 4-
cyl-5-pyrazolones [7–9] and hydrophobic alkyl derivatives, e.g.,

∗ Corresponding author. Tel.: +81 29 228 8703; fax: +81 29 228 8403.
∗∗ Corresponding author. Tel.: +81 76 264 5694; fax: +81 76 264 6060.

E-mail addresses: smori@mx.ibaraki.ac.jp (S. Mori),
mura@cacheibm.s.kanazawa-u.ac.jp (H. Imura).

1 Present address: Japan Atomic Energy Agency, Tokai-mura 319-1195, Japan.

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.01.052
© 2009 Elsevier B.V. All rights reserved.

LIX 51 and LIX 54 [10–14]. These systems showed high extractability
of Li+.

Recently, we have found a large synergistic effect of 1,10-
phenanthroline (phen) [15] and 2,2′-bipyridine [16] as a neutral
ligand on the extraction of Li+ with Htta in various organic solvents.
The synergism with phen provided a separation factor between
Li+ and Na+ higher than that with topo and tbp [2]. Furthermore,
in the extraction of alkali metals with Htta, 2,9-dimethyl-1,10-
phenantroline showed very high selectivity for Li+. The separation
and the extraction efficiency were higher than those with several
crown ether systems [17–20]. This suggests that the synergistic
combination of �-diketone and heterocyclic bidentate amines gives
excellent extraction system for Li+.

In the present paper, the synergistic extraction and the
adduct formation of Li+, Na+ and K+ are studied with 2-
naphthoyltrifluoroacetone (Hnta) as a hydrophobic �-diketone and
phen, 2,9-dimethyl-1,10-phenanthroline (dmp) or 2,9-dimethyl-
4,7-diphenyl-1,10-phenanthroline (dmdpp) as a bidentate amine in
toluene. The extraction equilibrium of alkali metals with Hnta and
the adduct formation equilibrium between the alkali metal(I)-nta
chelate and the bidentate amine in the organic phase were studied

in detail. The effect of the methyl groups in dmp and dmdpp on the
extraction and separation efficiency was investigated by means of
the equilibrium constants determined in this study. To understand
thermodynamic properties of the complexation of alkali metal(I)-
bidentate amines, ab initio and density functional calculations for
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The extraction of Li+, Na+ and K+ with Hnta alone was carried
out and the distribution ratio (D0) was measured. Fig. 1 shows the
plots of log D0 as a function of the logarithmic value of the nta−

concentration in the aqueous phase, which was calculated by the
K.-i. Ishimori et al. / Ta

he adduct formation of dmp were performed and compared with
hose of phen. The electronic and steric effects of the methyl groups
t 2,9-positions of phen on the thermodynamic functions of adduct
ormation were discussed.

. Experimental

.1. Chemicals

4,4,4-Trifluoro-1-(2-naphthyl)-1,3-butanedione (Aldrich, 99%
urity) was purified by vacuum sublimation. 2,9-Dimethyl-1,10-
henanthroline dihydrate (Kanto, 95% purity) was recrystallized
rom a benzene–hexane mixture and dried on P4O10 in vacuo at
0 ◦C. The purity of dmp was checked by high performance liq-
id chromatography (HPLC) with an octadecyl/silica gel column
Kanto, Mightysil RP-18 GP, 4.6 mm i.d. × 150 mm) and 50% (v/v)

ethanol–water at pH 6.7 as a mobile phase. 2,9-Dimethyl-4,7-
iphenyl-1,10-phenanthroline (ACROS, 99% purity) was used as
btained. Toluene (Kishida, 99.5% purity) was of guaranteed reagent
rade.

A Li+ stock solution was prepared by drying anhydrous lithium
hloride (Kanto, high purity reagent) at 110 ◦C and dissolving in
ater. Standardization of alkali metal hydroxide solution was done

y acid–base titration with a Metrohm SM Titrino E702 automatic
itrator equipped with a combination glass electrode.

Other reagents and the apparatus were the same as those
escribed previously [15]. Water was distilled, deionized, and then
urified with a Milli-Q (Millipore) equipment just before use.

.2. Extraction procedure

An aqueous solution of an alkali metal ion was shaken for
5 min with an equal volume of a toluene solution contain-
ng 3.0 × 10−5 to 1.0 × 10−2 mol dm−3 Hnta alone or 9.2 × 10−5 to
.0 × 10−2 mol dm−3 Hnta plus 3.0 × 10−5 to 6.0 × 10−2 mol dm−3

identate amine (L) at pH 11.1–12.3 and 25 ± 0.5 ◦C. The initial con-
entrations of Li+, Na+ and K+ in the aqueous phase were 2.0 × 10−6

o 3.0 × 10−2 mol dm−3, 1.0 × 10−3 to 1.0 × 10−1 mol dm−3, and
.0 × 10−1 mol dm−3, respectively. In the Li+ and Na+ cases, the
onic strength of the aqueous phase was kept constant at
.0 × 10−1 mol dm−3 using potassium chloride and potassium
ydroxide.

After phase separation, pH of the aqueous phase was mea-
ured with a Radiometer PHM93 REFERENCE pH meter with a
ombination glass electrode calibrated by the usual pH standard
olutions. The H+ concentration was calculated from the equilib-
ium pH and the activity coefficient at I = 1.0 × 10−1 mol dm−3. The
etal ion concentration in the aqueous phase was measured with
HITACHI 170-30 atomic absorption spectrophotometer (AAS). The
etal ion extracted into the organic phase was back-extracted with

.0 × 10−1 mol dm−3 hydrochloric acid or water and determined by
AS. The distribution ratio of alkali metal was calculated from the
oncentration in both phases. Almost all the procedures for the
xtraction of Na+ and K+ were carried out in a laminar-flow hood
class 100) to avoid the contamination of those elements from glass-
are as well as atmosphere.

.3. Computational methods

All calculations were performed with the Gaussian 03 pro-
ram [21]. The geometry optimizations were performed by the HF

ethod in combination with the 6-31G(d) basis sets [22] for metal

toms, water molecules, all atoms for HCOCHCHO− ligand, all N
toms, 2- and 9-carbons and their attached hydrogens in the case
f phen ligand and 2- and 9-carbons and their attached methyl
roups dmp ligand, and 3-21G basis set [22] for the other atoms
78 (2009) 1272–1279 1273

denoted as BI basis sets. The optimized structures were confirmed
by normal coordinate analysis as minima on potential hypersur-
face. Enthalpies at 0 K were computed as a sum of electronic energy
and zero-point vibrational energy. Gas phase Gibbs energies at
298.15 K and 1 atm were calculated based on harmonic oscillator
approximation. The single point energies for HF/BI geometries were
also computed with the Becke three-parameter plus Lee-Yang-Parr
(B3LYP) density functional method [23] with the 6-31G(d) basis sets
[22].

3. Results and discussion

3.1. Extraction equilibrium

All the equilibrium studies using Hnta and bidentate amines
were carried out at pH >11. In such pH region, the extraction of
alkali metal ions was little dependent on the H+ concentration in the
aqueous phase because the acidic �-diketone, Hnta, almost com-
pletely distributes into the aqueous phase and dissociates to nta−.
Since �-diketone having a trifluoromethyl group tends to decom-
pose in alkaline solutions [24], the effect of the shaking time on
the extraction of Li+ with Hnta in the presence of dmp or phen was
examined at pH 11.9. The distribution ratio of Li+ did not depend on
the shaking time during 5–90 min. Therefore, the decomposition of
nta− in the alkaline aqueous phase was negligible under the given
conditions.
Fig. 1. Extraction of alkali metals(I) with Hnta in the presence or absence
of 6.0 × 10−3 mol dm−3 dmp in toluene at pH 11.3–12.8. 1.0 × 10−4 to
2.0 × 10−2 mol dm−3 Hnta. Open symbols, Hnta alone; solid symbols, Hnta–dmp;
circles, Li; squares, Na; triangles, K.
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Table 1
Equilibrium constants on the synergistic extraction of alkali metals(I) with HA and L in toluene at I = 0.1 mol dm−3 and 298 K.

HA Metal log K ′
ex dmp phen

log Ks,1 log Ks,2 log Ks,1 log Ks,2

Hnta Li −0.54 (0.05) 7.61 (0.01) NDa 6.66 (0.02)b NDa,b

Na −2.49 (0.04) 5.63 (0.02) NDa 5.57 (0.08) 2.65 (0.07)
K −2.53 (0.05) 3.51 (0.05) 1.44 (0.13) 3.89 (0.07) 2.40 (0.10)

Htta Li −1.95c 7.43c NDa,c 6.46c NDa,c

Na −3.53c 5.19c NDa,c 5.14c 2.39c

K −3.77c 2.71c 2.36c 3.37c 2.80c
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D = [MA]org +
∑

[MALm]org

[M+]
= K ′

ex[A−](1 +
∑

ˇs,m[L]m
org).

(8)
umerical values in parentheses show the standard errors.
a Not determined.
b Ref. [16].
c Ref. [26].

ollowing equation,

nta−] = CHAKa,HA

Ka,HA + [H+] + [H+]Kd,HA
, (1)

here CHA, Ka,HA (=10−6.28 [25]) and Kd,HA (=103.74) denote the total
oncentration, the acid dissociation constant, and the distribution
onstant of Hnta, respectively. The Kd,HA value was determined
sing the literature value of Ka,HA on the basis of the relation-
hip between the distribution ratio of Hnta and pH in this work.
lthough the D0 values for Na+ and K+ in Fig. 1 were too low to be
easured across the wide nta− concentration range, the plots for

ach metal ion examined give a straight line with a slope close to
nity as expected from the formation of the 1:1 complex of alkali
etal(I) with nta−.
The extraction equilibrium of alkali metals(I) (M+) and the

xtraction constants (K ′
ex) in such pH region can be written by:

+ + A− � MAorg, (2)

′
ex = [MA]org

[M+][A−]
, (3)

here A− stands for nta− and the subscript “org” denotes the
pecies in the organic phase. Since the alkali metal chelate, MA, is
resent only in the organic phase, the distribution ratio is expressed
s,

0 = [MA]org

[M+]
= K ′

ex[A−]. (4)

The K ′
ex values were calculated using Eq. (4) and are listed in

able 1. The logarithmic K ′
ex values for Li+, Na+ and K+ in the Hnta

ystem are much larger than those in the Htta system. This indicates
hat the extractability of M+ with Hnta is higher than that with Htta
n the alkaline region. K ′

ex is represented as follows:

′
ex = Kd,MAˇ1, (5)

here Kd,MA and ˇ1 denote the distribution constant of MA chelate
nd its formation constant in the aqueous phase, respectively. In
he Hnta and Htta systems, it can be assumed that the stability of

(nta) is similar to that of M(tta) since the pKa,HA of Hnta, as a
easure of the ligand basicity, is close to that of Htta. Therefore,

he difference between the K ′
ex values for Hnta and those for Htta

hould be mainly attributed to the difference in the Kd,MA values,
hich are associated with the hydrophobic property of the ligands.

.2. Adduct formation equilibrium
Fig. 1 also shows the effect of 6.0 × 10−3 mol dm−3 dmp in the
rganic phase on the extraction of alkali metals(I). The D values
ncreased by an order of magnitude of 105.5 for Li+, 103.5 for Na+ and
01.5 for K+. The largest and most selective synergism is found for
Li+. Since the slope of the log D–log[nta−] plots for all alkali metals
in Fig. 1 is almost unity, the following adduct formation reaction of
MA chelate with a neutral bidentate amine (L) is expected in the
organic phase.

MAorg + mLorg � MALm,org. (6)

The overall adduct formation constant (ˇs,m) is defined as,

ˇs,m = [MALm]org

[MA]org[L]m
org

. (7)

In the synergistic extraction of M+ with HA and a bidentate
amine, the distribution ratio of M+ is given by,
Fig. 2. Synergistic enhancement of the distribution ratio of alkali metals(I) as
a function of the amine concentration in toluene at pH 11.2–12.9. 4.9 × 10−5 to
9.2 × 10−2 mol dm−3 Hnta. Open symbols, Hnta–dmdpp; solid symbols, Hnta–dmp;
dotted symbols, Hnta–phen; circles, Li; squares, Na; triangles, K.
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Table 2
Binding enthalpies (at 0 K), Gibbs energies, and entropies at 298.15 K of steps (1) and (2) in the gas phase at the HF/BI level.

L Metal Step (1) Step (2)

�H (kJ mol−1) �G (kJ mol−1) �S (J mol−1 K−1) �H (kJ mol−1) �G (kJ mol−1) �S (J mol−1 K−1)

phen Li −115.6 (−6.8) −75.0 (−13.1) −136 (+21.4) −21.2 24.8 −154
Na −111.1 (−2.4) −71.8 (−9.7) −132 (+24.5) −48.8 −3.4 −153
K −80.0 (+17.2) −42.6 (+17.2) −125 (0.0) −56.9 −16.6 −135

dmp Li −122.7 (−13.8) −83.5 (−21.6) −131 (+25.9) 13.1 68.4 −185
151 (+
147 (−
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a nearly planar four-coordinate Na ion, because of the interaction
between two oxygen atoms and hydrogens at the phen ligand. An
NaA(dmp) (2Nd) complex is a distorted four-coordinate complex
since two hydrogen atoms at the phen are substituted by methyl
groups. The structural arrangements of two phen and dmp ligands

Table 3
Electronic binding energies of steps (1) and (2) in kJ mol−1 at the HF/BI level and in
bracket at the B3LYP/6-31G(d)//HF/BI level.

L M Step (1) Step (2)

phen Li −121.4 (−127.7) −25.8 (−29.7)
Na −111.8 (−3.0) −66.7 (−4.5) −
K −76.4 (+20.8) −32.5 (+27.2) −

umerical values in parentheses were obtained from 1a.

Dividing Eq. (8) by Eq. (4), the following equation is derived,

D

D0
= 1 +

∑
ˇs,m[L]m

org. (9)

The logarithmic plots of D/D0 as a function of the equilibrium
oncentration of phen, dmp or dmdpp in the organic phase are
hown in Fig. 2. The equilibrium concentration of L was calculated
rom the total concentration (CL) of L as follows:

L]org = CLKd,L

Kd,L + 1 + [H+]/Ka,HL
, (10)

here Ka,HL and Kd,L denote the acid dissociation constant of HL+

nd the distribution constant of L, and were cited from our previous
aper [26]. In the dmdpp case, the equilibrium concentration in
he organic phase was taken as the initial concentration since the
istribution constant of dmdpp should be sufficiently high.

The D/D0 values of the alkali metals increase with increase in
he L concentration in the organic phase. The composition of the
redominant adduct species is given from the slope of the plots. In
ll the extraction systems in Fig. 2, the plots for Li+ show straight
ines with a slope of unity in the wide concentration range of L in
he organic phase. Therefore, the adduct of Li+ is only MAL under
he given conditions. In the Na+ case, the dmp and the dmdpp sys-
em show the straight lines with a slope of unity, while the phen
ystem shows the curved line trending to a straight line with a
lope of two. Therefore, the dmp and dmdpp adducts are of MAL
ype and the phen adducts are not only MAL but also MAL2. On the
ther hand, the plots for K+ in all the systems show curved lines
hich give a slope of more than unity at higher concentration of

. This implies that both MAL and MAL2 adducts are formed in the
+–Hnta–bidentate amine systems. The compositions observed for

he adducts of Li+, Na+ and K+ with phen and dmp were the same
s those in the Htta system reported previously [26].

The ˇs,m values were calculated by a nonlinear least-squares
ethod based on Eq. (9) and the stepwise formation constant of the

:1 (Ks,1) and the 1:2 adduct (Ks,2) are listed in Table 1 together with
hose of the Htta chelates. In the dmdpp case, the only log Ks,1 values
ould be determined as follows: 7.74 ± 0.03 for Li+, 5.66 ± 0.05 for
a+ and 3.42 ± 0.04 for K+, which are very close to those for dmp.
he general trend of the adduct formation constants of the Hnta
helates is similar to that of the Htta chelates.

The ˇs,1 values in all the systems increase in the order of
+ < Na+ < Li+, which is the decreasing order of the ionic radius of

he alkali metal ions, or the increasing order of their surface charge
ensity. In the Li+ case, the ˇs,1 value for dmp (also dmdpp) is

arger than that for phen. This result can be explained by the differ-
nce in the basicity or Ka,HL of the amines. Therefore, the adducts,
i(nta)(dmp) and Li(nta)(dmdpp), are expected to be free from the

teric factors with two methyl groups at the 2- and 3-positions of
mp and dmdpp because of the possible tetrahedral structure of
he adducts. On the other hand, in the Na+ case, the ˇs,1 values of
mp are nearly equal to those of phen (dmp ≈ phen), while in the
+ case, dmp < phen. Furthermore, the ˇs,2 values for Na+ and K+
5.0) −26.3 22.4 −163
21.5) −46.8 0.1 −157

are in dmp < phen. These imply the importance of the steric fac-
tor of two methyl groups of dmp and dmdpp. To understand such
effect of methyl groups on the phen skeleton, quantum chemical
calculations were applied.

3.3. Quantum chemical calculations

Current computational power does not allow full quantum
chemical studies for the whole system. Thus, in this study nta lig-
and is modeled as deprotonated formylacetaldehyde HCOCHCHO−

(denoted as A−). The alkali metal complexes, MA and MALm, were
modeled as 1 for MA, 2 for MAL and 3 for MAL2 (M = Li, Na and K;
L = phen and dmp) as shown in Scheme 1.

The difference of binding energies between 1 and L (step (1)) and
binding energies between 2 and L (step (2)) were examined. Effects
of explicit solvation by two H2O molecules were also examined in
step (1). The chelation process from a diaqua metal complex 1a
with a bidentate ligand to give a complex 2 and water dimer is also
assumed in the present theoretical studies since the solvation of
alkali metal ion is important in aqueous solution (see Eq. (11)) [27].

MA(OH2)2 + L → MAL + (H2O)2 (11)

Representative 3D structures of Li, Na and K complexes at the
HF/BI level are shown in Figs. 3–5, respectively. In the symbols of
the complexes, L, N and K stand for lithium, sodium and potassium
complexes, respectively, and p and d for phen and dmp complexes,
respectively. Binding enthalpies and Gibbs energies at the HF/BI
level are shown in Table 2, and binding energies at the B3LYP/6-
31G(d)//HF/BI level are shown in Table 3.

Both LiA(phen) (2Lp) and LiA(dmp) (2Ld) have tetrahedral four-
coordinate Li+ ions. Although 3Lp and 3Ld have six-coordinate Li+

ions, two Li··N distances of 2.31 Å and 2.47 Å for 3Lp are shorter
than those for 3Ld of 2.49 Å and 2.51 Å, indicating steric repul-
sion between the methyl groups in the two ligands. The structural
arrangements of two phen and dmp ligands in the six-coordinate Li
complex are different each other. An NaA(phen) (2Np) complex has
Na −117.5 (−127.7) −54.9 (−60.3)
K −86.2 (−91.8) −62.6 (−67.0)

dmp Li −128.8 (−137.6) +9.0 (+l.7)
Na −118.4 (−130.3) −31.5 (−41.7)
K −82.6 (−94.2) −52.5 (−61.9)
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n the six-coordinate Na complexes, 3Np and 3Nd, are different as

een in LiAL2 complexes, 3Lp and 3Ld. Both K complexes, 2Kp and
Kd, have distorted four-coordinate K+ ions. Complexes, 3Lp, 3Np,
Kp, 3Ld and 3Nd, have C2 symmetry, whereas 3Kd has C1 sym-
etry. The K··N bond lengths of 2.94 and 3.08 Å in 3Kp are not so

horter than those of 2.97–3.10 Å in 3Kd, showing that the methyl

Fig. 3. Structures of LiAL and LiAL2 complexes at the H
1.

groups of dmp ligands do not make the potassium ion and ligands

apart.

The electronic binding energies at the B3LYP level of theory are
semi-quantitatively similar to those at the simple HF level of the-
ory as shown in Table 3. In this alkali metal system, the electron
correlation is not a large factor to examine the binding energies.

F/BI level. Bond lengths are shown in angstroms.



K.-i. Ishimori et al. / Talanta 78 (2009) 1272–1279 1277

t the H

I
e
t
p
T
g
T

i
b
e
s
c
s
w
a
w
1
a
u
t
o
m
s
w

h
o
c
o

Fig. 4. Structures of NaAL and NaAL2 complexes a

n the order of decreasing ionic radii of Li+ < Na+ < K+, the binding
nergies with any ligands (phen and dmp) for step (1) decrease but
hose for step (2) increase. We optimized tetra-coordinate com-
lexes LiA(OH2)2 (1aL), NaA(OH2)2 (1aN) and KA(OH2)2 (1aK).
he orders in the gas phase binding enthalpies and Gibbs ener-
ies at 298.15 K at the HF/BI level are the same trend as shown in
ables 2 and 3.

Actually, complexes 1 may be solvated by water molecules even
n the organic phase. Hence, we investigated the effect of solvation
y two water molecules in step (1). The ligand exchange reaction
nthalpies, Gibbs energies and entropies at 298.15 K in Eq. (11) were
hown in Table 2. The order of the enthalpies and Gibbs energies for
helate formation (�H and �G) in step (1) in the presence of water
olvation, i.e., Li+ < Na+ < K+, is the same as that in the absence of the
ater solvation, although the magnitudes of the energy changes

re different because of the different environment dependent on
ater solvation. Note that the positive values of �H and �G for
aK (+17.2 and +17.2 kJ mol−1, respectively in Table 2) are due to
ssumption of infinite separation between each reactant and prod-
ct in the ab initio HF calculations in Eq. (11) and the neglect of
he electron correlation. Those values will be negative if one carries
ut molecular dynamics simulations. Hydration numbers of alkali
etals in aqueous solutions have been examined with ab initio MD

imulation [28]. In present MD simulations, however, many efforts
ere needed for modeling of accurate ion hydration [29].
The 1:2 adduct formation for dmp ligand with Li+ complex is
ighly endothermic and endergonic because smaller ionic radii
f Li+ makes highly compacted and distorted 1:2 Li adduct. The
ontribution of −T�S in the gas phase for Li+ is higher than the
thers.
F/BI level. Bond lengths are shown in angstroms.

As shown in Fig. 6, there is a good correlation between the
Gibbs free energies for the adduct formation, �G, determined by
the experiment and those by ab initio HF calculations in the gas
phase. These results show that the substituent effects in phen lig-
and can be explained by the models based on the quantum chemical
calculations.

3.4. Selective synergistic extraction of Li+

The separation efficiency of Li+ from both Na+ and K+ was exam-
ined by means of the separation factors which were calculated from
the equilibrium constants determined above. The separation factor
(˛) between Li and other alkali metals (M) is defined as,

˛Li/M = DLi

DM
=

K ′
ex,Li(1 + ˇs,1,Li[L]org)

K ′
ex,M(1 +

∑
ˇs,m,M[L]m

org)
, (12)

where [L]org is the concentration of a bidentate amine in the organic
phase. Fig. 7 shows the ˛Li/M values as a function of the equilibrium
concentration of dmp as well as phen for comparison. As for ˛Li/Na,
the dmp system exhibits much higher values than the phen system
over a wide concentration range of dmp, and the maximum ˛Li/Na
value attains to 103.93 in dmp, which enables quantitative separa-
tion between Li+ and Na+. The phen system shows a convex curve
with a maximum of ˛Li/Na = 103.01 at [phen]org = 10−4.11 mol dm−3
because the composition of the predominant adduct species is dif-
ferent between Li+ and Na+, and dependent on the concentration of
phen. Additionally, ˛Li/K in the dmp system attains to a very high
value, 106.02, at [dmp]org = 10−2.46 mol dm−3. From these results the
quantitative separation of Li+ from both Na+ and K+ can be achieved.
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Fig. 5. Structures of KAL and KAL2 complexes at the HF

Fig. 6. Correlation between free energies of adduct formation obtained by the exper-
iment and those calculated at the ab initio HF/BI level. a, Li(nta)phen; b, Li(nta)dmp;
c, Na(nta)phen; d, Na(nta)(phen)2; e, Na(nta)dmp; f, K(nta)phen; g, K(nta)(phen)2;
h, K(nta)dmp; i, K(nta)(dmp)2.
/BI level. Bond lengths are shown in angstroms.

The extraction and separation efficiency of alkali metals in the
present Hnta–dmp system was evaluated. The extraction was per-
formed using 1.0 × 10−3 mol dm−3 Hnta and dmp in toluene from
aqueous solutions containing Li+, Na+ and K+. The result is shown
in Fig. 8 together with the theoretical D values calculated by the

obtained equilibrium constants in both Hnta–dmp and Htta–dmp
for comparison. Since the experimental plots are in good agreement
with the theoretical values, the quantitative extraction separation
of Li+ from other alkaline metals can be achieved without unfa-
vorable co-extraction. Moreover, it is found that the extraction

Fig. 7. Separation factors for Li+/Na+ and Li+/K+ as a function of the equilibrium
concentration of bidentate amines in toluene at pH 12.1.1.0 × 10−3 mol dm−3 Hnta.
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ig. 8. Extraction efficiency of alkali metals(I) in the synergistic systems with 1.0 ×
a) were obtained by the extraction from a mixture of Li+, Na+ and K+. Theoretical va

apability of synergistic Hnta–dmp for Li+ is much superior to that
f Htta–dmp reported previously.

. Conclusion

The 2,9-dimethyl derivatives of 1,10-phenanthroline, dmp and
mdpp, are selective and effective synergist for the extraction of
i+ with �-diketones. The hydrophobic �-diketone such as Hnta
reatly enhances the extractability of alkali metals in higher pH
egion. Ab initio calculations for metal complexation processes are
ery useful for predictions of the binding ability of neutral ligands
n the adduct formation.
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a b s t r a c t

The continuous flow sample introduction technique with a hydride generator system in conjunction with
an inductively coupled plasma emission spectrometer (ICP-AES-HG), is used in this study for quantitative
determination of ammonium and organic bound nitrogen in aqueous and solid samples. Ammonia vapor
released from ammonium salt after treatment with concentrated NaOH is transferred by argon to plasma
for detection at 174.273 nm using axial argon plasma mode. The calibration curves were linear within
a range of 25–1000 mg L−1 N as ammonium molybdate with correlation coefficients of better than 0.99
and limits of detection of about 10–25 mg L−1 N. The percent recovery of N (25–500 mg L−1 N) in soft
(distilled) water and high salt content (1.7 mol L−1 NaCl) matrices was found to be in the range of about
97–102% with %RSD in the range of 4.6–0.62. The sensitivity, limit of detection, and blank contribution
from the atmospheric nitrogen, were tremendously improved in this method compared with the available

ICP-AES spray chamber counterpart. Furthermore, the ICP-AES-HG method gave results for real samples
(soil, fertilizer, waste water) containing about 50–1800 mg L−1 N in good agreement with those obtained
by the standard Kjeldahl method. No statistical differences at the 95% confidence level on applying the
t-test were observed between the values obtained by the two methods. Thus, the ICP-AES-HG method is
reliable and faster than the conventional tedious Kjeldahl method, superior to the ICP-AES spray chamber
method, and almost free from matrix interference which is usually a critical factor in atomic emission
spectroscopic techniques.
. Introduction

Nitrogen exists at various concentration levels in water sys-
ems as dissolved inorganic species such as ammonium, nitrate and
itrite ions and organic species such as amines, amino acids, pro-
eins and others. The sum of organic and ammonium nitrogen is
sually expressed as the total Kjeldahl nitrogen. Nitrogen content in
oil gives information about the agricultural status of plants, and the
eficiency of nitrogen causes slow growth and diseases. Thus, nitro-
en monitoring is important for treating wastewater and a variety
f industrial processes for water applications. Total Kjeldahl nitro-
en is also an important parameter when studying the pollution
evel in water systems [1].
Various methods have been used for determination of inor-
anic and organic bound nitrogen. These methods include the
raditional Kjeldahl method, chemiluminescence detection, the
essler method, oxidation methods using persulfate or ultravio-

∗ Corresponding author. Tel.: +966 3 860 2611.
E-mail address: amjaber@kfupm.edu.sa (A.M.Y. Jaber).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.01.060
© 2009 Elsevier B.V. All rights reserved.

let or high temperature combustion and the Dumas method [1–9].
Other methods have also been reported, such as microscale Kjeldahl
followed by detection using an ion-selective electrode for ammo-
nia detection [10], microwave-assisted persulfate oxidation method
followed by ion chromatographic determination of nitrate [11],
microwave digestion followed by ion chromatography detection
[12], ion chromatography without Kjeldahl distillation [13], HPLC
and chemiluminescence detection [14], the fluorimetric method
[15], the atomic emission spectral method, where the measurement
was made for the cyanide band at 388.3 nm [16], and indirect deter-
mination of nitrogenated drugs by atomic absorption spectrometry
[17]. Most methods were associated with problems such as limita-
tion to high nitrogen concentrations, complication of procedures,
time and reagents requirements, matrix interference and limited
dynamic range.

Inductively coupled plasma emission spectroscopy, ICP-AES, has

also been used for nitrogen determination [18–24]. ICP-AES with
spray chamber sample introduction technique was associated with
problems such as poor detection limit and severe blank contribu-
tion [20]. It has been reported that determination of nitrogen using
ICP-AES is challenging due to the high nitrogen background from
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Table 1
The optimum ICP operating parameters.

Parameter Setting

Plasma power 1400 kW
Torch Axial, 27.12 MHz RF
Coolant flow 12.0 L min−1

Auxiliary flow 1.0 L min−1

Hydride generator flow 1.0 L min−1
A.M.Y. Jaber et al. / Ta

urrounding air, the nitrogen impurity in the plasma argon, and the
itrogen dissolved in the aqueous solutions [20]. Although the use
f an extended torch could reduce the blank signal appreciably level,
he detection limit prevents the technique from being applicable for
ow nitrogen concentrations, especially in high salt matrices. Alder
t al. [21] introduced a method for the determination of low-level
mmonium ion in solution by optical emission spectrometry with
n inductively coupled argon plasma source. Ammonium ion was
xidized with sodium hypobromite in alkaline medium, and the
itrogen produced was introduced into the argon plasma and mon-

tored at 336.0 nm. Some work was also reported with an extended
orch for the determination of nitrogen in aqueous solution with the
id of ICP-AES [22]. The detection limit was determined and shown
o be limited by high blank contributions, even in the case of an
xtended torch and purging of the optical path. It has been reported
hat this method cannot be used for low nitrogen concentration lev-
ls and it suffers from matrix interferences. The possibility of using
n extended torch for successful nitrogen determination in fertiliz-
rs has been reported in a VARIAN note [23]. In this method, ICP-AES
as compared with the colorimetric method for measuring nitro-

en content in fertilizer samples. The extended torch was used to
revent the contact with atmospheric nitrogen and to reduce the
ackground contribution. A high outer plasma gas flow, 22 L min−1,
as used successfully to reduce the background as well. Nitrogen

n fertilizers was determined by a special adapter for the torch to
inimize the diffusion of atmospheric nitrogen into plasma [24].

or changing a sample, the peristaltic pump of the spectrometer
as to be switched off to prevent ambient air from being pumped

nto the plasma.
In this study, a hydride generator sample introduction system

as used in conjunction with the ICP-AES technique to pro-
ide the hydride as gaseous ammonia. The sample treatment (for
mmonium or organic bound nitrogen) was the same as in the
jeldahl method, and the released ammonia vapor was transferred
y argon gas directly to the ICP-AES for detection at 174.273 nm
sing axial the argon plasma mode. Thus, the tedious Kjeldahl
istillation and titration steps were skipped. Meanwhile the sam-
le matrix would be removed before dosing ammonia to the
lasma.

. Experimental

.1. Chemicals and reagents

All chemicals used were of analytical reagent grade. These chem-
cals include: sodium hydroxide pallets (Penriac), sulfuric acid
Aldrich), Kjeldahl catalyst (CuSO4·5H2O and K2SO4), ammonium

olybdate tetrahydrate (Aldrich), industrial grades of mono ammo-
ium phosphate, urea and ammonium sulfate fertilizers (Saudi
rabian Basic Industries Corporation, SABIC). Distilled deionizer
ater was used to prepare all solutions.

An accurately weighed quantity of ammonium molybdate,
NH4)6Mo7O24·4H2O, was dissolved in water and diluted to 1 L
o give nitrogen concentrations of 1000 mg L−1. A series of dilu-
ions were carried out to prepare standard solutions of the required
oncentrations. 20% (w/v) NaOH was prepared by dissolving 200 g
odium hydroxide pellets in cold water and diluting to 1 L. Solutions
f ammonium phosphate and ammonium sulfate fertilizers were
repared by dissolving accurately weighed quantities (0.5–1.5 g) in
ater.

The samples of organic nitrogen such as urea fertilizer, fish feed,

nd agriculture soil were transferred into solution after digestion
ith concentrated (98%) sulfuric acid for about 45 min with the
jeldahl catalyst, and then the digested solution was neutralized by
0% NaOH and diluted by water to 500 mL. All standard solutions
ere stored in polyethylene bottles.
Distance from plasma interface 5.0 mm
Detector CCD, 168–800 nm
OPI flow 0.8 L min−1

2.2. Instrumentation

Spectro CIROS CCD ICP-AES was used. The sample introduction
system used was the Spectro hydride generator as a two-line man-
ifold continuous flow system. The hydride generator system, HGX
200, consists of two tubing lines. One was used for the NaOH solu-
tion, and the other for the sample solution. There was one peristaltic
pump which aspirates both NaOH and the sample solution to the
aeration vessel (50 mL) with inlet and outlet points for argon to
carry out the generated ammonia to Plasma. The generated ammo-
nia flow to Plasma is controlled by a manual flow meter. The Spectro
Smart Analyzer Vision software was used. Water chiller was used
for the interface that includes the entrance slit to be cooled down
from the hot plasma.

3. Results and discussion

3.1. Preliminary instrumental settings

An axial torch mode was used with a back flow argon plasma
interface, called the optical plasma interface. This technique was
used to make the normal analytical zone more visible with respect
to the entrance slit. The nitrogen spectral emission line, 174.273 nm
was used for the signal intensity measurement. The instrument was
optimized as recommended by the manufacturer. Table 1 shows the
optimum operational and instrumental parameters.

The sample solution containing ammonium salts was intro-
duced directly to the argon ICP as hydride in the ammonia vapor
after reacting it with concentrated sodium hydroxide, whereas
samples containing organic nitrogen were initially digested with
concentrated sulfuric acid using the Kjeldahl catalyst followed by a
reaction with 20% sodium hydroxide solution. Thus, ammonia vapor
was released and transferred by argon to the plasma for detection at
174.273 nm using the axial argon plasma mode. Consequently, the
distillation step in the conventional Kjeldahl method is replaced by
the hydride generator unit where the reaction between the sample
and sodium hydroxide took place. Moreover, the titration step was
eliminated by the method described here. Using hydride genera-
tor technique, most of the matrix effect could be removed before
dosing ammonia to the plasma, resulting in an enhancement of the
detection limit.

3.2. The effect of hydride generator flow rate on the analytical
and blank signals

Various hydride generator flow rates were used to study the
flow rate effect on the analytical and the blank signals. The ana-
lytical signal of 1000 mg L−1 N as ammonium molybdate standard
solution was increased with the decrease in the hydride generator

flow rate. At the same time, the blank signal also showed a parallel
increase in magnitude (Fig. 1). Consequently, the sensitivity and
the blank contribution would increase as the hydride flow rate
decreases. The significant increase in the blank contribution with
the hydride flow rate might be ascribed to withdrawal of the
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ormal analytical zone away from the entrance slit as the hydride
ow rate decreases, which allows the surrounding atmospheric
itrogen to contribute much inside the plasma. The hydride
enerator flow rate used throughout the whole study was set at
L min−1. Although this flow rate does not correspond to the high-
st sensitivity (Fig. 1), it achieves a minimal blank contribution, a
roperty of prime importance in this study.

.3. The optimum experimental parameters

As a result of the preliminary investigations mentioned above,
he optimum procedure used in the present work can be summa-
ized as follows: A solution of 20% (w/w) NaOH is transferred by

eristaltic pump to the aeration vessel (50 mL) where ammonia
as is generated. Sodium hydroxide is aspirated continuously to
he aeration vessel during the measurement process. The sample
olution containing ammonium species is transferred by the same
eristaltic pump and mixed with NaOH in the aeration vessel by a

Fig. 2. Analytical and blank signals obtained for 1000 mg L−1 N and blank so
8 (2009) 1298–1302

T-joint, confluence point, (5 cm before the vessel); and a mixing coil
can be used also. Ammonia formation takes place in the aeration
vessel and 30 s equilibrium time is given for each aspiration within
the aeration vessel. Ammonia gas formed from the sample is trans-
ferred by argon (1 L min−1 flow rate) to the plasma for detection to
take place at 174.25 nm line. Around 100 s was required to report
one sample.

For organic nitrogen, the sample is digested in the presence of
the Kjeldahl catalyst using concentrated sulfuric acid at 400 ◦C for
30–60 min. The digested solution is neutralized by 20% sodium
hydroxide, and the liberated ammonia is introduced into the
hydride generator unit.

3.4. Blank contribution in the ICP-AES-HG and ICP-AES spray
chamber techniques

When a standard ammonium molybdate solution of
1000 mg L−1 N and a blank solution were introduced into the
plasma by both techniques, the intensity of the analytical signal for
the 1000 mg L−1 N solution introduced by ICP-AES-HG was about 3
times more than that obtained by the ICP-AES spray chamber tech-
nique (Fig. 2). Furthermore, the ratio of the analytical signal to the
blank signal increased from about 1.4 times in the case of the ICP-
AES spray chamber to about 2.6 times in the case of the ICP-AES-HG
method. Furthermore, the signals with ICP-AES-HG became more
symmetrical and the base line became more horizontal (Fig. 2).
This significant increase in the signal-to-background ratio would
lead to an increase in the sensitivity of the ICP-AES-HG method.

The signal-to-background ratio was also expressed using the
term of background equivalent concentration (BEC) value [1]:

C × S

BEC = max Blank

Smax − SBlank

where Cmax is the highest concentration in the calibration curve;
SBlank is the blank signal; and Smax is the highest concentra-
tion signal. The BEC values calculated for a calibration range

lutions using the ICP-AES-HG and ICP-AES spray chamber techniques.
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Table 2
Accuracy and precision of nitrogen determination in ammonium molybdate solutions using various methods (n = 3).

Quantity added
(mg L−1 N)

ICP-AES-HG Kjeldahl method ICP-AES spray chamber method

Quantity found
(mg L−1 N)

Nitrogen
recovery (%)

Quantity found
(mg L−1 N)

Nitrogen
recovery (%)

Quantity found
(mg L−1 N)

Nitrogen
recovery (%)

25.00 24.17 96.68 24.63 98.52 Not detectedb –
t-value 1.29 0.80
%RSD 4.56 3.29

25.00b 25.59 102.4 23.34 93.36 Not detectedb –
t-value 0.67 2.61
%RSD 5.94 4.73

50.00 50.76 101.5 49.22 98.44 Not detectedb –
t-value 2.94 2.19
%RSD 0.89 1.25

50.00b 50.3 100.6 50.94 101.9 Not detectedb –
t-value 1.19 1.38
%RSD 0.87 2.32

500 493 98.60 501 100.2 375 75.00
t-value 2.42 0.33 12.42
%RSD 0.95 0.96

500a 507 101.4 495 99.04 Not detectedb –
t-value 4.16 1.48
%

o
4
n
m
s

3

t
t
t
I
r
(
[
i
n

d
I
i
w
a
v
t
a
c
m

I
t
t
s
t

c
m
n
A

RSD 0.62

a The solution was prepared in 1.7 mol L−1 NaCl.
b The calibration curve had a slope of almost zero.

f 25–1000 mg L−1 N were found to be about 1800 mg L−1 N and
000 in the case of ICP-AES-HG and ICP-AES spray chamber tech-
iques, respectively. Thus, the blank contribution in the ICP-AES-HG
ethod was reduced to about half of that in the case of ICP-AES

pray chamber method.

.5. Linearity, detection limit and sensitivity of calibration curves

The linearity of calibration curves was established for concen-
ration ranges of 25–1000 mg L−1 N and 25–100 mg L−1 N using
he ICP-AES-HG method. The calibration equations describing
he curves for the two concentration ranges were, respectively,
= 2.58 × 106 + 1.37 × 103C and I = 2.57 × 106 + 1.69 × 103C, with cor-
elation coefficients of 0.999 and 0.995, and detection limits
estimated as 3� according to the treatment of Miller and Miller
25]) of about 10 and 20 mg L−1 N, respectively, where I is the signal
ntensity in count per second (cps) and C is the concentration of
itrogen in mg L−1.

Calibration curves were also constructed for ammonium molyb-
ate solutions of 25–1000 mg L−1 N and 25–100 mg L−1 using the

CP-AES spray chamber method. The equation describing the cal-
bration curve for the concentration range of 25–1000 mg L−1 N
as I = 1.8 × 106 + 4.82 × 102C with a correlation coefficient of 0.992

nd a detection limit of about 150 mg L−1 N. However, almost no
ariation was observed in the analytical signal for nitrogen concen-
rations in the range of 25–100 mg L−1 N (the calibration curve had
n almost zero slope), and thus the nitrogen content of the samples
ontaining 25 and 50 mg L−1 N was not detected (Table 2) by this
ethod.
Comparing the slopes of the calibration equations describing the

CP-AES-HG and the ICP-AES spray chamber techniques confirms
hat the ICP-AES-HG technique offers better sensitivity and detec-
ion limit. Furthermore, the ICP-AES spray chamber method is not
ensitive enough for the determination of low nitrogen concentra-
ions (Table 2).
The detection limits estimated in this study for the calibration
urves of the ICP-AES-HG technique were far lower than those
entioned in the previously reported techniques using ICP-AES for

itrogen determination. The detection limits reported for the ICP-
ES with an extended torch [22], or that with a special torch adapter
1.14

that prevents the entry of atmospheric nitrogen to the plasma [23],
were found to be about 400–500 mg L−1 N. Another system of ICP-
AES with an extended torch was used for nitrogen determination
in fertilizer and the detection limit reported was about 50 mg L−1 N
[24].

3.6. Accuracy and precision

The accuracy and precision of the ICP-AES-HG method was
determined for samples of ammonium molybdate prepared in soft
and high salt (100 g NaCl/L) content matrices, and the results are
shown in Table 2. The t-values determined for three replicates of
measurements (Table 2) made on each sample in the table indi-
cate that no significant difference exists between the experimental
means and the known values (no significant determinate error
has been demonstrated.). The percent recoveries for 25, 50 and
500 mg L−1 N as ammonium molybdate in soft and high salt matri-
ces were found to be in the range of about 97–102% with %RSDs in
the range of 0.6–6 (Table 2). These results indicate that the method
is accurate and precise, and they confirm the possibility of using it
in matrices of high salt contents.

However, the analytical signal obtained from the ICP-AES spray
chamber method could not be detected for low nitrogen concen-
trations (25 and 50 mg L−1 N) in soft or high salt content matrices
(Table 2). This behavior was also reported earlier for determina-
tion of low nitrogen concentration content using the ICP-AES spray
chamber method [21]. On the other hand, the percent recovery of
nitrogen for samples of about 500 mg L−1 N in a soft matrix was
found to be about 75% with %RSD of about 12. Meanwhile, no sig-
nal was detected for samples of similar concentration in a high salt
(1.7 mol L−1 NaCl) content matrix (Table 2).

The stability of the analytical signal and consequently the pre-
cision of measurements were also tested over about 5 min for a
fertilizer solution containing 670 mg L−1 N and ammonium molyb-
date solution of 50 mg L−1 N in a high salt (100 g L−1 NaCl) content

matrix. The percent recoveries and %RSDs found were, respectively,
677.6 ± 7.82 mg L−1 N for the fertilizer and 50.26 ± 2.90 mg L−1 N for
the high salt content sample solution. Once again, these results indi-
cate that nitrogen determination by ICP-AES-HG is almost free of
matrix interferences.



1302 A.M.Y. Jaber et al. / Talanta 78 (2009) 1298–1302

Table 3
Determination of nitrogen in various environmental samples by the ICP-AES-HG and the standard Kjeldahl methods.

Sample Nitrogen form (units) Quantity found t-value

Hydride generator Standard method

Fish feed Organic nitrogen (%N) 46.69 47.33 1.17 (n = 3)
%RSD 0.20 2.00

Agriculture soil I Total Kjeldahl nitrogen (mg L−1 N) 907.6 884.2 0.73 (n = 3)
%RSD 4.90 3.74

Agriculture soil II Total Kjeldahl nitrogen (mg L−1 N) 1777 1816 1.57 (n = 3)
%RSD 1.38 1.95

Ammonium sulfate fertilizer Ammonium (%N) 20.94 21.11 1.71 (n = 5)
%RSD 0.84 0.64

NPK fertilizer Total nitrogen (%N) 11.86 11.74 1.01 (n = 5)
%RSD 1.80 1.22

Landfill monitoring wella Ammonium (mgL−1 N) 26.33 25.10 1.40 (n = 3)
%RSD 2.71 5.49
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[22] J.A.C. Broekaert, P.B. Zeeman, Spectrochim. Acta B 39 (1984) 851.
ndustrial wastewatera Ammonium (mg L−1 N)
RSD

a The samples are in high salt matrices (conductivity > 6000 �s cm−1).

.7. Applications

Samples of fish food, agriculture soil, fertilizer, brine water and
ndustrial wastewater containing about 50–1800 mg L−1 N were
nalyzed using the ICP-AES-HG and the standard Kjeldahl methods
Table 3). The two experimental means obtained by the two meth-
ds (n = 3 or 4 for each) were compared using the unpaired t-test
25] and gave t-values always less than the tabulated values at the
5% confidence level. Thus, the results obtained by both methods
id not differ significantly and the ICP-AES-HG method is in good
greement with the standard Kjeldahl method.

The ICP-AES-HG method is also useful in improving the sample-
hroughput, where it is much shorter than that required for the
jeldahl method. The digested sample solutions of organic nitrogen
ere introduced to both the ICP-AES-HG and the Kjeldahl setups

21]. The time required was 100 s per sample for the ICP-AES-HG
ethod and 5–10 min per sample for the Kjeldahl method.

. Conclusion

The ICP-AES-HG technique has been developed and validated
ere for the determination of ammonium and organic bound nitro-
en in liquid and solid samples. The blank contribution is greatly
inimized compared to the previously reported ICP-AES methods.
nlike the spray chamber technique, a lower detection limit for
itrogen determination was established in soft and high salt con-
ent matrices with minimal matrix effect. The ICP-AES-HG method
an be used for routine quality control work with much higher
ample throughput than the Kjeldahl method.
cknowledgments

King Fahd University of Petroleum & Minerals and Industrial
upport Services Co. Ltd., Material Testing Laboratories are thanked
or the support of this research project.

[

[
[

396.6 387.7 1.12 (n = 3)
0.83 3.54

References

[1] A. Cerda, M.T. Oms, V. Cerda, in: Leo M.L. Nollet (Ed.), Handbook of Water
Analysis, Marcel Dekker, New York, 2000, pp. 261–271.

[2] Official Methods of Analysis, vol. 1, 15th ed., AOAC Inc., 1990, pp. 17–
21.

[3] Standard Methods for the Examination of Water and Wastewater, 20th ed.,
AWWA, APHA, 1998, pp. 4-103–4-123.

[4] G.D. Christian, Analytical Chemistry, fifth ed., John Wiley and Sons, 1994, pp.
240–241.

[5] S.E. Cornella, T.D. Jickellsa, J.N. Capeb, A.P. Rowlandc, R.A. Duced, Atmos. Envi-
ron. 37 (2003) 2173.

[6] D.A. Bronk, M.W. Lomas, P.M. Glibert, K.J. Schukert, M. Sanderson, Mar. Chem.
69 (2000) 163.

[7] S. Nozawa, H. Kasama, T. Suzuki, A. Ysui, Bunseki Kagaku 56 (2007)
179.

[8] P.G. Wiles, I.K. Gray, R.C. Kissling, J. AOAC Int. 81 (1998) 620.
[9] G. Bottom of Form Bellomonte, A. Costantini, S. Giammarioli, J. AOAC 70 (1987)

227.
[10] P. Campins-Falco, S. Meseguer-Lloret, T. Climent-Santamaria, C. Molins-Legua,

Talanta 75 (2008) 1123.
[11] S. Karthikeyan, J. He, S. Palani, R. Balasubramanian, D. Burger, Talanta 15 (2009)

979.
12] M. Colina, P.H.E. Gardiner, J. Chromatogr. A 847 (1999) 285.

[13] P. Verma, R.K. Rastogi, K.L. Ramakumar, Anal. Chim. Acta 596 (2007)
281.

[14] S.M. Lloret, C.M. Legua, P.C. Falco, Anal. Chim. Acta 536 (2005) 121.
[15] S.M. Lloret, J.V. Andres, C.M. Legua, P.C. Falco, Talanta 65 (2005) 869.
[16] I.I. Ryzhenko, S.K. Kyuregyan, T.G. Biktimirrova, L.M. Zamilova, V.I. Sokolova,

Chem. Technol. Fuels Oils 25 (1990) 637.
[17] C. Nerin, A. Garnica, J. Cacho, Anal. Chem. 58 (1986) 2617.
[18] C.B. Sobel, Appl. Spectrosc. 36 (1982) 691.
[19] C.B. Boss, K.J. Fredeen, Concept Instrumentation and Techniques in Induc-

tively Coupled Plasma Optical Emission Spectroscopy, Perkin-Elmer, 1997, pp.
3-28–3-31.

20] G.G. Glavin, 19th Regional Phosphate Conference, Lakeland, FL, October 14–15,
2004, p. 33.

21] J.F. Alder, A.M. Gunn, G.F. Kirkbright, Anal. Chim. Acta 92 (1977) 43.
23] S. Pethig, P. Heitland, K. Krengel-Rothensee, Spectro Application, Report No. 77,
1990.

24] T.T. Nham, Varian Notes, ICP Note No. 14, 1993.
25] J.C. Miller, J.N. Miller, Statistics and Chemometrics for Analytical Chemistry, fifth

ed., Pearson, Harlow, 2005, pp. 121, 39.



S

E
p

K
D

a

A
R
R
A
A

K
D
E
F

2
l
[
e
t
r
q
p
o
T
l
h
w
s
w
d
m

u
f
t
t
O
[
d
a

0
d

Talanta 78 (2009) 1489–1491

Contents lists available at ScienceDirect

Talanta

journa l homepage: www.e lsev ier .com/ locate / ta lanta

hort communication

ncapsulation and quantification of multiple dye guests in unmodified
oly(amidoamine) dendrimers as a function of generation

atrina K. Kline, Elizabeth J. Morgan, Lisa K. Norton, Sheryl A. Tucker∗

epartment of Chemistry, University of Missouri, 125 Chemistry Bldg., Columbia, MO 65211, United States

r t i c l e i n f o

rticle history:
eceived 17 December 2008

a b s t r a c t

This work illustrates the remarkable ability of amine-terminated PAMAM dendrimers to entrap multiple
guest molecules. While previous encapsulation studies with dendritic polymers demonstrated multi-dye
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uptake, the dendrimers required extensive synthetic modification. This study utilizes unmodified PAMAM
dendrimers to encapsulate multiple phenol blue molecules. Quantitative data on the uptake capacity and
robustness of association is presented.

© 2009 Elsevier B.V. All rights reserved.
ncapsulation
luorescence

Dendrimers have received considerable attention over the last
0 years due to the variety of their applications, such as molecu-

ar nanocarriers, gene transport systems, and drug delivery systems
1]. Poly(amidoamine), PAMAM, dendrimers, with tetrafunctional
thylenediamine cores, are one of the most commonly encoun-
ered dendrimer families due to their commercial availability,
ange of sizes (generations, G), and endgroups [2]. Fundamental,
uantitative information concerning the dendrimers’ host–guest
roperties, including loading capacity and robustness of association
f the various generations, are essential to advance applications.
his communication provides this insight, with supporting ana-

ytical data. While dendrimer based unimolecular encapsulation
as been observed, previous studies using PAMAM dendrimers
ere unable to achieve multiple encapsulation without significant

ynthetic modification of the dendrimer [3]. This unprecedented
ork shows that a single, unmodified, amine-terminated PAMAM
endrimer is capable of sequestering and retaining multiple guest
olecules.
The solvatochromic fluorescent reporter phenol blue (PB) was

sed as the guest molecule. The reported intrinsic fluorescence
rom the PAMAM dendrimers does not interfere in the solva-
ochromic region of PB [4]. Previous studies with PB indicated that
his dye was fully encapsulated at or near the core of PAMAM [4].

riginal studies were carried out using a 100:1 dendrimer:dye ratio

4]. Poisson statistics indicate that as the ratio of dendrimer to dye
ecreases, the probability of multiple dye molecules residing within
single dendrimer increases. Therefore, a dendrimer:dye ratio of

∗ Corresponding author.
E-mail address: TuckerS@missouri.edu (S.A. Tucker).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.01.051
1:10, containing a 10-fold excess of dye, was utilized for these stud-
ies. Samples were prepared according to the published method
using odd generation (G) dendrimers (G1–G7), as these span the
association types observed in the original studies which utilized
generations G0-8 [4].

Amine-terminated PAMAM dendrimers (G1–G7) with tetra-
functional ethylenediamine cores were obtained from Aldrich
(Milwaukee, WI) or Dendritech, Inc. (Midland, MI), stored in the
dark at −5 ◦C, and used as received. Samples were prepared by
adding known amounts of PB and PAMAM (amine terminated),
stripping off solvent using ultra high purity nitrogen, and diluting to
volume with HPLC-grade water. Samples were then allowed to stir
24 h and equilibrate 24 h in the dark. Organic extractions were per-
formed by adding 3–0.5 mL aliquots of toluene to the sample vial,
shaking for 1 min and equilibrating for 10 min. The organic layer was
then removed and retained for further investigations. Absorbance
spectra were collected on a Hitachi U-3000 (Hitachi Instruments,
Danbury, CT) double-beam spectrophotometer with a scan rate of
120 nm/min, a slit width of 1 nm, and a thermostated cell tem-
perature of 25 ◦C. Fluorescence spectra and steady-state anisotropy
data were collected in 1 cm2 suprasil quartz cuvettes (Hellma) on
a SLM 48000 DSCF/MHF spectrofluorometer (Jobin Yvon, Edison,
NJ) at a thermostated cell temperature of 25 ◦C. The excitation
source for fluorescence emission and anisotropy measurements
was an Ion Laser Technology (Salt Lake City, UT) RPC-50-220 argon
ion laser operated at 514 nm and 30 mW. Steady-state anisotropy

measurements were collected in “L” format using Glan-Thompson
polarizers. A 550 nm long pass filter (KV-550 Schott Glass Technolo-
gies, Duryea, PA) and a 600 nm short-pass filter (03 SWP 619 Melles
Griot, Irvine, CA) were used in combination to select the wavelength
range of interest for phenol blue.
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Fig. 1. Initial absorption spectra of PAMAM [10−6 M] with PB [10−5 M].

F
[

l
t
d
b
t
b
t
t
c
a

h
a
d
f
r
b
d
t
d

e
∼
s
o

T
A

G

W
G
G
G
G

Fig. 3. Post-extraction absorption spectra of PAMAM [10−6 M] with PB [10−5 M].

Table 2
Number of PB molecules associated with a single PAMAM dendrimer.

Generation Ratio PB:PAMAM

G1 1.58:1 ≈ 2:1

a single dendrimer; however, higher-ordered species of multiple
dendrimers surrounding a single dye or dendrimer–dye aggregates
cannot be ruled out [4].
ig. 2. Initial absorption-corrected fluorescence emission spectra of PAMAM
10−6 M] with [10−5 M] leading to excimer formation.

Initial absorbance spectra (Fig. 1) of PAMAM with PB show a
arge band centered around 654 nm. This band is consistent with
hat of aqueous PB. However, for all samples containing PAMAM
endrimers, the absorbance is less than that of aqueous PB. It can
e assumed that in the presence of a large excess of dye, the spec-
ra of dendrimer-associated PB (� = 556 nm) is buried under the
road absorption band of aqueous PB. This was confirmed by spec-
ral deconvolution with PeakFitTM software. The G7 PAMAM shows
he lowest initial absorbance value and is also the only dendrimer-
ontaining sample that shows a clear peak in the region of PAMAM
ssociated PB.

The corresponding fluorescence emission data (Fig. 2), which
as been absorbance and blank corrected, reveals that some
mount of PB has associated with all the generations of PAMAM
endrimers investigated. The weak fluorescence emission observed
or the aqueous PB is circa � = 654 nm. While only a slight fluo-
escence emission is observed for G1 and G3 samples, G5 and G7
oth show bands centered around 580 nm indicative of a significant
endrimer–dye association [4]. The broad, flat emission bands of
he G1–G5 samples appear to be a mixture of dendrimer-associated
ye and aqueous PB.

Anisotropy, a measure of the rotational freedom of a molecule,

xperiments were performed, and values range from approximately
0.05 for aqueous PB to ∼0.3 for G7 (Table 1). As seen in previous

tudies, the anisotropy values increase with increasing generation
f dendrimer, indicating dye–dendrimer association [4]. This trend

able 1
nisotropy values of PAMAM with PB.

eneration Initial r Post-extraction r

ater 0.044 ± 0.001 0.051 ± 0.001
1 0.105 ± 0.004 0.104 ± 0.002
3 0.154 ± 0.001 0.100 ± 0.003
5 0.249 ± 0.001 0.267 ± 0.002
7 0.295 ± 0.006 0.294 ± 0.004
G3 1.49:1 ≈ 1:1
G5 2.66:1 ≈ 3:1
G7 6.11:1 ≈ 6:1

is attributed to the increasing molecular volume of the dendrimers
containing the entrapped fluorophore.

All dendrimer-containing samples were extracted with toluene
to remove excess dye. As anticipated, only loosely or unassociated
PB molecules were removed. Absorption spectra of the samples
post-extraction (Fig. 3) show that the broad band indicative of
aqueous PB has disappeared for all the dendrimer-containing sam-
ples. This observation indicates that nearly all the aqueous PB was
removed during the extraction process. There is a discernable band
centered around 556 nm, the wavelength of dendrimer-associated
PB, for both G5 and G7 samples. Neither of the G1 or G3 spectra
initially revealed a distinct band at this wavelength. However, fol-
lowing deconvolution both an aqueous and dendrimer-associated
band are visually evident for G3.

The concentration of dendrimer-associated PB were calcu-
lated using the Beer-Lambert Law (εassoc = 13,530 L mol−1 cm−1 at
556 nm) [4] and are presented in Table 2. Calculated dye con-
centrations in the larger G5 and G7 dendrimers are greater than
the concentration of PAMAM, indicating that more than one dye
molecule is entrapped by a single dendrimer. The larger dendrimers
studied, G5 and G7, were able to entrap three and six PB molecules,
respectively. As noted in earlier work, the smaller G1 and G3 sam-
ples also indicated the possibility of multiple dyes residing within
Fig. 4. Post-extraction absorption-corrected fluorescence emission of PAMAM
[10−6 M] with PB [10−5 M] leading to excimer formation.
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ig. 5. Absorbance spectra of PAMAM [10−6 M] with PB [10−5 M] after extraction and
itration with 50% methanol.

The post-extraction fluorescence emission spectra (Fig. 4) con-
ain two peaks, with the longer wavelength band indicative of the
ormation of an excimer, an excited-state complex of two or more
B molecules. Since unassociated PB was removed by extraction, it
s assumed that the excimer forms inside the PAMAM dendrimers
etween neighboring dye molecules. The anisotropy values are rel-
tively unchanged, indicating that the dye–dendrimer complex,
ather than the movement of the local fluorophore, remains the
rimary contribution to measured signal.

Absorption spectra of the toluene extraction layers (not shown)
onfirmed the presence of PB, and the probe concentration in
hese samples were also calculated using the Beer-Lambert Law
εtoluene = 16,960 L mol−1 cm−1 at 570 nm). The quantitative exami-
ation of the data determined a recovery of 100 ± 15% of the initial
B concentration. This higher recovery can be attributed to the
ncreased solubility of PB in toluene, since it is hydrophobic and

ay adhere to the glassware in aqueous solution.
Given the hydrophobicity of PB, solvent replacement was per-

ormed to determine if changing the polarity of the bulk solution
ould release associated PB from the PAMAM dendrimers. Chang-

ng the solvent from water to methanol was achieved by preparing
he samples in water, collecting data, evaporating off the water, re-
iluting the samples in methanol and repeating the measurements.
hese studies indicate that the dye remains encapsulated within the
endrimer even through changes to the bulk solvent. Additionally,
fter the aforementioned post-extraction studies, the samples were
itrated with up to 50% methanol to determine if dye leaching would
ccur. Absorption spectra are shown in Fig. 5. In the G1–G7 sam-
les, there is no spectral evidence of free PB, which should absorb
etween 610 and 650 nm in a water–methanol mixture. There is a
oticeable change in the appearance of the sample containing only
ye, which is a result of a reaction between PB and methanol pre-
iously observed by Richter-Egger in his studies of PAMAM with
B [4]. Titrated samples were also investigated 1 week later, and

pectra continued to show no indication of dye leaching into the
queous solution.

Previous studies of PAMAM with PB reported information on the
xtent of dye’s association with the dendrimer family, the location
f the association – near the core – and physical properties of the

[

(2009) 1489–1491 1491

cavity [4]. This information was obtained using a dendrimer:dye
ratio of 100:1. Absorption and fluorescence emission data at this
ratio revealed that the association of PB increases with increas-
ing dendrimer generation. The studies presented here show that
association of PB with PAMAM dendrimers also increases as the PB
concentration increases.

From the post-extraction data, it is shown that the maxi-
mum capacities of G5 and G7 are three and six PB molecules
per dendrimer, respectively. It was also found that it is possi-
ble to remove the bulk of excess dye from the solution without
disturbing the dendrimer-associated dye. Furthermore, attempts
to release the bound dye by changing solvent system proved
unsuccessful indicating that this dendrimer family behaves like a
large-capacity dendritic box—once association has occurred, the
dendrimer–dye complex is stable, and the dye remains inside the
dendrimer even in the presence of external perturbation [5]. The
robustness and capacity of the PAMAM ‘box’ continue to make
this dendrimer family a desirable platform for polymeric applica-
tions.
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a b s t r a c t

Formamide (FA), N-methylformamide (NMF), and dimethylformamide (DMF), were evaluated as solvents
for coulometric Karl Fischer (KF) reagents in combination with several amine bases. Except for the effect
of the iodine species (iodine or triiodide), the pH of the reagent and the position of the sulfur diox-
ccepted 20 February 2009
vailable online 5 March 2009

eywords:
on-alcoholic KF reagent
ater determination

ide/hydrogen sulfite equilibrium were found to be the main factors explaining the large difference in the
observed reaction rates between water and the KF reagent in these solvents. Acid–base titrations showed
that hydrogen sulfite is the main sulfur reactant in these media. The results will be of great importance
in finding suitable combinations of base and solvent with respect to stoichiometry, side reactions caused
by active carbonyl compounds, and reagent stability.
mide
mine

. Introduction

Surprisingly little has been reported on amide-based reagents
or Karl Fischer (KF) titration, especially since formamide (FA)
as used successfully to prepare some of the earliest described

oulometric KF reagents [1,2] back in the 1960s. Although rapid
inetics and relatively small stoichiometric deviations have been
eported [1–3], formamide has primarily found its use as a cosol-
ent to facilitate dissolution of proteins and sugars in foodstuffs [4].
imethylformamide (DMF) was early recommended for volumetric
etermination of moisture in carbonyl compounds [5], but prob-

ems with stoichiometric deviations were later shown [6]. More
ecently Cedergren and Orädd [7] managed to attain 1:1 stoichiom-
try in a DMF-based coulometric reagent by using an unusually high
oncentration of iodine to kinetically discriminate the side reaction
etween sulfur trioxide and water (1), in favor of the KF main reac-
ions (2) and (3). The use of N-methylformamide (NMF) in both
oulometric and volumetric reagents has been patented by Scholz
8] but is only sparsely mentioned in the literature, for example by
edergren [3] who noted a positive effect on the KF reaction rate
hen added to a pyridine-based reagent:

O + H O + 2B → SO 2− + 2BH+ (1)
3 2 4

B denotes a suitable amine base):

2O + SO2 + 2B � HSO3
− + BH+ + B � SO3

2− + 2BH+ (2)

∗ Corresponding author.
E-mail address: william.larsson@chem.umu.se (W. Larsson).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.02.047
© 2009 Elsevier B.V. All rights reserved.

HSO3
− + I2 + B → SO3 + 2I− + BH+ (3)

FA, NMF, and DMF are highly polar liquids with static relative per-
mittivity (εr) of 109.5, 182.4, and 36.71 (at 25 ◦C) respectively, which
makes them attractive as solvents for KF reagents in view of the
inheritable large amount of ionic species that has to be dissolved.
The relatively large differences in εr can be contributed to inter-
molecular hydrogen bonds, with DMF that lacks amido hydrogens
and therefore cannot act as a hydrogen bond donor as one extreme,
and NMF that associates linearly forming highly structured inter-
linked sheets as the other [9]. Polarity studies [10] on the other
hand show the decreasing trend FA > NMF > DMF, which is also true
for boiling point, density, and viscosity of the liquids. The presence
of electron-donating methyl groups makes the oxygen of the sub-
stituted amides relatively more negative, which explains why DMF
(pKa = −0.01) and NMF (pKa = −0.04) are more prone to protonation
and hence more Brønsted basic than FA (pKa = −0.48).

As Karl Fischer [11] developed his method for water determina-
tion he looked for a suitable base to shift the reaction to completion
and concluded that the organic amines, especially aniline and pyri-
dine, were most suitable. Cedergren [12] later showed that pyridine
was not directly involved in the reaction, that it acted solely as a
buffer, and that the reaction was of first order with respect to iodine,
water, and sulfur dioxide with a rate constant of 1200 M−2 s−1. Ver-
hoef and Barendrecht [13] validated the rate expression (although

with a rate constant of 2200 M−2 s−1) and also found that the simul-
taneous increase in reaction rate and pH observed up to pH 5 could
be explained by methyl sulfite being the reactive sulfur species
in methanolic reagents. Several attempts were made to use other
bases in the KF reaction, but pyridine was still the most stable
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nd successful choice at the beginning of the 1980s. At that time
cholz began to systematically investigate stronger amines as
eplacements for pyridine. In the seventh [14] publication in a series
f articles on pyridine-free reagents Scholz presented promising
esults using imidazole, which today is the dominating buffer base
n commercial KF reagents. Orädd and Cedergren [15] made kinetic
nvestigations on the new imidazole-buffered reagents and dis-
overed a dramatic increase in reaction rate as the concentration
f non-protonated imidazole was increased. In subsequent stud-
es [16] it was shown that the first-order kinetics was no longer
alid when using higher concentrations of imidazole, which was
nterpreted as a consequence of a reactive iodine species other
han elemental iodine or triiodide in the KF reaction under those
onditions.

In methanolic reagents it has been shown that concentrations
f water up to about 1 M (after sample addition) can be allowed
efore the recovery begins to drop below 100% [17]. Although such
igh concentrations cannot be tolerated in amide-based reagents,
he fact that it is still possible to maintain the 1:1 stoichiometry
1,18], under somewhat limited concentrations of water, means that
he intermediate sulfur trioxide is somehow prevented from being
ydrolyzed (1). Swensen and Keyworth [1] claimed that formamide
as able to undergo an “addition reaction with the pyridine-sulfur

rioxide compound” liberated after the oxidation step. In fact, both
mine bases and amides are known to form charge-transfer (C-T)
omplexes with sulfur trioxide, and they are frequently mentioned
s sulfonating, sulfating, or sulfamation agents for organic synthesis
19]. The reactivities of these agents are inversely proportional to
he stability of the complex and hence pyridine would be expected
o form a more stable adduct with sulfur trioxide than formamide. In
ny case, these types of charge-transfer complexes can explain the
:1 stoichiometry in non-alcoholic reagents, but the C-T interaction

s considerable weaker than the covalent bond that forms between
ulfur trioxide and methanol.

The results presented in this work are part of a study of several
ombinations of amide solvents and amine buffers, with the aim
f resolving critical factors for the kinetics and stoichiometry of
he KF reaction, as well as for side reactions with active carbonyl
ompounds.

. Experimental

.1. Chemicals and reagents

For standardization of water the reagent HYDRANAL Coulomat E
rom Riedel dé Haën was used both as catholyte and anolyte in the

etrohm system. The sulfur dioxide content was determined coulo-
etrically using a methanolic solution containing 1% water, ∼2 mM

otassium iodide and ∼0.1 M of acetic acid. The reagents under
nvestigation were prepared in 25-ml volumetric flasks by adding
.40 M of base, 0.11–0.12 M of sulfur dioxide, and 0.10 M of iodine to
he amide, followed by a careful addition of water until the iodine
xcess was consumed. Formamide p.a. (FA), sulfuric acid 95–97%,
nd aniline p.a. (An) were from Merck. N-methylformamide
9% (NMF), 3,5-lutidine 98% (3,5Lut), N-methylimidazole 99%
NMIm), 2-methylimidazole 99% (2NMIm), and 4-methylimidazole
8% (4NMIm) were from Aldrich. Piperidine 98% (Pip), 2-
icoline (2Pic), 3-picoline 98% (3Pic), 2,6-lutidine 96% (2,6Lut),
,4,6-collidine 99% (Col), 2-dimethylaminopyridine 98% (2DMAP),
,2,2,5,5-pentamethylpiperidine 99% (PMP), dibutylamine 99%
DBA), N-benzylmethylamine 90-95% (NBMA), diethylamine 99.5%

DEyA), diethanolamine 99% (DEnA), dipropylamine 99% (DPA),
nd isopropylamine 99.5% (IPA) were from Fluka. Iodine r.g.
nd hydrochloric acid 37% were from Scharlau. Sulfur diox-
de 99.9%, pyridine B.A. (Py), and imidazole B.A. (Im) were
rom J.T. Baker. N,N-dimethylformamide (DMF) was from Prolabo,
ta 78 (2009) 1452–1457 1453

4-dimethylaminopyridine 99% (4DMAP) was from Reilly Indus-
tries, benzimidazole (BIm) was from Hopkin & Williams, and
4-chloroaniline (4ClAn) was from Eastman.

Attention: Several of the substances above are flammable, toxic,
corrosive, and carcinogenic, even by inhalation or contact with the
skin. Before use, refer to the corresponding material safety data
sheets (MSDS) and take necessary precautions.

2.2. Instrumentation

Evaluation of the reagents was done using a three-compartment
titration cell where the auxiliary, working, and reference compart-
ments were separated by asbestos-filled electrolyte bridges [7]. All
cells were filled with 4.5 ml of the reagent under investigation, and
in addition an excess of ∼50 mM iodine was added to the refer-
ence solution. The home built coulometer produced a generating
current proportional to the difference between a preset voltage
and the measured zero-current potential between two platinum
pins in the working and reference compartments. The voltage of
the zero-current indication electrode and the current between the
generating electrodes were recorded using custom-made LabView
software, Fluke 45 digital voltmeters and a National Instruments
PCI-6052E data acquisition card (used for sampling frequencies
from 4 to 20 Hz).

For calibration of water standards, and as a general reference
system, a Metrohm 756 KF Coulometer with diaphragm cell was
used. All results were stored and evaluated with the accompanying
Vesuv database software. This system was also used for testing the
performance of some of the non-alcoholic reagent mixtures. Sulfur
dioxide content was determined using a LBK 16300 coulometric
titrator from Jugner Instruments.

2.3. Evaluation of kinetics

The kinetics of the Fischer reaction were evaluated assuming
(a) 1:1 stoichiometry between water and iodine; (b) that the KF
reaction is first order with respect to each of the components water,
iodine, and sulfur dioxide; (c) that the potential of the indicating
electrode pair showed a perfect Nernstian response to the iodine
concentration (iodide in excess). The third-order rate Eq. (4) was
solved for this special case and rearranged to the straight-line Eq.
(5) so that the rate constant k3 easily could be determined from
the slope by linear regression. A subscript ‘0’ denotes starting
concentrations at the time of sample injection:

d [I2]
dt

= −k3[H2O]1[I2]1[SO2]1 (4)

ln(1 + ([H2O]0 − [I2]0)/[I2])
[SO2]0([H2O]0 − [I2]0)︸ ︷︷ ︸

f (t)

= k3t − ln([I2]0/[H2O]0)
[SO2]0([H2O]0 − [I2]0)

(5)

The indicating system was calibrated by increasing (typically three
times) the target potential of the coulometer by 5–10 mV and using
the amount of generated iodine to find the Nernstian response. At
iodine excess levels of 2 × 10−4 M the coulometer was turned off and
the zero-current electrode potential was recorded at a suitable rate
(1–20 Hz) as a 10-�L DMF sample containing about 5 �g of water
(∼6 × 10−5 M in 4.5 ml) was injected. Depending on the background
and the rate of the reaction two to three injections were possible
before all the iodine had been consumed. After transformation of
the recorded potential the iodine concentration versus time profile

and the linear relationship in Eq. (5) could be plotted. A simulated
concentration profile (based on rate Eq. (4), the concentrations
of the three reactants, and the calculated rate constant) was also
superimposed on the experimental result as a visual validity check
of the determined rate constant. An example of an experimentally
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ig. 1. Determination of the rate constant of a NMF reagent buffered with dipr
xperimental data and to the right is shown how the rate constant was retrieved
= 0 s.

btained potential profile is shown in Fig. 1, together with the
imulated profile and the corresponding linear plot of Eq. (5).

.4. pH titrations

pH measurement was carried out with a Mettler Toledo Inlab 412
ombination electrode, filled with an aqueous reference electrolyte
aturated with potassium chloride and potassium perchlorate to
inimize the chloride content. Calibration was done in aqueous

H 4 and pH 7 buffers before each titration. A 10-ml sample of
he amide solvent was left to stand with gentle stirring in a plastic
ottle until pH was stable within 0.02 units for 10 min (typically
.5 h). At this point 1 mmol of the base was added and after another
0 min titration was started by manually adding 5-�L portions of
7% hydrochloric acid once a minute. After the equivalence point
ad been reached the protonated base was titrated with 5-�L por-
ions of piperidine, followed by a second round of titration with
ydrochloric acid and piperidine. The pH at halfway to the equiva-

ence points was plotted against the increase in ionic strength due
o the additions and extrapolated to zero to estimate the appar-
nt pKa of the protonated base. In DMF, smaller portions were also
itrated; 0.1 mmol of base was titrated once with 1-�L portions of
ydrochloric acid.

The same solvent preparation was made prior to titration of sul-
ur dioxide with piperidine. About 1 mmol sulfur dioxide was added
nd the resulting small amount of hydrogen sulfite was protonated
y addition of 0.5 mmol of trichloroacetic acid. In DMF, additions
f 0.1 mmol of sulfur dioxide and 1 �L of hydrochloric acid were
itrated as well. Before titration was started and after the equiva-
ence point had been reached the water content of the sample was
etermined.

. Results and discussion

Assuming that only the KF-main reaction takes place during
reparation (see reactions (2) and (3)) the reagents were expected
o contain 0.2 M base, 0.2 M protonated base, 0.2 M iodide, and
0–20 mM sulfur dioxide after decoloring with water. Relatively
ow concentrations of base and sulfur dioxide were chosen so that
ven the most rapidly reacting reagents could be followed poten-
iometrically. An additional reason for selecting low concentrations

as to minimize expected side reactions such as bisulfite addition

nd reactions between amines and carbonyl compounds (aldehy-
es and ketones). Several bases were tested and Table 1 shows the
esults and conditions for base/solvent combinations giving reason-
ble stable and operational reagents. Owing to long conditioning
ine. The left plot shows the simulated concentration profile superimposed on
a least-squares fit to the linear part of f(t) (Eq. (5)). The sample was injected at

times after filling the micro cell with reagent and the major effort
needed to keep water standards and reference titrators (for water
and sulfur dioxide determinations) confidently in order, most of
the reagents were only prepared once. Also, the determination of
the background shift due to addition of cyclohexanone and ben-
zaldehyde was a one-shot test since the reagent had to be discarded
afterwards. The results of the evaluation should therefore be con-
sidered as a screening and only general trends and observations
covering several reagents can be regarded as confident.

As is evident from the data the major effort was devoted to the
NMF-based reagents. Preparation of FA-based reagents was limited
by stability, and extensive iodine consumption was observed when
using stronger bases than 2,6-lutidine. Iodine dissolved quite slowly
in FA and after the reagents had been used in the titration system
for a while the slight iodine excess caused a gradual discoloration
(usually an amber-like tone appeared within a day). Some of the
stronger bases also caused a noticeable gas evolution and the explo-
sion risk should be considered. In DMF the major problem besides
low reaction rates was the poor solubility of reagent components
and reaction products, often resulting in precipitation.

In the rightmost column of Table 1 are recoveries of 10-�l sam-
ples of DMF containing ∼25 �g of water, or roughly 2600 ppm
(w/w). For commercial titration systems that normally use 100 ml
of reagent this corresponds to 550 �g of water, which can be consid-
ered as a very large amount when performing trace determinations.
With the exception of 2,6-lutidine in FA close to 100% recovery
was obtained in all FA and DMF reagents. NMF reagents, on the
other hand, seemed to give slightly lower results, disregarding the
rather low recoveries in those buffered with the weakest and some
of the strongest bases. The reagents buffered with various stronger
amines at the bottom of the table were examined on an earlier occa-
sion and following a different protocol, for example using larger
samples, and therefore no comparable data are given. Common
to all of them, however, was a recovery close to 100%, but unfor-
tunately with severe interference caused by cyclohexanone and
benzaldehyde. The resulting background shift when adding 5 �l of
the same two active carbonyl compounds in the reagents buffered
with weaker bases are presented in the second rightmost column,
and the only significant trend is that the interference is less in
NMF than in DMF and FA. Evidently, omitting the alcohol com-
ponent is not an ultimate solution to avoid interference due to

reactive carbonyl compounds since the nucleophilic character of the
amine bases can also cause water-forming reactions. Enamine for-
mation can be one explanation and the strong interference between
cyclohexanone and aniline may be a condensation [20] resulting in
N-cyclohexylideneaniline and water.
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Table 1
Results from the reagent evaluation.

Base pKa in water pKa
a app. Solvent [SO2]b (mM) Imax

c (mA) log k �drift
d (pg/min) Recoverye (%)

Py 5.25 5.05 FA 6 1.4 5.4 84/56 101

3Pic 5.68 4.79 NMF 19 2.0 3.6 (3.4) 34/5 92
5.39 FA 21 5.4 48/90 100

2Pic 5.94 5.02 NMF 22 1.8 3.8 (3.7) 0/0 99
5.74 FA 7 5.8 50/45 100

3,5Lut 6.14 5.12 NMF 15 1.9 3.9 22/10 96
5.79 FA 13 1.2 5.3 53/52 101

2,6Lut 6.65 5.74 NMF 16 2.0 4.4 (4.3) 5/1 100
6.44 FA 3 1.3 6.0 39/79 96

2DMAP 7.00 5.72 NMF 21 1.9 4.4 (4.4) 4/3 98
Col 7.48 6.36 NMF 22 2.0 5.1 (5.1) 0/0 98

4DMAP 9.70 8.67 NMF 21 1.8 5.8 92/17 78
7.92 DMF 31 1.7 4.3 47/197 101

BIm 5.40 5.47 NMF 37 1.5 4.2 8/0 99
5.83 FA 12 1.1 5.2 127/43 100

Im 6.95 6.92 NMF 6 1.9 5.2 (5.2) 17/6 102

NMIm 6.95 6.73 NMF 11 1.8 5.7 (5.5) 20/10 100
5.81 DMF 23 1.7 2.3

4Mim 7.45 7.44 NMF 13 1.7 5.8 (5.8) 6/0 98
6.85 DMF 44 1.8 3.3 33/20 100

2Mim 7.75 7.73 NMF 16 1.8 6.1 (6.1) 22/0 92

PMP 11.00 NMF 15 1.6 6.3 110/110 96
PiP 11.22 NMF 13 2.1 4.4 (4.0) 316/4805 101

4ClAn 4.15 FA 26 1.0 4.4 max 100
An 4.63 FA 8 1.3 4.6 max 101
DBA 11.25 NMF 14 5.6
NBMA 9.58 NMF 11 5.9
DEyA 10.98 NMF 23 5.9

DEnA 8.88 NMF 12 6.2
DMF 10 3.1

DPA 11.00 NMF 12 5.9
IPA 10.63 NMF 60 4.1

a Apparent pKa in the solvent in question.
b Sulfur dioxide concentration directly after the kinetic determination.
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c Maximum current through the cell during titration.
d Increase in drift (background) after addition of 5 �L cyclohexanone/benzaldehy
e Water recovery in a 10-�L DMF sample containing ∼25 �g of water.

From the maximum titration currents it can be seen that in
he more viscous FA the conductivity is about 30% lower than in
MF and DMF. In coulometry the conductivity of the reagent is
n important factor, especially for fast reacting reagents, since it
ay impair the maximum possible titration rate. Rapid titrations

ouch for more accurate determinations since the time with water
n excess is minimized and thereby also the effect of side reactions
nvolving water (e.g. Bunsen reaction and bisulfite addition). Back-
round over-correction due to iodine consuming side reactions that
tagnate during the titration (as the iodine concentration is lower
han at the endpoint) will also be lower.

The equimolar amounts of free and protonated base in all
eagents implies that pH of the reagents should have been close
o the pKa of the protonated base. An initial analysis of the reaction
ates in NMF, based on pKa values of the bases in water, indicated
hat imidazoles generated much higher rates at a certain pH. In

rder to correctly judge the effect of the Brønsted base strength on
he observed rate constant k3, estimated pKa values (pKaest ) of the
rotonated imidazoles and pyridines were determined with sim-
le acid–base titrations. A rather large amount of base (100 mM)
as used since initial titrations in NMF showed a disturbing pres-
ence of roughly 7 mM of an acid with an apparent pKa around 7.
The results clearly show that imidazoles in general appear to gain
in base strength relative to pyridine when changing from water to
NMF as solvent. A plot of log (k3) versus pKaest of the NMF-based
reagents revealed a remarkably linear relationship (filled circles and
triangles in Fig. 2) up to pKa ≈ 8.

This suggests that under the prevailing conditions the reaction
kinetics is solely determined by the pH of the reagent and that
the nucleophilic character of the base is of no importance, since
both imidazoles and pyridines follow the same trend. The stronger
amines (squares in Fig. 2) were not titrated in NMF but their result-
ing rate constants versus pKa in water are plotted in the same figure
for comparison. There is no doubt that most of those amines are
also very strong bases in NMF. It is interesting that the reaction rate
seems to level out at higher pH and not even the stronger amines
can generate significantly higher reaction rates. Stronger amines

that show unexpectedly low reaction rates have most likely reacted
with other reagent components during preparation.

In Fig. 3 the results of FA and DMF-based reagents are shown
together with the corresponding bases in NMF (where applicable).
It is clear that the reaction rate for a reagent buffered with a certain
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ig. 2. Reaction rates in NMF-based reagents versus pKaest for imidazoles and
yridines and versus pKa in water otherwise. Triangles denote imidazoles, filled
ircles pyridines, and squares other kinds of amines.

ase is expected to increase depending on the type of solvent in the
rder DMF < NMF < FA.

Although only a few FA and DMF-based reagents were evalu-
ted it seems likely that the linear pH dependence is valid also
n these solvents. In FA the bases 3,5-lutidine and benzimidazole
ppear to give lower reaction rates than expected in view of their
ase strengths and this can possibly be explained by side reactions
onsuming or protonating the bases. An observation that supported
his conclusion was that iodine was extremely difficult to dissolve
uring preparation of the FA reagent buffered with 3,5-lutidine. The
ndissolved iodine grains stuck together in a drop-like manner at
he bottom of the glass vessel and only dissolved after several hours
n a shaking table. Since 3,5-lutidin has its two methyl groups oppo-
ite to the nitrogen lone electron pair it is possible that it orients
ith the methyl groups surrounding iodine and with the nitrogen

owards the polar solvent. In that case the base would be exposed
o an extreme iodine activity and it is not unlikely that iodination
r some other reaction could occur.

The linear dependence in Fig. 2 was initially assumed to be linked
o the sulfur dioxide/sulfite equilibrium, since a similar pH depen-
ence in methanolic reagents was convincingly related to the sulfur
ioxide/methylsulfite equilibrium by Verhoef and Barendrecht [13].
itrations of the sulfur dioxide/sulfite system (2) were therefore car-
ied out in order to shed some light on the equilibrium position in

he three solvents.

Titration with piperidine revealed an equivalence point corre-
ponding to an equimolar amount of protons and sulfur dioxide
n all three solvents. Even titration with the stronger base ammo-
ium hydroxide (25% ammonia in water) gave the same result in

ig. 3. Reaction rates in FA (triangles), NMF (filled circles), and DMF (crosses) versus
Kaest of the bases in the corresponding solvent.
ta 78 (2009) 1452–1457

FA and NMF, but in DMF precipitation was formed and twice the
amount of protons was found, although only one equivalence point
was seen. Upon standing, precipitation was also observed in the
sulfur dioxide/DMF samples titrated with pyridine and pH mea-
surements proved to be complicated by a gradual break-down of the
reference electrolyte, leading to irreproducible results from one day
to another. To minimize the extent of ion pairing and precipitation
in DMF smaller amounts of 0.1 mmol were used and all titrations
(of bases and sulfur dioxide) were performed within a few hours.
Although pKest of the bases in DMF was quite uncertain the relative
positions of the inflection points were reproducible.

Since very strong bases are required to push equilibrium 2 all
the way to sulfite in these solvents, hydrogen sulfite is likely to
be the only reactive sulfur species present. This is important since
hydrogen sulfite and sulfite have been shown to react at different
rates [21,22]. The equilibrium constant of interest was hence:

K = {HSO3
−}{H+}

{SO2}{H2O} (6)

At halfway to the equivalence point, i.e. when {HSO3
−}≈ {SO2},

the water concentration and measured apparent pH was used to
estimate pK of the equilibrium:

pK ≈ pKest = pHapp + log[H2O] (7)

The resulting pKest values were 4.5, 5.8, and 7.7 in FA, NMF, and DMF
respectively, which is in good agreement with the observed reac-
tion rates in the three amide solvents. A high pK value means that
less hydrogen sulfite will form at equilibrium at a certain pH, water
activity, and sulfur dioxide activity. Since the measured apparent
pH is not fixed to accurate pH scales in the three solvents the pKest

values should not be directly compared with each other. However,
comparing pKaest of bases titrated under similar conditions in the
same solvent is reasonable. If the equilibrium is assumed to be
very fast, as compared to the reaction of hydrogen sulfite in the
KF reaction, a steady-state approximation can be made and the KF
reaction should follow second-order kinetics with respect to hydro-
gen sulfite and iodine (again neglecting that activity coefficients
likely deviate somewhat from unity):

d[I2]
dt

= −k2[HSO3
−]1[I2]1 (8)

The previously determined third-order rate constant k3 is then
related to the second-order rate constant k2 according to Eq. (9)
and taking the logarithm of both sides indicates that a plot of log k3
versus (pH − pK) would give k2 as intercept where pH − pK = 0. If pH
of the reagent is taken as the pKaest of the protonated base and pK
as pKest any constant shifts between actual and apparent pH due to
changes in liquid junction potential of the reference electrode will
cancel out.

k3 = k2K

{H+} (9)

A plot of log k3 versus (pKaest − pKest) in Fig. 4 clearly shows that k2
is smaller in DMF, which means that the unfavorable equilibrium
position of the sulfur dioxide/hydrogen sulfite equilibrium is not the
only explanation for the slower kinetics in this solvent. Comparing
FA and NMF there is a tendency that oxidation of hydrogen sulfite
is slightly faster in the former, but it cannot be confidently verified
by these results. It should be mentioned that the reagents buffered
with the weaker aniline bases were prepared only to extend the
studied pH range downwards and the reagent with 4-chloroaniline

in particular suffered from a high background drift when used in
the KF titration system.

The slow kinetics of the oxidation step in DMF was, however,
expected on beforehand since it has been shown that the rate of
the KF reaction is markedly slower for triiodide as compared to
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ig. 4. Rate constants in FA (triangles), NMF (filled circles), and DMF (crosses) versus
Kaest of the base relative to pKest of the sulfur dioxide/hydrogen sulfite equilibrium.

odine [13,22]. Triiodide is extremely stable in DMF, with a dissoci-
tion constant of 10−7.0 M compared to 10−3.7 in FA [23]. The iodide
oncentration of the reagent should therefore have a large influence
n the reaction rate and this effect was studied in NMF. Lowering
he iodide concentration from 200 to 100 mM increased the reac-
ion rate by more than three times. This increase leveled off quite
apidly, however, and was only about 10% when going from 100
o 60 mM. Apparently both iodine and triiodide contribute to the
bserved reaction rate. Unfortunately the iodide concentration can-
ot be too low without affecting the current efficiency and therefore
he concentration of triiodide will remain relatively high.

. Conclusions

The results presented in this work provide fundamental knowl-
dge about the possibilities and difficulties when designing
mide-based reagents for coulometric KF titration. By considering

he optimum pH for the sulfite equilibrium, a promising starting
oint for further development of rapidly reacting amide reagents
as been reached.

Although DMF is the most stable solvent of the three amides
tudied, the KF reaction is very slow in this solvent due to the high

[
[
[
[

ta 78 (2009) 1452–1457 1457

stability of the slowly reacting triiodide ion. Further, DMF reagents
suffer from limited solvation power and the need for strong bases
in order to obtain reasonably high reaction rates. More promising
are the results in FA because of its unique ability to dissolve sugars
and proteins. NMF appears as the best compromise with respect to
stability, reaction rate, conductivity, side reactions, and solvation.
Surprisingly, no acceleration of the KF reaction was observed for
the more nucleophilic imidazoles. It remains to be shown, however,
whether higher concentrations of free base will cause such accel-
eration by the formation of more reactive iodine species [13,15]. In
order to cope with iodine consuming side reactions, rapid kinetics
of the KF reaction makes it possible to select a low iodine concen-
tration at the end-point of a titration. This opens up the possibility
to kinetically discriminate certain types of interferences. Consider-
ing side reactions caused by the reaction between amine bases and
active carbonyl compounds, the described reagents are favorable
due to the relatively low concentration of base required.
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a b s t r a c t

A practice about preparing a once-used native state candidate rat serum reference material has been
described for inductively coupled plasma atomic emission spectrometry (ICP-MS) determination of inor-
ganic elements in biological matrices, which is independently packed, easy to use, non-lyophilized,
without element-spiking, and with stable quality. Various dispersing and storing factors influencing the
serum quality have been investigated including container material, sampling volume, packing mode and
eywords:
at serum
eference material
andidate
ubpackage

storage time. The contents of twelve main elements in the rat serum have been not only evaluated by ICP-
MS but also verified by other analytical techniques. The probation of this unconventional candidate serum
reference material by different laboratories has given very similar contents of 12 main trace elements in
the serum, and proven its applicability to support quality assurance of biological sample analyses.

© 2009 Elsevier B.V. All rights reserved.

lements
CP-MS

. Introduction

Various physiological functions of organism are closely linked
o inorganic elements in the body, and either lack or excess of trace
lements causes the occurrence of diseases, therefore, maintaining
ll elements in organism at the normal level is of important sig-
ificance. The relationship between trace elements and health has
roused widespread concern, and biological sample analysis has
ecome very popular. In terms of element determination, specimen

ncluding a variety of body fluids, organs, tissues and excreta, are all
bjects of study, among which, serum is one of the most common
iological fluids [1–3].

The real biological samples always have the characteristic of
mall quantity with a wide element concentration range in com-
lex matrix, therefore, the method for detecting elements in

uch samples should be of high sensitivity, wide dynamic range
nd powerful ability to overcome interference. Traditional tech-
iques for effective determination of elements in biological samples

nclude flame atomic absorption spectrometry (FAAS), graphite

∗ Corresponding author. Tel.: +86 25 83686075; fax: +86 25 83325180.
∗∗ Corresponding author. Tel.: +86 25 86862938; fax: +86 25 86527613.

E-mail addresses: hzlian@nju.edu.cn (H.-Z. Lian), maoli@njmu.edu.cn (L. Mao).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.02.032
furnace atomic absorption spectrometry (GFAAS), inductively cou-
pled plasma atomic emission spectrometry (ICP-AES). Each of these
techniques possesses its strong suits, but has some drawbacks as
well. FAAS and GFAAS can measure only number-limited multiele-
ments simultaneously, so that specific hollow-cathode lamps are
installed and instrument parameters are individually selected to
determine several different elements. Moreover, FAAS and GFAAS
are of narrow dynamic range, concentration of sample solution is
often adjusted because element contents in samples vary widely.
ICP-AES has poor selectivity due to serious inter-element inter-
ference, so a number of man-made suppression protocols have to
be tried to eliminate the matrix effect, bringing serious uncertain
errors. In addition, the sensitivity of FAAS and ICP-AES does not
reach as high as required for biological samples, therefore, it is
necessary to put pretreatment in practice such as extraction, con-
centration or enrichment, which needs large amount of sample
with tedious manipulation. ICP-MS has been more and more fre-
quently applied for analysis of trace elements in biological samples
because of the simple spectrum for every isotope of an element,

excellent resolution, high sensitivity, good precision, wide dynamic
range and small sample quantity required [3–12]. Although ICP-MS
has many advantages, however, the signal intensity is significantly
strengthened or weakened due to the existence of salts, such as
NaCl, NH4Cl, and the like, that is, determination results are affected
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eriously by the interference of complex matrices. Using standard
eference substance of the similar matrix to sample analyzed is
n effective strategy to evaluate the precision and reliability of an
nalytical procedure, and to correct determination result at differ-
nt time, or between different operators or laboratories [13–18].
here are two kinds of standard reference materials commercially
vailable in China now, Microelements Analytical Standard Human
erum (GBW 09135, first-grade) and Certificate Reference Bovine
erum (GBW (E) 090006, second-grade) [19,20]. These two stan-
ard materials are both in the form of freeze-dried powder packed

n glass ampoule, with some inconvenience in the course of trans-
ort and use: (1) vitreous ampoule is friable, so there is the risk of
reak in long distance delivery, and the serum would be contami-
ated during cutting ampoule; (2) lyophilized powder is vulnerable
o deliquescence at room temperature, thus it is hard to completely
ransfer or partially take the “serum powder” with a desired amount
rom the ampoule out; (3) the loads of human serum (GBW 09135)
nd bovine serum (GBW (E) 090006) in an ampoule are 0.2 g of
reeze-dried powder and unknown weight of freeze-dried powder
rom 2 mL serum, respectively, which were drafted for conventional

ethods for elements such as FAAS and ICP-AES, obviously, are not
uitable to ICP-MS any more, because relative to the high sensi-
ivity of ICP-MS the absolute quantity is too large for one analysis.
owever, it is not easy to exactly weigh a small quantity of bovine

erum lyophilized powder (GBW (E) 090006), matching ICP-MS
nalysis level, time after time. Although human serum lyophilized
owder (GBW 09135) can be reversed to “original” serum by dis-
olving total 0.2 g in a known volume of water, matrix and volume
f the recovered serum would change during repetitive frosting,
haw and aliquot sampling. If total 0.2 g lyophilized powder or 2 mL
erum lyophilized is totally taken for dilution, it is a big waste of
he reference materials, and the serum has to be dissolved in a
uge volume of solvent or diluted by multi-step dilution to achieve

he expecting concentration suitable to ICP-MS. In addition, both
uman serum (GBW 09135) and bovine serum (GBW (E) 090006)
re enriched with elements in order that the concentration exceeds
he limits of quantitation (LOQs) for other traditional analytical
echniques. However, the reference material for ICP-MS capable of
acking of serum.

detecting the native contents of most elements in serum has no use
for any element enrichment, which, moreover, can keep the original
serum matrix constant because no foreign substances such as HCl
and HNO3 accompany the metal ions spiked. Noticeably, National
Institute of Standards and Technology (NIST) has launched a 5-mL
package dispensed in polypropylene tube, non-element-enriched,
non-lyophilized bovine serum standard reference material (NIST
SRM 1598) [21]. However, the absolute quantity in 5 mL serum was
too large for ICP-MS analysis as mentioned above. Consequently,
it is still essential to make serum reference materials easy to once
use, with simple packing and stable quality. For this purpose, an
unconventional protocol for preparing a kind of rat serum reference
substance has been tried for analysis of trace elements in biological
samples by ICP-MS.

2. Experimental

2.1. Preparation of candidate rat serum reference material

Screw-capped graduated polypropylene vial (also named trans-
portation vial) was purchased from Haimen Sanhe Chenxing
Experimental Equipment Factory (Nantong, China). All the ves-
sels used in the experiment were soaked in 25% nitric acid for
at least 48 h, and then rinsed by water and reserved to use after
airing, ensuring no elements were detected both in water and in
1% nitric acid that were harbored within a vessel for more than
48 h.

Serum was collected on the basis of the NIST procedure [21]
with some minor modifications. Briefly, rat blood was taken from
healthy SD rats (supplied by Center of Experimental Animals, Nan-
jing Medical University, Nanjing, China) by using one-off syringes,
pooled in an ion-free polypropylene vessel, and vortexed vigorously
(SK-1 Votexer, Jintan Medical Equipment Work, Zhenjiang, China).

Rat serum was obtained by centrifugation of the pooled rat blood
for 30 min. After the element content was analyzed, 0.1 mL aliquot
of this serum was dispensed into a 1.25-mL graduated polypropy-
lene vial (inner vial) without anything added, and the screw cap was
tightened. Then the inner vial containing 0.1 mL serum was put into
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Table 1
Determination of elements in certificate reference materials (n = 3).

Element Certificate reference tea, GBW 070605
([mean ± U, k = 1], �g g−1)

Certificate reference bovine serum, GBW
(E) 090006 ([mean ± U, k = 1], ng mL−1)

Detection limit
(ng mL−1)

Determined Certificate Determined Certificate

Cd 0.075 ± 0.010 0.057 ± 0.010 0.833 ± 0.184 N/A 0.003
Co 0.199 ± 0.026 0.18 ± 0.02 2.61 ± 0.30 2.8a 0.001
Cr 0.769 ± 0.081 0.80 ± 0.03 8.85 ± 4.36 0.21a 0.051
Cu 18.1 ± 1.0 17.3 ± 1.8 665 ± 22 640 ± 70 0.447
Fe 270 ± 23 264 ± 15 3465 ± 268 3620 ± 180 3.75
Mg 1627 ± 109 1700 ± 200 21,126 ± 1293 22,300 ± 1800 0.945
Mn 1330 ± 61 1240 ± 70 20.4 ± 1.9 13a 0.048
Mo 0.039 ± 0.004 0.038 ± 0.007 15.3 ± 1.6 14.3 ± 5.6 0.018
P 3243 ± 178 2840 ± 60 125,856 ± 6290 129,000 ± 8000 4.47
Pb 5.01 ± 0.50 4.4 ± 0.3 13.0 ± 0.9 15.4a 0.063
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r 14.6 ± 1.3 15.2 ± 0.7
n 27.8 ± 1.6 26.3 ± 2.0

a Reported-but-not-certified values.

5-mL graduated polypropylene vial (outer vial), a sponge pad was
ut above the lid of inner vial and underneath the lid of outer vial,
nd the cap was screwed on the outer vial (as shown in Fig. 1a–d).
inally, the independently packed serum reference was stored at
20 ◦C until use. All operations were performed under strict proto-

ols designed to preserve the original composition and to minimize
ontamination.

.2. Determination of elements in rat serum by ICP-MS

Nitric acid (ultra-pure grade) and perchloric acid (70–72%, ultra-
ure grade) were purchased from Suzhou Crystal Clear Chemical
o., Ltd. (Suzhou, China) and Tianjin Xingyuan Chemical Factory
Tianjing, China), respectively. Water (18.2 M� cm) was lab-made
rom Millipore Milli-Q Advantage A10 Water Purification System
Billerica, MA, USA). Working solutions for calibration and internal
tandard were prepared by dilution with 1% nitric acid (v/v) from
.0 mg mL−1 inorganic element standard stock solutions made up
rom spectro-grade metal simple substances, oxides or salts. For all
he elements the concentrations in the calibration solutions were
, 1, 10, 50 and 100 ng/mL.

The independently packed 0.1 mL rat serum was thawed at room
emperature, and transferred into a 10-mL beaker with a cover after
ortexing. The inner vial was washed three times with 0.1 mL water,
nd the water was also placed into the beaker for transferring the
erum completely. 0.5 mL nitric acid and 0.25 mL perchloric acid
ere added, and the serum was digested mildly on a hot plate

t low temperature (about 50 ◦C) for 3 h and then heated to near
ryness at 150–200 ◦C. The residue was subsequently dissolved

n 3 mL of 1% nitric acid and the content of elements was mea-
ured by ICP-MS in triplicate against a corresponding reagent blank.
he determination throughout the experiment was carried out in a
CIEX ELAN 9000 ICP-MS (PerkinElmer, Norwalk, CT, USA) under the
perating conditions as follows, radio frequency power: 1100 W;
uter Ar gas: 16.0 L min−1; intermediate Ar gas: 1.0 L min−1; carrier
r gas: 0.95 L min−1; sample lifting speed: 1.1 mL min−1; ion lens
oltage: 5.6 V; analog voltage: 1600 V; pulsed voltage: 950 V; scan-
ing mode: skip; residence time: 50 ms; scanning times: 3; integral
ime: 1000 ms. High-abundance-ratio isotopes of the elements of
nterest were employed for quantitation except for magnesium

hich detection isotope was 26Mg other than 24Mg, the strongest
sotope, owing to too large magnesium content in the serum. Addi-

ionally, in order to correct for changes in instrument hardware
esponse or for sample-to-sample variations in sensitivity, as well
s quantify and correct matrix effect if it exist, three isotopes 45Sc,
03Rh and 187Re were selected as the internal standards for close

ass of elements measured respectively [22], that is, 45Sc for 59Co,
137 ± 11 134 ± 19 0.005
828 ± 38 880 ± 70 0.759

52Cr, 65Cu, 57Fe, 26Mg, 55Mn, 31P, and 66Zn; 103Rh for 114Cd, 98Mo
and 88Sr; and 187Re for 208Pb.

Limit of detection (LOD) of element by the proposed ICP-MS
method was determined from the three times of standard deviation
(S.D.) of the background intensity of 10 measurements of reagent
blank. The LODs of elements (ng mL−1) were listed in Table 1.

In order to validate the method, certificate references tea
(GBW 070605, first-grade) and bovine serum (GBW (E) 090006,
second-grade) were employed for determination of trace elements.
Appropriate amount of certificate reference was weighed, digested
and analyzed as described in Section 2.2. The analysis results of
most elements in two certificate reference materials were in agree-
ment with their certificate values (Table 1).

All the results given were expressed as mean ± expanded uncer-
tainty (the expanded factor k = 2 was taken, 95% confidence levels,
except for the results in Table 1 where k = 1 was taken, 98% con-
fidence levels, in order to match the format of certificate data)
[23–26], and the combined standard uncertainty was estimated
by considering the contribution of the uncertainties of standard
solution preparation, sample solution preparation, standard curve
fitting, measured repeatability and recovery.

2.3. Statistical analysis

Statistical analyses were performed using SPSS version 11.5
(SPSS Inc., Chicago, IL) software. Paired-samples t-test was used
to analyze the differences between the ICP-MS results in element
contents and those by other individual methods. After equal vari-
ances were assessed using Levene’s test, one-way ANOVA and
Kruskal–Wallis (K–W) tests were used to analyze the differences
between different experimental conditions, respectively, for homo-
geneous and inhomogeneous variances. A statistically significant
difference was considered when p < 0.05.

3. Results and discussion

3.1. Contents of trace elements in the candidate rat serum
reference material

The dispensed rat serum reference material was determined
by ICP-MS under the proposed experimental conditions. The
contents of 12 main trace elements in the serum, within-day

and between-day vial-to-vial differences, obtained from triplicate
determinations of independent vials, are shown in Table 2. The
results were in accordance with those obtained from GFAAS, FAAS
or ICP-AES. No statistically significant differences were observed
between the results by ICP-MS and those by other individual meth-
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Table 2
Comparison of element contents between dispersed and undispersed rat serum (n = 3).

Element Dispersed (content [mean ± U, k = 2], ng mL−1) Undispersed (content [mean ± U, k = 2], ng mL−1) T-test p values
(2-tailed)d

One-way ANOVA
test p valuese

Within-day Between-day Other methods Within-day Between-day

Cd 3.16 ± 0.83 3.45 ± 1.39 3.28 ± 0.73a 2.89 ± 0.71 3.18 ± 1.18 0.271 0.465
Co 3.90 ± 1.05 4.16 ± 1.25 3.89 ± 0.79a 3.67 ± 1.00 3.85 ± 1.22 0.850 0.578
Cr 46.2 ± 10.4 42.1 ± 15.9 45.6 ± 10.9a 44.5 ± 10.6 45.5 ± 12.9 0.824 0.694
Cu 1547 ± 161 1518 ± 108 1522 ± 175b 1534 ± 123 1537 ± 168 0.607 0.942

1533 ± 93c 0.843
Fe 4650 ± 676 4818 ± 893 4751 ± 726b 4649 ± 727 4884 ± 874 0.422 0.493

4684 ± 740c 0.764
Mg 25,680 ± 3337 25,259 ± 3069 25,777 ± 3427b 25736 ± 3178 25386 ± 3126 0.832 0.341

25,530 ± 3155c 0.819
Mn 30.2 ± 5.8 30.9 ± 5.1 29.6 ± 2.8a 28.9 ± 6.2 31.5 ± 4.4 0.849 0.582
Mo 24.4 ± 2.5 23.3 ± 7.2 22.8 ± 4.4a 24.1 ± 2.3 24.2 ± 5.4 0.133 0.922
P 162,756 ± 20,011 163,916 ± 21,368 163,002 ± 27,227c 164,656 ± 20,243 161111 ± 19501 0.958 0.840
Pb 81.9 ± 15.6 89.5 ± 16.8 88.0 ± 9.0a 83.2 ± 18.7 86.6 ± 12.6 0.321 0.552
Sr 67.2 ± 11.8 68.4 ± 12.2 66.6 ± 14a 65.3 ± 11.8 68.4 ± 12.5 0.650 0.257
Zn 1569 ± 142 1595 ± 198 1568 ± 126b 1546 ± 165 1545 ± 324 0.942 0.891

1586 ± 128c 0.595

a GFAAS.
b FAAS.
c ICP-AES.
d Between within-day result by ICP-MS and that by other method for dispersed serum.
e Among within- and between-day results for dispersed and undispersed sera by ICP-MS.

Table 3
Recoveries of elements in candidate rat serum reference material (n = 3).

Element Original (ng mL−1) Added (ng mL−1) Found (ng mL−1) R.S.D. (%) Recovery (%)

Cd 3.16 4.50 8.18 9.6 111.6
Co 3.90 4.50 8.52 8.0 102.7
Cr 46.2 60.0 104 4.8 95.5
Cu 1547 1500 3150 0.7 106.9
Fe 4650 4500 8432 6.0 84.0
Mg 25,680 24,000 48,284 3.4 94.2
Mn 30.2 30.0 50.6 1.9 90.4
Mo 24.4 15.0 41.5 3.4 114.5
P
P
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Z
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b
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M
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162,756 210,000
b 81.9 60.0
r 67.2 60.0
n 1569 1500

ds via paired-samples t-test (p > 0.05). The recovery was evaluated
y respectively spiking a known amount of element standard to an
ndependent vial and analyzing according to the same experiment
rocedure. It can be seen from Table 3 that the recoveries were
etween 84.0% and 111.6%.
.2. Correlative factors on serum quality

Graduated polypropylene vials were used as the serum vials. The
crew caps feature a molded-in sealing ring to prevent leakage. They

able 4
omparison of element contents in rat serum among different sampling volume and dilu

lement Content (mean ± U, k = 2) (ng mL−1)

0.1 mL serum, 30 times 0.5 mL serum, 6 times 0.5 mL seru

d 2.89 ± 0.71 2.95 ± 0.71 2.87 ± 0
o 3.67 ± 0.82 3.91 ± 0.95 3.98 ± 1
r 44.5 ± 10.2 47.0 ± 10.5 44.6 ± 1
u 1534 ± 122 1611 ± 154 1605 ± 1
e 4649 ± 766 4892 ± 778 4906 ± 7
g 25,736 ± 3178 25,557 ± 3147 25,424 ± 3
n 28.9 ± 6.2 30.6 ± 5.5 31.5 ± 6
o 24.1 ± 2.3 24.4 ± 3.0 23.4 ± 2

164,656 ± 20,243 161,220 ± 18,462 165,769 ± 2
b 83.2 ± 18.7 80.4 ± 14.3 75.5 ± 1
r 65.3 ± 11.8 70.1 ± 14.0 70.8 ± 1
n 1546 ± 165 1574 ± 158 1483 ± 1
387,729 4.7 107.1
139 2.2 95.4
121 2.6 89.2

2832 2.3 94.4

are suitable as primary containers for lodging, shipping and deliv-
ering sera. The vials were filled with ultra-pure water and then 1%
nitric acid after cleaned carefully. The elements in any extracts were
measured after they were stocked in the vials for 48 h. The results
showed that the contents of every element in the water or 1% nitric

acid were all far lower than the LODs. Therefore, storing rat serum
in the vials would not make significant influence on determination
of elements.

Generally, the minimum sampling quantity of final solution is
3 mL for continuous infusion during an effective ICP-MS measure-

tion rate (n = 3).

One-way ANOVA test p values

m, 30 times 2.0 mL serum, 1.5 times

.68 3.04 ± 0.69 0.485
.09 3.63 ± 0.93 0.528
0.7 43.4 ± 9.36 0.366
41 1526 ± 93 0.139
13 4745 ± 690 0.156
237 25,374 ± 3110 0.563
.0 29.8 ± 4.7 0.620
.7 23.6 ± 2.9 0.437
0,220 163,737 ± 18,004 0.558
5.2 79.6 ± 9.0 0.540
3.3 70.8 ± 12.8 0.146
37 1500 ± 135 0.261
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Table 5
Comparison of element contents between dispersed and undispersed rat serum (n = 3).

Element Content (mean ± U, k = 2) (ng mL−1) One-way ANOVA test p values

1st month 2nd month 4th month

Cd 3.16 ± 0.83 3.26 ± 0.90 2.80 ± 0.73 0.111
Co 3.90 ± 1.05 3.67 ± 0.78 3.64 ± 0.94 0.512
Cr 46.2 ± 10.4 44.5 ± 10.8 44.4 ± 9.43 0.604
Cu 1547 ± 162 1594 ± 88 1557 ± 123 0.496
Fe 4650 ± 676 4649 ± 661 4665 ± 673 0.966
Mg 25,680 ± 3336 25,267 ± 3130 25,440 ± 3148 0.485
Mn 30.2 ± 5.86 30.2 ± 4.6 29.1 ± 4.3 0.760
Mo 24.4 ± 2.5 22.3 ± 3.6 24.5 ± 3.5 0.110
P 162,756 ± 20,009 166,784 ± 18,049 164,567 ± 18,260 0.358
Pb 81.9 ± 15.8 83.2 ± 10.8 80.0 ± 13.0 0.756
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r 67.2 ± 11.8 64.6 ± 17.0
n 1569 ± 143 1587 ± 197

a Kruskal–Wallis test was used to analyze the differences, for inhomogeneous var

ent, but some element concentrations in diluted solutions would
e near or even below the LOD, which makes results suspect. So,
.5 mL rat serum was used to examine the effects of dilution rate.
ix aliquots of 0.5 mL undispersed rat serum were taken, placed into
ix 10-mL beakers respectively. After 1.5 mL nitric acid and 0.25 mL
erchloric acid were added, they were digested to nearly dryness as
escribed in 2.2. Three of the residues were diluted 6 times to 5 mL
ith 1% nitric acid, and the rest were diluted 30 times to 15 mL with

% nitric acid. The element contents in the serum were measured
gainst the relevant reagent blanks. The results from different dilu-
ion rates were listed in Table 4, displaying that dilution did not

ake obvious impact on determination.
0.1 mL, 0.5 mL and 2 mL undispensed rat serum were transferred

nto three 10-mL beakers, then 0.5 mL, 1.5 mL and 5 mL nitric acid
ere added in terms of the serum amount, and all were added
.25 mL perchloric acid. The residues were dissolved in 3 mL of
% nitric acid after digestion respectively, and the relevant blanks
ere made accordingly. Serum with different sampling volume was

nalyzed in triplicate, respectively. The comparison of results in
able 4 showed that the contents of the same element from dif-
erent sampling volumes were very close too, proving that 0.1 mL
erum is enough for quantitation by ICP-MS and that various sub-
ackage volume can be optioned for different purpose. Finally, after
erifying the homogeneity of variances by Levene’s test, one-way
NOVA analysis (p > 0.05) revealed that no significant differences
ere observed between sampling volume and dilution rate groups.

0.1 mL rat serum was taken out from undispersed rat serum and

ut into a 10-mL beaker. The serum was digested and analyzed
nder the proposed procedure. The results for element contents in
omparison with those obtained from 0.1 mL dispersed rat serum
acked in vials was exhibited in Table 2. There were no significant

able 6
nter-laboratory difference of elements contents in candidate rat serum reference materia

lement Content (mean ± U, k = 2) (ng mL−1)

Lab 1 Lab 2

d 2.46 ± 0.66 2.32 ± 0.56
o 3.19 ± 0.73 3.45 ± 0.74
r 34.7 ± 8.5 33.7 ± 10.4
u 1295 ± 86 1246 ± 71
e 5407 ± 780 5217 ± 850
g 24,386 ± 3003 25,639 ± 3154
n 13.5 ± 2.7 12.3 ± 3.4
o 20.7 ± 3.5 20.4 ± 3.3

154,247 ± 22,409 154,172 ± 16,887
b 33.0 ± 7.7 30.6 ± 7.2
r 76.9 ± 17.0 76.8 ± 12.3
n 1454 ± 134 1411 ± 165

a Kruskal–Wallis test was used to analyze the differences, for inhomogeneous variance
67.6 ± 11.1 0.733a

1561 ± 123 0.808

s by Levene’s test.

differences between dispersed and undispersed sera by one-way
ANOVA analysis based on the homogeneous variances by Levene’s
test. In addition, for the determination of 12 main trace elements
in undispersed serum, the uncertainties were at the same level
as those for 0.1 mL dispensed rat serum listed in Table 2, which
indicated that subpackaging serum did not affect element measure-
ment and did not bring any contamination either.

Keeping the quality constant during a certain storage period is
essential for a reference material. To examine the stability of the
self-made candidate rat serum reference material stored at −20 ◦C,
the contents of 12 main trace elements in the serum of 0.1 mL
packaging were measured in successive 4 months. Apparently, no
significant differences were observed from Table 5 by using one-
way ANOVA and K–W tests according to the homogeneous and
inhomogeneous variances, respectively.

0.1 mL independently packed rat serum candidate reference
materials of the same batch freshly prepared were distributed to
three laboratories for comparison purpose. The vials were trans-
ported for as long as 24 h in a common flask containing ice for
medical use before they were parked in the refrigerator of other
laboratory. The comparison of results for element content in three
joined laboratories evaluated by ICP-MS are shown in Table 6. It is
found that the all the uncertainties for the results form different
laboratories were rather low, fundamentally meeting the require-
ment of detection of trace element in serum in different existing
level. In fact, because the rat serum loaded in the vial was fixed, the
amount of elements of interest was changeless during the once-

use of the whole candidate rat serum even after frosting and thaw.
Moreover, one-way ANOVA or K–W test indicated that the results
did not vary significantly (p > 0.05) according to the homogeneity
of variances.

l (n = 3).

One-way ANOVA test p values

Lab 3

2.51 ± 0.63 0.293
3.27 ± 0.75 0.171
36.8 ± 8.9 0.193a

1242 ± 115 0.150
5507 ± 798 0.139

25,066 ± 3674 0.148a

13.7 ± 2.7 0.188
18.8 ± 2.0 0.170

147,899 ± 17,386 0.193a

29.5 ± 6.7 0.219
71.6 ± 13.7 0.148a

1363 ± 134 0.133

s by Levene’s test.
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It is most noticeable that the rat serum reference material was
repared without anything spiking and without lyophilization, so
hat its composition is identical to sera to be analyzed and the

atrix effect is avoided, which is a key factor to guarantee the relia-
ility of determination. On the other hand, because the contents of
ain trace elements in native serum are generally higher than LOQs

f ultra-sensitive ICP-MS, the element enhancement is dispensable.
No significant differences were found between the results under

ifferent conditions including sampling volume, dispersing or not,
ilution rate, storage time, inter-laboratories, respectively. The
verall analysis merits implied that this candidate reference mate-
ial based on unaltered rat serum matrix with stable and credible
uality could be potentially adopted as the reference substance
or ICP-MS analysis of trace elements in serum and other similar
iological samples.

. Conclusions

A novel candidate rat serum reference material for trace ele-
ent determination has been developed aiming at the feature of

CP-MS. In spite that uniform values of elements labeled are unavail-
ble for the rat sera of all batches, this reference substance can be
xpediently prepared and delivered, and directly used, because it is
ot freeze-dried, not element-spiked, independently packed, and
he element content of a certain batch serum is certificated and
table during at least 4 months. This is the first attempt to pre-
are such a simple and convenient rat serum reference material of

norganic elements. This used-once rat serum with simple packing,
ell-defined levels of the analytes of interest and stable quality can

n fact be reliably produced in the future.

cknowledgments
This work was supported by National Natural Science Founda-
ion of China (no. 20575027), National Basic Research Program of
hina (973 program, no. 2009CB421601), National Science Funds

or Creative Research Groups (no. 20821063), and Analysis and Test
und of Nanjing University.

[

[

[
[

(2009) 1389–1394

References

[1] W. Kaim, B. Schwederski, Bioinorganic Chemistry: Inorganic Elements in the
Chemistry of Life, Wiley, Chichester, 1994.

[2] D.M. Taylor, D.R. Williams, Trace Element Medicine and Chelation Therapy,
Royal Society of Chemistry, Cambridge, 1995.

[3] P.J. Parsons, F. Barbosa, Spectrochim. Acta B 62 (2007) 992.
[4] C.S. Muniz, J.M. Larchante-Gayon, J.I.G. Alonso, A. Sanz-Medel, J. Anal. Atom.

Spectrom. 14 (1999) 193.
[5] J.A.C. Broekaert, Spectrochim. Acta B 55 (2000) 739.
[6] A. Sanz-Medel, Analyst 125 (2000) 35.
[7] H.T. Chen, S.Q. Cao, X.J. Zeng, Chin. J. Anal. Chem. 29 (2001) 592.
[8] E. Hoffmann, C. Ludke, J. Skole, H. Stephanowitz, J. Wollbrandt, W. Becker, Spec-

trochim. Acta B 57 (2002) 1535.
[9] L.H. Reyes, J.M.M. Gayon, J.I.G. Alonso, A. Sanz-Medel, J. Anal. Atom. Spectrom.

18 (2003) 11.
[10] D. Schaumlöffel, P. Giusti, M.V. Zoriy, C. Pickhardt, J. Szpunar, R. Łobiński, J.S.
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a b s t r a c t

In the present work, a simple, selective, and sensitive method has been proposed for the determination of
four phenols (catechol, resorcinol, 2,6-dimethylphenol, and 2,4,6-trinitrophenol) in water samples. The
method is based on poly-(methacrylic acid-co-ethylene glycol dimethacrylate) monolith microextraction
(PMME) and capillary electrophoresis–ultraviolet (CE–UV) analysis. The operation parameters including
sample pH, sample flow rate, sample volume, and eluent flow rate have been studied and optimized. Under
the optimal experimental conditions the limits of detection for catechol, resorcinol, 2,6-dimethylphenol,
eywords:
oly-(methacrylic acid-co-ethylene glycol
imethacrylate) monolith microextraction
apillary electrophoresis
atechol
esorcinol

and 2,4,6-trinitrophenol based three times of standard deviations of blank by seven replicates are 0.085,
0.030, 0.159 and 0.006 �g/mL, respectively. The intra-day and inter-day relative standard deviations are
less than 5.6% and 5.9%. The proposed method has been successfully applied to the determination of the
four phenols in water samples and the accuracy is assessed through recovery experiments.

© 2009 Elsevier B.V. All rights reserved.

,6-Dimethylphenol
,4,6-Trinitrophenol

. Introduction

As a class of organic pollutants in aquatic media, phenols and
heir substitutes are of great environmental concern owing to their
igh toxicity. The decomposition of phenols is difficult due to,
rincipally, their stability and their solubility in water. Because of
heir high toxicity, as well as their unpleasant organoleptic prop-
rties, some phenols have been included in the priority pollution
ist of the European Union (EU) and US Environmental Protection
gency (EPA). Therefore, the determination of trace phenols is very

mportant for evaluating the total toxicity of an environmental
ater sample. Various methods, such as spectrophotometry [1,2],

lectrochemical methods [3–7], gas chromatography (GC) [8,9],
C–mass spectrometry (GC–MS) [10–13], liquid chromatography

LC) [14–20], LC–MS [21], and capillary electrophoresis (CE) [22–38]
ave been described in the literatures for the detection of phenolic
ompounds in water samples. Some authors have even reviewed

he determination of phenols [39,40].

Among the various methods, GC and HPLC have been com-
only used for the determination of individual phenols. As a

owerful complementary new technique to GC and HPLC, CE

∗ Corresponding author. Tel.: +86 431 85095622; fax: +86 431 85095622.
E-mail address: jiaqiong@jlu.edu.cn (Q. Jia).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.02.021
has been shown to be a rapid, powerful and efficient tech-
nique for separating phenols due to its major merit of high
separation efficiency, no need of organic solvent for separation,
extremely low solvent consumption, small sample volume require-
ment, ease of automation, and low running cost. This technique
avoids the derivatization procedure and allows the accomplish-
ment of well-resolved separations in less time than that usually
taken by chromatographic methods [22,26,34,37]. In Table 1, var-
ious reported CE procedures for the determination of phenols are
summarized. Many authors have reported the determination of cat-
echol [21,23,25,28–30,35,36,40], resorcinol [22–26,28–32,35,36],
2,6-dimethylphenol [27,30,33–35], and 2,4,6-trinitrophenol [37,38]
with CE. For instance, Xie et al. [23] developed a capillary zone elec-
trophoresis method coupling square wave amperometric detection
for the determination of catechol and resorcinol. The efficacy of
the boric acid and ascorbic acid in the running buffer was dis-
cussed. The limits of detection of the method were in the range of
0.5–1.5 �mol/L. Kaniansky et al. [38] investigated the use of �-CD
and polyvinylpyrrolidone as complexing agents to capillary zone
electrophoretic separations of a group of 10 nitrophenols. Rain,

drinking and process water samples were employed as matrices
to assess the practical applicability of the procedure. The limit of
detection of 2,4,6-trinitrophenol was determined as 0.046 �g/mL.

Nevertheless, CE techniques usually suffer from poor detection
sensitivity, especially in the conventional UV absorbance detection
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Table 1
Application of capillary electrophoresis to the determination of phenols.

Phenols Buffer Mode Detection method Limit of detection Application Ref.

Catechol Na2B4O7 and Na2HPO4 CZE Chemiluminescence 8.4 × 10−8 mol/L Hair dye [22]
Ammonium borate and ascorbic acid CZE Square wave amperometry 1.5 �mol/L Environmental wastewater [23]
Borax and Na2CO3 CZE DAD 6.70 × 10−6 mol/L Wastewater from river [25]
Borax CZE UV 2.4 �g/mL [28]
Na2HPO4 CE Electrochemistry 0.80 �mol/L – [29]
Phosphate and borate/phosphate
buffer containing SDS

CZE/MEKC UV – Oil shale [30]

NaH2PO4, Na2HPO4, MES EKC UV – – [35]
Sodium phosphate and p-sulfonic
calix[4]arene

CE UV 37.8 pg – [36]

Borax and SDS CE UV 0.085 �g/mL Environmental water Present work

Resorcinol Na2B4O7 and Na2HPO4 CZE Chemiluminescence 3.7 × 10−7 mol/L Hair dye [22]
Ammonium borate and ascorbic acid CZE Square wave amperometry 1.0 �mol/L Environmental wastewater [23]
Disodium tetraborate CZE UV – Tincture piyanning [24]
Borax and Na2CO3 CZE DAD 5.13 × 10−6 mol/L Wastewater from river [25]
Benzyltriethylammonium chloride,
tetrabutylammonium acetate,
1-butyl-3-methyl imidazolium
trifluoroacetate, and 1-butyl-3-methyl
imidazolium heptafluorobutanoate

CE UV – – [26]

Borax CZE UV 1.6 �g/mL – [28]
Na2HPO4 CE Electrochemistry 4.12 �mol/L – [29]
Phosphate and borate/phosphate
containing SDS

CZE/MEKC UV – Oil shale [30]

NaAc + TMA, TEA, DMP, and PDADMA CEKC UV – – [31]
MES, PEI, and methanol (or
acetonitrile)

CEKC UV – – [32]

NaH2PO4, Na2HPO4, and MES EKC UV – – [35]
Sodium phosphate and p-sulfonic
calix[4]arene

CE UV 33.2 pg – [36]

Borax and SDS CE UV 0.030 �g/mL Environmental water Present work

2,6-Dimethylphenol TBABr, TBACl, TBAP, TBAAc, TBAOH CE UV – – [27]
Phosphate and borate/phosphate
containing SDS

CZE/MEKC UV – Oil shale [30]

Sodium tetraborate decahydrate,
KH2PO4, and SDS

EKC UV – – [33]

HCl and Brij-S CE UV – – [34]
NaH2PO4, Na2HPO4, and MES EKC UV – – [35]
Borax and SDS CE UV 0.159 �g/mL Environmental water Present work

2,4,6-Trinitrophenol Glycine, BTP, m-HEC, and PVP/glycine,
BTP, m-HEC, and Cl−

CZE/ITP-CZE UV 46/2.9 �g/L Rain, process, drinking water [37]

�-CD, PVP, and m-HEC CZE UV 0.046 �g/mL Rain, drinking, process water [38]
Borax and SDS CE UV 0.006 �g/mL Environmental water Present work

–, not mentioned
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ecause the system has the intrinsic drawbacks of short optical path
ength and low volume load ability [23,37]. In order to improve the
imited sensitivity in CE, coupling of CE to sample preconcentra-
ion techniques such as extraction, evaporation, and dialysis is an
ffective approach to determine analytes present at low levels in
nvironmental samples.

Conventional extraction methods, such as liquid–liquid extrac-
ion (LLE) and solid-phase extraction (SPE) are the most commonly
sed techniques for preconcentration and cleanup of phenols
8,10,14–16,18–21,39,40]. However, these methods involving mul-
istep procedures are complex, laborious and time-consuming.
esides, LLE requires large volumes of organic solvent, making

t environmentally unfriendly and a potential danger to human
ealth. With respect to sample preconcentration, miniaturiza-
ion of the pretreatment system has become the recent trend in
onsideration of the environmental compatibility and the high
apability of the analytical systems. Recently, solid-phase microex-
raction (SPME), stir bar sorptive extraction (SBSE) and liquid-phase

icroextraction (LPME) have been applied to the extraction of
henols from water samples [9,11–13,17]. SPME is a solvent-free
xtraction technique that incorporates sample pretreatment, con-
entration and sample introduction into a single procedure. But
PME fiber is fragile and has limited lifetime, and the sample carry-
ver is also a problem. SBSE is based on the same principles as those
f SPME but has much higher recoveries and higher sample capacity
han the latter. To date, PDMS is the only commercialized coating
or SBSE, which restricts the application of SBSE to the extraction of
olar compounds [17]. LPME has also been successfully applied to
he extraction of organic compounds from aqueous matrices. How-
ver, the major problem of conventional LPME is that the volume of
xtractant is too small, which leads to relatively less precision and
ow sensitivity [13].

As an alternative to SPME, a methodology for polymer monolith
icroextraction (PMME) based on the use of a capillary monolithic

olumn was introduced in 2006 [41]. Compared with conventional
PME methods, the monolithic structure has a larger surface area
nd emerges as a more popular alternative to packed columns
ue to the simplicity of its preparation. The in-tube configura-
ion is better at protecting the extraction material from physical
amage. In addition, the convective mass transfer procedure and

ow pressure-drop offered by the porous structure can facili-
ate the extraction process. So far, poly-(methacrylic acid-ethylene
lycol dimethacrylate) (MAA-EGDMA) and poly-(acrylamide-
inylpyridine-N,N′-methylene bisacrylamide) (AA-VP-Bis) have
een employed for the preparation of PMME monolithic column
41–50]. Poly-(MAA-EGDMA) monolith microextraction is widely
pplied to the determination of angiotensin II receptor antago-
ists [41], ephedrine and pseudoephedrine [42], opiates [43] and
ulfonamides [44] when coupled with CE. The combination of
oly-(MAA-EGDMA) monolith extraction of chloramphenicol [45],
exanal and heptanal [46], and nitric oxide [47–49] with HPLC has
lso been investigated. PMME can not only enrich the analytes, but
lso purify the sample and thus reduce the effect of the sample
atrix. It is proved to be inexpensive and applicable for a common

aboratory to achieve comparable sensitivity.
The work presented here is to study the combination of poly-

MAA-EGDMA) monolith microextraction with CE for the deter-
ination of phenols. Catechol, resorcinol, 2,6-dimethylphenol, and

,4,6-trinitrophenol are chosen as respensitives. The objective of
his study is to extend the potential use of the PMME technique
o determine phenolic compounds in water samples. Parameters

ffecting the extraction efficiency have been investigated. Under
he experimental conditions, the proposed method is validated
or the quantitative analysis and applications to tap water, lake
ater, rain water, and industrial wastewater samples have been

llustrated.
009) 1497–1502 1499

2. Experimental

2.1. Instrumentation and electrophoretic conditions

The poly-(MAA-EGDMA) monolithic capillary tube was kindly
supplied by Prof. Feng of Wuhan University. The synthesiz-
ing method has been described previously [41–49]. The PMME
apparatus consists of a regular plastic syringe (1 mL), the poly-
(MAA-EDGMA) monolithic capillary tube (50 �m i.d. × 3 cm) and
a plastic pinhead (one part of the whole syringe). The syringe bar-
rel was coupled seamlessly to one end of the pinhead, while on the
other end of the pinhead, the metallic needles were removed and
replaced by a 3 cm monolithic capillary tube (cut from the prepared
monolithic capillary) with adhesive.

For the CE analysis, a 1229-HPCE Analyser (Binta Instrument
Technology Co., Ltd., Beijing, China) equipped with a UV detector
(214 or 254 nm) was employed, which comprised a ±30 kV high
voltage power supply, and an uncoated fused-silica capillary (Yong-
nian Fiber Plant, Hebei, China) of 50 �m i.d. and an effective length
of 51 cm (total length 60 cm). The UV absorbance detection was
performed at 254 nm.

A mixing solution containing 0.05 mol/L borax and 0.02 mol/L
sodium dodecyl sulfate (SDS) was chosen as the separation buffer.
Before use, the electrolyte solutions were filtered through a 0.45 �m
microfilter and degassed in an ultrasonic bath for 5 min. The cap-
illary was conditioned every day with 0.1 mol/L NaOH for 20 min
and then with deionized water for 10 min in order to obtain a sta-
ble baseline and to improve the reproducibility of the migration
time. Before each injection the capillary was flushed with 0.1 mol/L
NaOH, deionized water and running buffer for 5 min each, succes-
sively. At the end of day, the capillary was flushed with 0.1 mol/L
NaOH for 10 min and finally rinsed with water overnight. Elec-
trophoretic separations were carried out at positive power supply
of 18 kV, maintaining the capillary temperature at 25 ◦C.

For pH measurements, a pHS-3C digital pH meter (Shanghai Rex
Instruments Factory, China) was used.

The Milli-Q SP system (Millipore, Milford, MA, USA) was
employed to prepare deionized water.

2.2. Reagents and materials

Catechol, resorcinol, 2,6-dimethylphenol, and 2,4,6-
trinitrophenol were purchased from Guangzhou Chemical
Reagent Industries (Guangzhou, China). The stock solutions of
catechol and resorcinol were prepared in water while those of
2,6-dimethylphenol and 2,4,6-trinitrophenol were prepared in
an ethanol–water (1:1) mixture. All the stock solutions were
stored at 4 ◦C protected against daylight. Working solutions were
prepared by appropriate dilution from the individual stocks. Borax,
SDS, Na2HPO4, H3PO4, NaOH, methanol, and ethanol were all of
analytical reagent grade.

Tap water was collected from our lab, and lake water was
obtained from a lake nearby. Rain water sample was collected from
Changchun (Jilin province, China) on September 22nd, 2008. Indus-
trial wastewater samples were collected from urban wastewater
treatment plants. Acid-cleaned polyethylene bottles were used for
water sampling. All the samples were analyzed after simple filtering
with a 0.45 �m micropore membrane, and stored at the tempera-
ture of 4 ◦C after collection.

2.3. PMME procedure
The whole PMME procedure was composed of precondition,
sample loading, washing, and desorption. A TS2-60 programmable
syringe pump (Baoding Longer Precision Pump Co., Ltd, Hebei,
China) was employed for delivery by providing smooth and regular
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ig. 1. Effect of sample pH on the PMME. Phenols concentration = 6.50 �g/mL, sam-
le flow rate = 0.075 mL/min, sample volume = 1.0 mL, eluent flow rate = 0.10 mL/min,
xtraction conditions and CE conditions are outlined in Section 2.

ovement of the syringe plunger in a high reproducible manner,
utomatically. In the precondition step, the syringe was filled with
.2 mL methanol, which was then ejected via the monolithic cap-

llary tube at 0.05 mL/min by the syringe pump, and then 0.5 mL
a2HPO4 (pH 6.50) was ejected at a flow rate of 0.15 mL/min. Then

he sample solution was passed through the monolithic capillary
y the pump. In the washing step, 0.2 mL Na2HPO4 (pH 6.50) was
ept to flow through the monolithic capillary tube at a flow rate of
.15 mL/min in order to eliminate the residual sample solution and
he adsorbed sample matrix. Then residual solution in the pinhead
nd monolithic capillary tube was pushed out with an empty and
lean syringe to avoid polluting the eluate. In the desorption step,
he desorption solution (0.1 mL ethanol) was injected via the mono-
ithic capillary tube and the eluate was collected for the analysis by
E. In order to avoid contamination, special syringes were used for

njecting sample, buffer, and desorption solution, respectively.

. Results and discussion

.1. Optimization of PMME conditions

.1.1. Effect of sample pH values
Sample pH is an important parameter in achieving quantita-

ive adsorption and recovery of analytes. It not only influences the
olecule form of the analytes but also relates closely to the inter-

ctions between analytes and the extraction material. In order to
valuate the effect of sample pH, the standard solutions containing
.50 �g/mL catechol, resorcinol, 2,6-dimethylphenol, and 2,4,6-

rinitrophenol have been loaded onto the poly-(MAA-EDGMA)

onolithic capillary after pH adjustment using H3PO4 or NaOH
olutions. The effect of sample pH within the range of 2.0–11.0 is
hown in Fig. 1. It is obvious that the peak area increases firstly

able 2
alibration curves, LOD, LOQ, intra-day and inter-day precision of peak areas for PMME o

henols Linear range (�g/mL) Calibration curves

Slope Intercept r

atechol 0.4–26 1015.7 4554.2 0.9997
esorcinol 0.1–26 688.5 357.2 0.9993
,6-Dimethylphenol 0.4–26 263.2 129.1 0.9991
,4,6-Trinitrophenol 0.03–26 5762.6 1095.0 0.9991

a %R.S.D. are for phenols at a concentration of 6.50 �g/mL.
009) 1497–1502

but decreases at higher pH values for all the four phenols. This may
be because the interaction between the analytes and the mono-
lithic column is mainly based on the hydrophobic interactions and
the ion-exchange sites, which arise from the polymer bone struc-
ture and its acidic pendant groups [42]. When pH is too low, the
ion-exchange interaction decreases because the carboxyls on the
monolithic column are difficult to be ionized. The decrease of the
peak area at higher pH could be attributed to the deprotonation of
the analytes and the resulted electrostatic repulsion between the
analytes and the monolithic column. A pH of 6.50 is selected in
subsequent experiments.

3.1.2. Effect of sample flow rate
The effect of sample flow rate (0.05–0.30 mL/min) on the sorp-

tion of phenols (6.50 �g/mL) has been investigated. The peak area
does not change much at a flow rate greater than 0.20 mL/min for
catechol, resorcinol, and 2,6-dimethylphenol in the tested range.
However, for 2,4,6-trinitrophenol, the peak area reaches a maxi-
mum value at 0.075 mL/min and then decreases with an increasing
sample flow rate. Too low flow rate is not employed in order to
avoid long extraction time while too fast flow rate may cause less
contact time between the analytes and the sorbents. In this work, a
sample flow rate of 0.20 mL/min is chosen in the experiments due
to the shorter extraction time and the acceptable back-pressure of
the monolith capillary.

3.1.3. Effect of sample volume
The effect of the sample volume on the peak has been studied

in the range of 0.5–3.0 mL at a constant flow rate of 0.20 mL/min
in extracting 6.50 �g/mL standard sample solutions. The peak area
increases with increasing 2,4,6-trinitrophenol sample volume but
changes little for the other three phenols. This result is different
from previous work [42–45]. When poly-(MAA-EGDMA) mono-
lithic capillary column is employed for the extraction of opiates
from 0.5 to 3 mL, the signals increases with increasing sample vol-
ume up to 2 mL. However, when the sample volume is higher than
2 mL, the signals of some analytes reach equilibrium while those
of the others keep increasing [43]. The sample volume should be
chosen according to the sensitivity required and the time accept-
able for a whole analysis. The increase of the sample volume is not
desirable because the total time needed for an analysis will be pro-
longed. In the present study, a sample volume of 1.0 mL is chosen
for subsequent analysis.

3.1.4. Optimization of desorption conditions
The poly-(MAA-EGDMA) monolithic microextraction is off-line

combined with CE, the desorption procedure after extraction has
been investigated to achieve an accurate quantitative analysis of
the phenols. In the present work, ethanol is employed as the eluent.
sitivity. After a desorption process with 0.1 mL ethanol, no peak
has been found in the following blank analysis. Therefore, 0.1 mL
ethanol is chosen as the eluent to desorb the analytes from the
sorbent. The effects of eluent flow rate on the peak area have also

f phenols.a.

LOD (�g/mL) LOQ (�g/mL) Precision (%R.S.D.)

Intra-day (n = 7) Inter-day (n = 7)

0.085 0.284 2.9 2.5
0.030 0.098 4.5 5.9
0.159 0.530 5.6 5.0
0.006 0.021 2.0 1.2
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Table 3
Extraction recoveries (%) of phenols in water samples (n = 3).a.

Catechol Resorcinol 2,6-Dimethylphenol 2,4,6-Trinitrophenol

Tap water sample
Found (�g/mL) – – – –
Recovery (%)

Level1 93.8 102.5 82.5 97.0
Level2 84.2 100.8 91.5 96.3
Level3 87.4 91.3 96.5 98.6

Lake water sample
Found (�g/mL) – – – –
Recovery (%)

Level1 82.5 88.0 88.1 80.2
Level2 89.9 90.0 82.7 81.3
Level3 85.2 88.7 87.6 84.3

Rain water sample
Found (�g/mL) – – – –
Recovery (%)

Level1 81.0 100.3 84.0 93.0
Level2 86.4 88.9 92.5 97.3
Level3 83.9 97.8 83.5 95.0

Industrial wastewater sample 1
Found (�g/mL) – 0.90 0.19 –
Recovery (%)

Level1 82.3 80.7 90.9 86.9
Level2 91.0 82.5 95.0 90.7
Level3 92.2 88.3 86.0 80.8

Industrial wastewater sample 2
Found (�g/mL) 4.12 0.33 0.43 0.10
Recovery (%)

Level1 93.2 84.5 92.4 88.7
Level2 81.5 85.0 86.2 82.3
Level3 90.7 89.5 89.3 86.5

– 2,4,6-trinitrophenol spiked to the water samples are 1.0, 1.0, 1.0, 0.5 �g/mL (Level1); 5.0,
5
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, not detected. The concentrations of catechol, resorcinol, 2,6-dimethylphenol, and
.0, 5.0, 0.5 �g/mL (Level2); and 15.0, 15.0, 15.0, 1.0 �g/mL (Level3), respectively.
a Extraction conditions and CE conditions are outlined in Section 2.

een investigated in the range of 0.025–0.175 mL/min. A flow rate of
.10 mL/min is chosen in the experiments to obtain fast desorption
nd satisfactory desorption efficiency.

.2. Analytical figures of merit

Under the optimized experimental conditions, a summary of the
ime required for the PMME procedure can be obtained. 16 min is
nough for the PMME procedure. The whole analysis of phenols
ncluding the PMME and CE procedures can be achieved within
0 min, indicating that the proposed method is a rapid one for the
etermination of phenols.

In order to evaluate the efficiency of the proposed method, cal-
bration curves have been constructed with a series of standard
amples under the optimal experimental conditions. Results are
isted in Table 2. It can be seen that the regression coefficients (r)
re always greater than 0.9991.

The limits of detection (LOD), calculated using the IUPAC rec-
mmendation (based on three times the standard deviation of the
eak area), have been obtained for the phenols. The limits of quan-
itation (LOQ), calculated as ten times its standard deviation, have
lso been calculated. Results are also shown in Table 2, showing
hat the proposed method has low LOD and LOQ values.

The reproducibility of the developed method is determined by
he intra-day and inter-day precisions. The intra-day relative stan-
ard deviations (R.S.D.) are determined at a known concentration of

atechol, resorcinol, 2,6-dimethylphenol, and 2,4,6-trinitrophenol
n seven replicates. The inter-day precision is similarly evaluated on
everal days up to 3 successive days. Every day, a new calibration
raph is constructed. The intra-day and inter-day precisions of the
eak areas are lower than 5.6% and 5.9%, respectively, indicating

Fig. 2. Electropherograms obtained by PMME-CE of tap water (A), lake water (B),
rain water (C), industrial wastewater 1 (D), and industrial wastewater 2 (E). (a) Blank
water sample, (b) water sample spiked with Level2. Peaks: (1) resorcinol, (2) 2,6-
dimethylphenol, (3) catechol, and (4) 2,4,6-trinitrophenol. Level2 is as shown in
Table 3; extraction conditions and CE conditions are outlined in Section 2.
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igh precision of the proposed method. Both intra-day and inter-
ay precisions are calculated as R.S.D.s for seven measurements.

In order to examine the stability of the poly-(MAA-EDGMA)
onolithic capillary under the experimental conditions, the

eusability of the capillary has been investigated. It is observed
hat no significant changes in the back-pressure and extraction
fficiency of the capillary column are verified after 3 months of
peration. Therefore, multiple use of the monolithic capillary is
easible.

.3. Analysis of water samples

Under the optimized conditions, the method has been applied
o the simultaneous determination of phenols in tap water, lake
ater, rain water, and industrial wastewater samples. The util-

ty of this method is examined using recovery studies by adding
henols in blank water samples at different concentration levels.
riplicate injections of the sample are carried out for the determi-
ation. Results are shown in Table 3 and Fig. 2. The recoveries are

n the range of 80.2–102.5%, indicating that the proposed method
s effective for the determination of phenols in water samples.

. Conclusions

A method combining poly-(methacrylic acid-co-ethylene glycol
imethacrylate) monolith microextraction with capillary elec-
rophoresis has been developed and validated for the determination
f four phenols, catechol, resorcinol, 2,6-dimethylphenol, and
,4,6-trinitrophenol in environmental water samples. Variable
arameters including sample pH, sample flow rate, sample volume,
nd eluent flow rate are studied. The stability, precision, linear-
ty and accuracy have been investigated. Based on the results, the

ethod is proved to be simple, fast, sensitive, selective, and suitable
or the purpose for the determination of phenols in water samples.

cknowledgements

The authors wish to thank the valuable discussion and experi-
ental assistance from Prof. Yuqi FENG of Wuhan University, Prof.

umei TIAN of Jilin University, and Prof. Jianbo JIA of Changchun
nstitute of Applied Chemistry, Chinese Academy of Sciences. This
roject was partly supported by the National Basic Research Pro-

ram of China (2006CB403302).

eferences

[1] K.O. Lupetti, F.R.P. Rocha, O. Fatibello-Filho, Talanta 62 (2004) 463.

[

[

[

009) 1497–1502

[2] G. Norwitz, N. Nataro, P.N. Keliher, Anal. Chem. 58 (1986) 639.
[3] J. Kochana, A. Gala, A. Parczewski, J. Adamski, Anal. Bioanal. Chem. 391 (2008)

1275.
[4] A.S. Santos, A.C. Pereira, M.D.P.T. Sotomayor, C.R.T. Tarley, N. Duran, L.T. Kubota,

Electroanalysis 19 (2007) 549.
[5] J.G. Sun, G.F. Wang, S.F. Jiao, Y. Wei, B. Fang, Chin. J. Anal. Chem. 35 (2007) 335.
[6] M.A. Kim, W.Y. Lee, Anal. Chim. Acta 479 (2003) 143.
[7] C.D. Garcia, P.I. Ortiz, Anal. Sci. 15 (1999) 461.
[8] P. Bartak, P. Frnkova, L. Cap, J. Chromatogr. A 867 (2000) 281.
[9] H. van Doorn, C.B. Grabanski, D.J. Miller, S.B. Hawthorne, J. Chromatogr. A 829

(1998) 223.
[10] A. Kovacs, A. Kende, M. Mortl, G. Volk, T. Rikker, K. Torkos, J. Chromatogr. A 1194

(2008) 139.
[11] M. Llompart, M. Lourido, P. Landin, C. Garcia-Jares, R. Cela, J. Chromatogr. A 963

(2002) 137.
12] V. Pino, J.H. Ayala, V. Gonzalez, A.M. Afonso, Talanta 73 (2007) 505.

[13] L.W. Chung, M.R. Lee, Talanta 76 (2008) 154.
[14] N. Masque, M. Galia, R.M. Marce, F. Borrull, J. Chromatogr. A 771 (1997) 55.
[15] D. Puig, D. Barcelo, J. Chromatogr. A 778 (1997) 313.
[16] D. Puig, D. Barcelo, J. Chromatogr. A 733 (1996) 371.
[17] X.J. Huang, N.N. Qiu, D.X. Yuan, B.L. Huang, Talanta 78 (2009) 101.
[18] E. Pocurull, M. Calull, R.M. Marce, F. Borrull, J. Chromatogr. A 719 (1996) 105.
[19] E. Pocurull, R.M. Marce, F. Borrull, Chromatographia 41 (1995) 521.
20] O. Busto, J.C. Olucha, F. Borrull, Chromatographia 32 (1991) 566.
21] C. Nistor, A. Rose, M. Farre, L. Stoica, U. Wollenberger, T. Ruzgas, D. Pfeiffer, D.

Barcelo, L. Gorton, J. Emneus, Anal. Chim. Acta 456 (2002) 3.
22] X.D. Xu, Y.G. Hu, X.X. Li, Chin. J. Anal. Chem. 34 (2006) S151.
23] T.Y. Xie, Q.W. Liu, Y.R. Shi, Q.Y. Liu, J. Chromatogr. A 1109 (2006) 317.
24] H.X. Liu, A.M. Yu, J. Wu, X.Y. Mi, H.Q. Zhang, Chin. J. Pharm. Anal. 25 (2005) 838.
25] X.F. Guo, Z.H. Wang, S.P. Zhou, Chin. J. Anal. Chem. 32 (2004) 489.
26] R. Kuldvee, M. Vaher, M. Koel, M. Kaljurand, Electrophoresis 24 (2003) 1627.
27] S.P. Porras, R. Kuldvee, S. Palonen, M.L. Riekkola, J. Chromatogr. A 990 (2003)

35.
28] R.M. Liu, F.Y. He, J. Liaocheng Teachers Univ. (Nat. Sci.) 15 (2002) 39.
29] W.C. Yang, X.D. Yu, A.M. Yu, H.Y. Chen, J. Chromatogr. A 910 (2001) 311.
30] A. Ebber, Chromatographia 53 (Suppl.) (2001) S307.
31] B. Maichel, K. Gogova, B. Gas, E. Kenndler, J. Chromatogr. A 894 (2000) 25.
32] B. Maichel, B. Potocek, B. Gas, E. Kenndler, J. Chromatogr. A 853 (1999) 121.
33] A.L. Gray, J.T. Hsu, J. Chromatogr. A 824 (1998) 119.
34] W.L. Ding, J.S. Fritz, Anal. Chem. 70 (1998) 1859.
35] B. Maichel, B. Potocek, B. Gas, M. Chiari, E. Kenndler, Electrophoresis 19 (1998)

2124.
36] T. Zhao, X. Hu, J. Cheng, X. Lu, Anal. Chim. Acta 358 (1998) 263.
37] D. Kaniansky, E. Krcmova, V. Madajova, M. Masar, Electrophoresis 18 (1997) 260.
38] D. Kaniansky, E. Krcmova, V. Madajova, M. Masar, J. Marak, F.I. Onuska, J. Chro-

matogr. A 772 (1997) 327.
39] I. Rodriguez, M.P. Llompart, R. Cela, J. Chromatogr. A 885 (2000) 291.
40] D. Puig, D. Barcelo, Trends Anal. Chem. 15 (1996) 362.

[41] M. Zhang, F. Wei, Y.F. Zhang, J. Nie, Y.Q. Feng, J. Chromatogr. A 1102 (2006) 294.
42] F. Wei, M. Zhang, Y.Q. Feng, J. Chromatogr. B 850 (2007) 38.
43] F. Wei, M. Zhang, Y.Q. Feng, Electrophoresis 27 (2006) 1939.
44] T. Li, Z.G. Shi, M.M. Zheng, Y.Q. Feng, J. Chromatogr. A 1205 (2008) 163.
45] J.F. Huang, H.J. Zhang, Y.Q. Feng, J. Agric. Food Chem. 54 (2006) 9279.
46] H.J. Zhang, J.F. Huang, B. Lin, Y.Q. Feng, J. Chromatogr. A 1160 (2007) 114.
47] K.J. Huang, M. Zhang, W.Z. Xie, H.S. Zhang, Y.Q. Feng, H. Wang, J. Chromatogr. B
854 (2007) 135.
48] K.J. Huang, M. Zhang, W.Z. Xie, H.S. Zhang, Y.Q. Feng, H. Wang, Anal. Chim. Acta

591 (2007) 116.
49] K.J. Huang, M. Zhang, W.Z. Xie, H.S. Zhang, Y.Q. Feng, H. Wang, Anal. Bioanal.

Chem. 388 (2007) 939.
50] H.J. Zhang, J.S. Li, H. Wang, Y.Q. Feng, Anal. Bioanal. Chem. 386 (2006) 2035.



D
e
s

Y
a

b

a

A
R
R
A
A

K
B
P
P
M
E
G

1

e
r
m
b
h
t
s
i
o
t
S
t
t
o
“
m

1

0
d

Talanta 78 (2009) 1429–1435

Contents lists available at ScienceDirect

Talanta

journa l homepage: www.e lsev ier .com/ locate / ta lanta

etermination of brominated flame retardants in electrical and electronic
quipments with microwave-assisted extraction and gas chromatography–mass
pectrometry

ing Lia, Tianran Wanga, Yuki Hashia, Haifang Lib, Jin-Ming Lina,b,∗

State Key Laboratory of Environmental Chemistry and Ecotoxicology, Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences, Beijing, China
The Key Laboratory of Bioorganic Phosphorus Chemistry & Chemical Biology, Department of Chemistry, Tsinghua University, Beijing 100084, China

r t i c l e i n f o

rticle history:
eceived 29 October 2008
eceived in revised form 16 February 2009
ccepted 19 February 2009
vailable online 5 March 2009

eywords:

a b s t r a c t

Determination of brominated flame retardants in electrical and electronic equipments (EEE) was achieved
through microwave-assisted extraction (MAE) and gas chromatography–mass spectrometry. Polybromi-
nated biphenyls (PBBs) and polybrominated diphenyl ethers (PBDEs) including mono-brominated
through deca-brominated congeners were qualified and quantified with good linearity (0.9963–0.9998)
and repeatability (RSD, 1.1–8.1%). Multivariable orthogonal experimental design was used to optimize
the MAE parameters. Extraction temperature and time were the most significant factors for extraction
rominated flame retardant
olybrominated biphenyl
olybrominated diphenyl ether
icrowave-assisted extraction

lectrical and electronic equipment
as chromatography–mass spectrometry

process. The extractants were cleaned up with SPE method after extraction. Recoveries of spiked blank
samples ranged from 72.4% to 108.4% for most of the analytes. The method was applied to the determina-
tion of PBBs and PBDEs in several kinds of real EEE samples. It was found that no detectable level of PBBs
was detected among them. Different contents of PBDEs were tested in the tested samples and the total
contents ranged from 25.0 ng g−1 to 194.0 ng g−1. The proposed approach demonstrated an environmen-
tally friendly and convenient alternative, which only consumed 10 mL hexane to microwave extraction

for 10 min at 100 ◦C.

. Introduction

Polybrominated biphenyls (PBBs) and polybrominated diphenyl
thers (PBDEs) represent an important group of brominated flame
etardants (BFRs) [1]. They have the potential to diffuse out of the
aterial into the environment because they are physically com-

ined with the polymeric material being treated. Moreover, there
ave been some reports on their toxic effects [2,3] and accumula-
ion in environmental biota and human tissues [4–6] due to their
imilar structure to polychlorinated biphenyls. Therefore, increas-
ng attentions have been paid on these new emerging persistent
rganic pollutants. PBBs and PBDEs were forbidden in the produc-
ion and usage by the European Union (EU) as well as other regions.
ome legislations and regulations, such as “Directive 2002/95/EC on
he Restriction of the Use of certain Hazardous Substances in Elec-

rical and Electronic Equipment (RoHS)” and “Directive 2002/96/EC
n Waste Electrical and Electronic Equipment (WEEE)” of EU, and
Testing methods for hazardous substances in electronic infor-
ation products (SJ/T 11365—2006)” of China, and so on, were

∗ Corresponding author at: Department of Chemistry, Tsinghua University, Beijing
00084, China. Tel.: +86 10 62792343; fax: +86 10 62792343.

E-mail address: jmlin@mail.tsinghua.edu.cn (J.-M. Lin).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.02.046
© 2009 Elsevier B.V. All rights reserved.

proposed to monitor and control the contents of PBBs and PBDEs
in the EEE samples. However, procedures of most legislations and
regulations are ambiguous and need large consumption of organic
solvents and tedious manual operation. Thus a convenient, rapid
and accurate method for the determination of PBBs and PBDEs in
electrical and electronic equipments is a requisite for the applicable
operation.

The classical extraction technique used in the determination
of PBBs and PBDEs in solid samples is the solid–liquid parti-
tioning with organic solvents, followed sometimes by subsequent
clean-up of extracts before their gas chromatographic determina-
tion. The traditional Soxhlet extraction has been widely employed
using non-polar solvents such as toluene, hexane or solvent mix-
tures like hexane–acetone [7,8]. Sinkkonen et al. [9] screened
the occurrence of persistent halogenated aromatic compounds
including PBDEs of waste samples for an aluminum recycling
plant, and the samples were Soxhlet extracted with toluene for
48 h. The drawbacks of Soxhlet extraction are the large consump-
tion of solvents and glassware and the time-consuming process.

These drawbacks can be reduced by using other extraction tech-
niques developed lately, such as the ultrasonic-assisted extraction
(UAE), selective pressurized liquid extraction (PLE) and microwave-
assisted extraction (MAE) which reduce the consumed time and
amount of organic solvent. de la Cal et al. applied PLE method
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o extract 39 PBDE congeners in sediment samples with the
eduction of the sample preparation time from days to 30 min
10]. UAE method was used to extract PBDEs from soil sam-
les with a low volume of 5 mL ethyl acetate and 2 × 15 min
11].

MAE, also a newly developed method for pretreatment of per-
istent organic pollutants from solid samples, has been reported
o extract polycyclic aromatic hydrocarbons, polychlorinated
iphenyls and organochlorine pesticides in airborne particulates
nd sediments samples [12,13]. Yusá et al. evaluated the extrac-
ion efficiency of PBDEs and polychlorinated naphthalenes with

AE method and applied it to a sewage treatment plant [14], as
ell as for domestic dust and marine biological tissues samples

15,16]. Vilaplana et al. applied three kinds of extraction meth-
ds, PLE, UAE and MAE to extract BFRs from styrenic polymer
amples [17]. The excellent performance of MAE methods guar-
nteed the efficient extraction of target analytes from complex
atrixes.
In this work, the proposed method was an environmentally

riendly alternative for determining PBBs and PBDEs in electrical
nd electronic equipment samples. The solvent hexane (10 mL) with
mL ultrapure water to absorb microwave energy was adopted

o extract analytes instead of toxic toluene. The whole extraction
rocess can be finished within 10 min microwave irradiation at
he temperature of 100 ◦C with the recoveries of 72.4–108.4% for

ost of the targets. The LODs of analytes ranged from 0.17 ng g−1

o 68.2 ng g−1 with gas chromatography–mass spectrometry under
elected ion monitoring mode. The MAE method was firstly
pplied to the determination of BFRs in EEE samples of peo-
le’s daily life, such as electrical wire, DVD player, computer and
obile phone, and so on, and was proved to be a convenient

nd rapid procedure for the determination of BFRs in EEE sam-
les.

. Experimental

.1. Chemicals

PBB and PBDE standards were purchased from Accus-
andard (New Haven, CT, USA) and consisted of 2-bromo-
iphenyl (B-001), 2,5-dibromobipheny (B-009), 2,4,6-tribro-
obiphenyl (B-030), 2,2′,5,5′-tetrabromobiphenyl (B-052), 2,2′,

,4′,6,6′-hexabromobiphenyl (B-155), 2,4,4′-tribromodiphenyl
ther (BDE-028), 2,2′,4,4′-tetrabromodiphenyl ether (BDE-047),
,2′,4,4′,5-pentabromodiphenyl ether (BDE-099), 2,2′,4,4′,6-penta-
romodiphenyl ether (BDE-100), 2,2′,4,4′,5,6′-hexabromodiphenyl
ther (BDE-154), 2,2′,4,4′,5,5′-hexabromodiphenyl ether (BDE-
53), 2,2′,3,4,4′,5′,6-heptabromodiphenyl ether (BDE-183)
nd 2,2′,3,3′,4,4′,5,5′,6,6′-decabromodiphenyl ether (BDE-209)
s individual standard solutions of 50 �g mL−1. 2,4,5,6-
etrachloro-m-xylene (TCMX) of 100 �g mL−1 in hexane and
,2′,3,3′,4,4′,5,5′,6,6′-decachlorobiphenyl (CB-209) of 35 �g mL−1

n isooctane were used as internal standards (I.S.). 4,4′-
ibromoctafluoronated biphenyl (DBOFB) was used as surrogate
tandard for recovery test. Stock solutions were prepared in isooc-
ane and working solutions were prepared by subsequent dilutions
n isooctane and hexane. Stock and working solutions were stored
t −20 ◦C. When not being used, the stock solutions were placed
t a mark on the vial at the level of the solution so that solvent
oss by evaporation can be detected. Replace the solution if solvent

oss has occurred. Hexane, isooctane, toluene and acetone were
he pesticide residual grades from J.T. Baker (Phillipsburg, NJ, USA).
C-Si SPE column and absorbent were purchased from Supelco
Bellefenote, PA, USA). Prior to use, the absorbent was conditioned
vernight at 160 ◦C.
009) 1429–1435

2.2. Sample preparation

The real electrical and electronic equipment samples were
collected from recycle bins of waste electrical and electronic equip-
ments of Beijing, China and cut into small pieces and ground to
powder by a high-speed disintegrator after they were embrittled
with liquid nitrogen. The powder was sieved to obtain the homoge-
nous fraction through a 1 mm sieve. This fraction was stored at 4 ◦C
until it was analyzed. Besides, a polypropylene (PP) powder sample
without any additives was obtained from factory as blank sample
used for determining targets recovery. The sample was fortified
with the targets PBBs and PBDEs solution. To favor the homoge-
neous distribution of the analytes into the whole solid sample, a
small volume of clean hexane was also added. Spiked sample ves-
sels were maintained open at room temperature until the organic
solvent was completely evaporated (approximately 2–3 h). Through
this spiking procedure, the sample appeared to be more similar to
real samples than those obtained with the common technique of
spiking the sample just before the analysis.

2.3. Microwave-assisted extraction

Microwave-assisted extraction (MAE) was performed on 0.3 g
of dried sample in closed vessels with pressure and temperature
control. Prior to extraction, DBOFB was added to each sample as
recovery standard. 60 ng g−1 DBOFB was added to each sample as
recovery standard when MAE parameters were optimized. For the
recovery test of the proposed method, the 50 ng g−1 and 200 ng g−1

DBOFB was added, respectively. The samples were in equilibrium
for 2 h. The extraction solvent of mixture of 10 mL hexane and 4 mL
H2O was added to three microwave vessels and the vessels were
closed and introduced into the microwave cavity. The extraction
was carried out as the preset temperature and hold time. After
extraction, the vessels were allowed to cool at room temperature
before they were opened. The co-extracted polymer matrices can
be removed through adequately shaking the extracted solution
twice with same volume concentrated sulfonated acid. After cen-
trifugation, the organic solvents were collected and evaporated to
approximately 1 mL using rotary evaporator. The 6 mL LC-Si SPE
column was prewashed and conditioned by 10 mL hexane, then the
extracted solution was transferred to the column, and the targets
were eluted using 20 mL hexane. Next the elution was additionally
concentrated to 0.2 mL under the gentle stream of nitrogen. Final
extracts were stored at −20 ◦C until analysis. The internal standards
TCMX and CB-209 were added before determination with GC–MS.

2.4. Soxhlet extraction

Approximately 1.0 g of spiked sample was directly weighed in
the cellulose thimble and then introduced into the Soxhlet extrac-
tion chamber. Toluene was chosen as the solvent on the basis of
previous studies [18]. 60 mL toluene was added and refluxed for 5 h.
The extract was cooled to room temperature and condensed to dry
under the gentle blow of nitrogen. The residue was resolved with
hexane and cleaned up with silica column chromatography. The
elute was evaporated to 1 mL and stored at 4 ◦C till GC–MS analysis.

2.5. GC–MS analysis

GC–MS analysis was carried out by a Shimadzu GCMS-QP2010
gas chromatograph with an automatic split–splitless injector Model

AOC-20i and an AOC-20s auto sampler, which was equipped
with a quadrupole mass spectrometric detector (Shimadzu, Kyoto,
Japan). A capillary column (DB-5ms, 5% phenylmethylpolysiloxane,
15 m × 0.25 mm i.d. and 0.1 �m film thickness, Agilent, USA), was
employed. Operating conditions were as follows: injector port tem-
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Fig. 1. General structures of PBBs and PBDEs.

erature 300 ◦C; Helium (99.999%) as carrier gas at a flow-rate
f 1.2 mL min−1; pulsed splitless mode (pulsed pressure 250 kPa
or 1.0 min). The column temperature was maintained at 100 ◦C
or 2 min, programmed at 8 ◦C min−1 to 200 ◦C; then ramped at
0 ◦C min−1 to 300 ◦C held for 2 min and at the rate of 40 ◦C min−1

o 325 ◦C held for 5 min. The total analysis time was 32.13 min and
he equilibration time 1 min. 1 �L sample was injected in a splitless

ode, with the split valve closed for 2 min. The mass spectrometric
etector was operated in electron impact ionization mode with an

onizing energy of 70 eV, scanning from m/z 100–1000. The detec-
or was tuned with the standard of perfluorotributylamine prior to
nalysis periodically. The ion source temperature was 250 ◦C and
he interface temperature 300 ◦C. The electron multiplier voltage
EM voltage) was maintained 0.1 kV above auto tune and a sol-
ent cut of 5 min was employed. Analysis was performed with
elected ion monitoring (SIM) mode. The target ion and qualifier
ons abundances were determined by injection of standard solu-
ions under the same chromatographic conditions using full-scan
ith the mass/charge ratio ranging from m/z 100 to 1000.

. Results and discussion

.1. Performance of GC–MS-SIM method

13 different PBBs and PBDEs congeners ranging from B-001
o BDE-209 were determined by gas chromatography–mass spec-
rometry with selected ion monitoring (GC–MS-SIM) method. The
eneral structures were illustrated in Fig. 1. To improve the resolu-
ion and accuracy, the chromatography conditions were optimized
o get the satisfactory qualitative and quantitative results. For PBBs,
he most abundant ions were the [M]+ and other minor signals
f [M–nBr]+ during ionization by EI mode, while the EI spectra of
BDEs were dominated by [M–2Br]+ showing losses of two bromine
toms. Therefore, m/z of [M]+ ion and [M–2Br]+ were respectively
elected as target ions for PBBs and PBDEs, the identification ions
f each PBB and PBDE were listed in Table 1.

Linearity was tested in the concentration range from 1 ng mL−1
o 100 ng mL−1 by injection standard solutions for at least 3 times at
ve different concentration levels except the concentration range
f deca-BDE was from 200 ng mL−1 to 1000 ng mL−1. Correlation
oefficients (R2) between 0.9963 and 0.9998 were obtained.

able 1
etention time (Rt), molecular weight, qualitative ions and quantitative ions of the target

omologue group IUPAC name Rt (min) Mole

ono-BB B-001 5.1 233
i-BB B-009 9.3 312
ri-BB B-030 11.5 391
ri-BDE BDE-028 14.0 407
etra-BB B-52 14.7 470
etra-BDE BDE-47 16.4 486
exa-BB B-155 17.9 628
enta-BDE BDE-100 18.0 564
enta-BDE BDE-99 18.5 564
exa-BDE BDE-154 19.7 644
exa-BDE BDE-153 20.3 644
epta-BDE BDE-183 21.9 722
eca-BDE BDE-209 28.3 960
Fig. 2. Effect of solvent on recovery of PBBs and PBDEs of the spiked sample.
MAE conditions: temperature: 100 ◦C; time: 10 min; solvent: toluene/H2O (5:2, v/v),
hexane/H2O (5:2, v/v).

3.2. Preliminary experiments

Toluene is the most commonly adopted solvent to extract PBBs
and PBDEs from solid samples when using traditional Soxhlet
extraction, while hexane, as a usual solvent with the lower tox-
icity, has good solubility to PBBs and PBDEs [7]. So, hexane and
toluene were initially chosen as extractant for the targets from
the spiked samples. However, both of them have little permittiv-
ity which is unfavorable to absorb microwave energy and promote
the extraction process. As proposed by Fidalgo-Used et al. [19], a
binary solvent mixture was commonly selected to perform MAE
in which a polar solvent was used to absorb microwave energy,
such as methanol [20] or water [16]. Herein, ultrapure water was
added to the vessels as an aqueous phase to absorb the microwave
energy and facilitate the production of high temperature and pres-
sure, then subsequently transfer the targets from the solid matrix
into the organic phase. The two kinds of binary mixture sol-
vents were compared according to the extraction efficiency. There
was no significant difference in the recoveries of all the analytes
between two kinds of mixture solvents, as shown in Fig. 2. More-
over, a clearer organic solution was obtained as well as less matrix
interference was observed from the GCMS chromatogram with

hexane/H2O mixture when comparing with toluene/H2O mixture.
Fig. 3 showed the typical GC–MS-SIM chromatograms of extraction
solution obtained from the spiked sample when hexane/H2O mix-
ture solvent was used. 13 PBBs and PBDEs were detected clearly. The

s.

cular weight Identification ions (m/z) Target ion (m/z)

152, 232 234
310, 152 312
392, 230 390
246, 406 246
389, 391 470
486, 488 326
626, 630 628
564, 566 404
564, 566 404
644, 642 484
644, 642 484
564, 722 562
801, 959 799
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Fig. 3. Typical GC–MS-SIM chromatograms of extraction solution with hexane/ultrapure water as solvent for the spiked sample (GC–MS conditions as described in the text).

Table 2
Factors and levels selected for the orthogonal design.

Factor Low level High level Optimized values Selected level

pH 0 14 0, 7, 14 7
Organic phase volume (mL) 5 13 5, 8, 10, 13 10
Aqueous phase volume (mL) 2 6 2, 4, 6 4
Extraction time (min) 5 15 5, 8, 10, 15 10
Temperature (◦C) 80 110 80, 90, 100, 110 100
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Table 4
Recovery and LOD of MAE and SE method.

Compounds MAE recovery (%) LOD of MAE (ng g−1) SE recovery (%)

50 ng g−1 200 ng g−1 50 ng g−1

B-001 85.0 73.0 5.17 95.6
DBOFB 79.0 78.1 6.70 89.1
B-009 98.3 105.6 0.23 92.8
B-030 108.4 86.6 4.80 97.0
BDE-028 102.2 79.8 0.18 77.2
B-052 101.4 101.0 0.35 73.2
BDE-047 89.4 81.3 1.05 77.2
B-155 83.9 72.4 4.41 77.6
BDE-100 83.1 105.3 0.69 76.3
BDE-99 94.3 97.8 8.33 81.8
BDE-154 75.7 81.0 0.17 73.1
BDE-153 77.2 79.3 8.3 78.2
ig. 4. Plots showing the influence of MAE parameters on the extraction of four
argets.

xtra peaks might come from the co-extracted compounds of poly-
er matrix or degradation compounds of higher brominated BDEs,

uch as deca-BDE. However, these peaks did not interfere with the
etection of target compounds. Besides, toluene was not welcomed
ecause of its toxicity and environmental impact.
.3. Optimization of microwave-assisted solvent extraction

Parameters influencing MAE process were extraction temper-
ture, extraction time, organic solvent volume, aqueous phase
olume and pH. A screening study of main variables affecting

able 3
inearity, repeatability and reproducibility of the proposed method.

ompound Linearity (R2) Repeatability (%, n = 5) Reproducibility (%, n = 3)

5 ng mL−1 100 ng mL−1 5 ng mL−1 100 ng mL−1

-001 0.9996 3.2 0.9 2.9 2.0
-009 0.9998 1.6 1.4 2.8 2.2
-030 0.9997 2.8 1.2 4.3 1.8
DE-028 0.9998 3.4 1.5 5.2 2.9
-052 0.9996 2.3 1.5 2.5 2.9
DE-047 0.9992 2.0 1.8 2.0 4.7
-155 0.9965 2.5 3.6 3.0 5.3
DE-100 0.9989 1.2 1.9 3.5 4.1
DE-99 0.9989 1.5 1.1 2.0 3.7
DE-154 0.9968 1.7 3.3 4.5 3.2
DE-153 0.9963 3.4 3.7 4.2 3.8
DE-183 0.9970 2.2 2.8 5.3 3.2
DE-209 0.9976 5.4 7.5 8.8 9.1
BDE-183 83.4 72.8 1.55 78.0
BDE-209 82.2a 52.1a 68.2 80.1a

a The spiked levels were 10 times of that noted.

the microwave extraction process was performed by means of a
mixed level orthogonal factorial design L16(24) involving 16 ran-
domized runs. Temperature was a crucial parameter for MAE as
lower temperature could lead to the incomplete extraction while
higher temperature led to degradation of analytes [15,19]. So, the
temperatures of 80 ◦C, 90 ◦C, 100 ◦C and 110 ◦C were tested for the
optimization. The second parameter considered was the extraction
time at the preset temperature and the changed range of extraction
time was from 5 min to 15 min. Owing to the volume of extraction
solvent must not exceed one third of the volume of microwave ves-
sel, so the total volume of hexane and ultrapure water should be less
than 20 mL. The influence of volume of hexane and aqueous solution
was studied at different ratio. The optimized composition of organic
solvent and aqueous solution could ensure the efficient extraction
and good selectivity. Three levels of aqueous solution with different
pH value (pH 0 (1 mol L−1 sulfuric acid solution), pH 7 (ultrapure
water) and pH 14 (1 mol L−1 NaOH solution)) were tested for the
optimization of MAE conditions according to the reported results
[16]. The studied range and the selected level of each parameter
were shown in Table 2.

The blank PP samples were spiked with standard solution to
get the concentration of 60 ng g−1 for each analyte except that the
spiked value of BDE-209 was 600 ng g−1. Recoveries were calculated
by dividing the measured concentrations of the spiked samples by
the spiked concentrations. Fig. 4 showed the main effect plot for
the selected BFRs and DBOFB. As can be seen, the most important
factors to the extraction process were the extraction temperature
and extraction time. However, their influences had different effect
on each compound. For DBOFB and B-30 which had relatively lower
boiling point and good volatile property, extraction temperature of
100 ◦C and short extraction time can fulfill the extraction. While
for the higher brominated analytes such as BDE-183, extraction
efficiency decreased with the increasing temperature and long
extraction time. The descents of extraction efficiencies observed
could be attributed to the thermal degradation due to the fact that
higher brominated BDEs were easy to degrade when exposed to
higher temperature [21]. So, the temperature of 100 ◦C was used for
the maximum extraction and maintained for 10 min. The volume
of aqueous solution had similar trend to extraction temperature.
As mentioned above, the existence of aqueous solution in the
microwave system was favorable to the absorbance of microwave
energy, and then promoted the transfer of the analytes towards the

organic phase. Nevertheless, the greater the volume of ultrapure
water was, the higher temperature was achieved in the vessels and
the heavier degradation would happen, e.g. recoveries of BDE-100
and BDE-183 at 80 ◦C was higher than that at 110 ◦C, which was
consistent with the results of ref. [21]. Hence, 4 mL ultrapure water
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Fig. 5. GC–MS-SIM chromatograms of a real EEE sample (s

as preferred for the MAE process. The influence of the aqueous

olution pH was not significant for the extraction of BFRs from EEE
amples as that from domestic dust samples [16]. A possible expla-
ation for this might be attributed to the special components of the
amples which mainly were polymer and difficult to be affected by
he acid or basic solution.

able 5
BDEs contents detected in several real EEE samples.

ample Concentration (ng g−1 EEE)

BDE-028 BDE-047 BDE-100 BDE-99

n.d. 10.1 n.d. 8.3
n.d. 28.0 8.2 32.2
n.d. n.d. n.d. n.d.
9.9 21.1 6.0 6.0

.d.: Not detected (below LOD).
e 2 in Table 5, GC–MS conditions as described in the text).

As known, electrolyte solutions interacted strongly with

microwave radiation, the enhancement of ion strength could
strongly speed microwave absorption and transformation [16].
Therefore, the ultrapure water with 5%, 10% and 20% sodium chlo-
ride solution was used to compare the extraction efficiency with
the solution containing no salt. It was found that the salt addition

BDE-154 BDE-153 BDE-183 BDE-209 Total

3.1 3.5 n.d. n.d. 25.0
4.4 5.4 n.d. 86.7 165.1
n.d. n.d. n.d. 194.0 194.0
n.d. n.d. n.d. n.d. 43.0
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ad no significant effect on the extraction. Taking all these results
nto account, the optimal conditions performed for the MAE of PBBs
nd PBDEs from EEE samples were chosen to be: an extraction tem-
erature of 100 ◦C with the mixture solution of 10 mL hexane and
mL ultrapure water for 10 min. The proposed MAE method for
EE samples needs less organic solvent consumption (10 mL ver-
us 70–100 mL required by Soxhlet method) and largely saves the
retreatment time (10 min versus 5 h).

.4. Analytical performance

In order to evaluate the repeatability of the proposed method,
ve consecutive independent analyses were performed at two
ifferent concentration levels in the same day. The run-to-run
ariation, expressed as relative standard deviation (RSD), ranged
rom 1.2% to 5.4% for 5 ng mL−1 level and from 0.9% to 7.5% for
00 ng mL−1 level. Besides repeatability evaluation, the same lev-
ls were analyzed by duplicate in three different days to establish
he method day-to-day variation. Obtained results were in the
ange from 2.0% to 8.8% for 5 ng mL−1 and from 1.8% to 9.1% for
00 ng mL−1 respectively, and the detailed results were summa-
ized in Table 3.

In order to assess the performance of the proposed meth-
ds, analytical quality parameters were tested. Method recoveries
ere evaluated using spiked blank samples. The target analytes
ere added at two different concentration levels corresponding to
0 ng g−1 and 200 ng g−1 of BFRs mixture for compounds from B-
01 to BDE-183, while the spiked level of BDE-209 were 500 ng g−1

nd 2000 ng g−1, respectively. Recovery values were calculated by
ividing the measured concentrations of the spiked samples by the
dded concentrations. Results ranged from 72.4% to 108.4% for most
f the target compounds, except that recovery of BDE-209 at the
igher spiked level of 2000 ng g−1 (Table 4). The low recoveries of
DE-209 in higher concentration samples might be attributed to
hermal degradation during MAE process. The moderate extraction
emperature could avoid or reduce the degradation of deca-BDE,
ust as indicated by ref. [20], extraction temperature was identified
s statistically significant factors for the MAE extraction.

Limits of detection for the overall methods, defined for a
ignal-to-noise of 3, were estimated employing spiked samples.
nder these conditions, the LODs of the developed method ranged
etween 0.17 ng g−1 and 8.33 ng g−1 for compounds including
ono-BB through hepta-BDE, and 68.2 ng g−1 for BDE-209, respec-

ively. The obtained values were shown in Table 4.
To check the accuracy of the complete analytical procedure,

esults of the proposed analytical method for the spiked sample
ere compared with that of conventional Soxhlet extraction. The

btained recoveries ranged from 73.2% to 95.6% as shown in Table 4,
emonstrated the MAE method showed the same performance
ith traditional Soxhlet extraction method.

.5. Application to real EEE samples

To examine the applicability of the proposed method, several
eal EEE samples were analyzed with MAE method for the first time.
hese samples were the most ordinary products among people’s
aily life, including electrical wires, plastic part of DVD player, com-

uter and mobile phone. The ground powder of each sample was
ested separately. No detectable levels of PBBs were found in all
he samples. Different contents of PBDEs were detected from four
amples respectively. A representative chromatogram was depicted
n Fig. 5. In fact, it was found that there was great difference in

[

[
[

009) 1429–1435 1435

the content of PBDEs among the detected samples. In samples 1
and 4, PBDEs levels were relatively low (Table 5) and the sum of
PBDEs in both samples were lower than the threshold of 0.1 �g g−1

proposed by EU. Therefore, both kinds of sample could meet the
requirement. In samples 2 and 3, the total concentration of PBDEs
were 165.1 ng g−1 and 194.0 ng g−1, respectively, in which the most
dominant congener was BDE-209 with the contents of 86.7 ng g−1

and 194.0 ng g−1. The fact indicated that BDE-209 was still adopted
as most ordinary BFRs in EEE samples up to now.

4. Conclusion

A large amount of waste electrical and electronic equipments
were produced as one of the byproducts of advanced developed
industry and science technology, and had been the source of kinds
of pollution to the environmental and biological media, includ-
ing PBBs and PBDEs. In the present work, a rapid and convenient
approach to identify and quantify PBBs and PBDEs in EEE sample
was proposed with MAE and GC–MS-SIM method. More environ-
mentally friendly extraction solvent hexane/water substituted for
the hazardous and toxic solvents, e.g. toluene or dichloromethane
[7]. Sufficient extraction of analytes from polymer samples could be
achieved within shorter time and less solvent consumption com-
pared with the published works [17]. Though, it was difficult to
clarify which kind of polymers were contained in real EEE samples
due to their versatile complexity, several kinds of real EEE sam-
ples were detected and the results showed the good applicability
of the proposed method. However, more attention should be paid
to the extraction and determination of BDE-209 and more suitable
procedures should be adopted.
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a b s t r a c t

The extraction/enrichment of omega − 3 polyunsaturated fatty acid methyl esters (PUFAMEs) by
hydrophobic ionic liquids (ILs) containing silver salts as the extraction phase has been extended to
include equilibrium studies. The extraction time, organic solvents, IL structures, and AgBF4 concentra-
tions all influence the organic/ionic liquid biphasic extraction equilibrium. Each of these parameters
was studied. The PUFAME distribution ratios, partition coefficients and the PUFAME–Ag+ complex sta-
bility constants were determined from gas chromatography (GC) analyses. When AgBF4 dissolved in
[hmim][PF6] was used as the extraction phase, both the distribution ratios of PUFAMEs and the stability
constants of PUFAME–Ag+ complexes increased significantly with an increase in the degree of unsatura-
olyunsaturated fatty acid methyl ester
istribution ratio
xtraction isotherm
eparation

tion of the PUFAMEs. Investigation of the IL structures indicated that larger PUFAME distribution ratios
were obtained when AgBF4 was dissolved in hydrophobic ILs than in hydrophilic ILs. Higher PUFAME dis-
tribution ratios occurred using shorter chain alkanes as the organic solvents. The extraction isotherms for
PUFAME uptake were obtained from which saturated extraction capacities were determined. Compared
with previous aqueous AgNO3 extractions, a more efficient extraction of PUFAMEs was obtained by using
a hydrophobic IL containing AgBF4. Much higher extraction capacities and significant shorter operation

.
times were also achieved

. Introduction

Polyunsaturated fatty acids, especially the omega-3 fatty acids
uch as docosahexaenoic acid, eicosapentaenoic acid and �-
inolenic acid, are used to lower the level of low-density lipoprotein
n the blood and treat heart disease, circulatory disorders, and can-
er [1,2]. OMACOR, a concentrated form of omega-3 fatty acids (as
thyl esters), is approved by the Food and Drug Administration
FDA) for treating patients with high triglycerides. Unfortunately,
umans cannot biosynthesize omega-3 fatty acids, due to the
bsence of �-15 and �-12 desaturase enzymes [3]. Consequently,
mega-3 fatty acids have to be obtained from external sources.
mega-3 fatty acids are known to exist in fish, microalgae, krill, and
ax [4]. For example, fish oils are frequently used as omega-3 fatty
cid supplements. However, more concentrated forms of omega-3
atty acids are desirable, as the amount of fish oil required to achieve
he desired biological effects carries the risk of vitamin A and D

verdose and increases intake of saturated fatty acids [5]. There-
ore, efficient methods to enrich sources of omega-3 fatty acids are
eeded. Efficient enrichment methods could also enable the prepa-
ation of omega-3 fatty acids economically [6] from other natural

∗ Corresponding author. Tel.: +1 703 292 4949; fax: +1 703 292 9037.
E-mail address: li1640@gmail.com (T. Li).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.02.011
© 2009 Elsevier B.V. All rights reserved.

sources. An efficient separation method requires the separation of
omega-3 fatty acids from saturated fatty acids which exist in large
quantities and have undesirable health effects. Due to the similar-
ity of molecular size, polarity, and structure, separation of omega-3
fatty acid from their saturated analogues is challenging.

Toward this goal, several separation methods have been investi-
gated, including urea inclusion complexation [7], low temperature
fractional crystallization [8], liquid–liquid extraction by aqueous
silver nitrate solutions [9], solid phase extractions [10], AgNO3-
modified benzenesulfonic acid silica gel column separations [11],
high performance liquid chromatography [12], and supercritical
fluid extraction [13,14]. Among them, liquid–liquid extraction is a
favored process owing to its high separation capacity and simple
manipulations. However, in traditional solvent extractions, toxic,
flammable, volatile and sometimes expensive organic solvents are
required and they may not work well for certain compounds due to
their low solubilizing ability.

Room temperature ionic liquids (RTILs) are salts with a melt-
ing point close to or below room temperature. RTILs have recently
been noted as “green” solvents mainly due to their extremely low

vapor pressure. The application of RTILs as replacement solvents for
various catalytic reactions [15] and in separation process [16–18]
is being extensively explored. Unlike conventional volatile organic
extraction solvents, RTILs are nonflammable, chemically tunable,
and have no detectable vapor pressure [19]. Therefore, different
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inds of RTILs have been used to extract and separate various com-
ounds from organic or aqueous solutions [20,21]. Moreover, a large
umber of papers have reported the distribution ratios (or distribu-
ion coefficients) of organic compounds between RTIL and organic
hases. For example, Meindersma et al. [22] reported the distri-
ution ratios of toluene between IL and heptane phases in liquid
hase extraction of aromatics from paraffins. Other work investi-
ated the distribution coefficients of metal ions between aqueous
nd IL phases [23,24]. Studies on distribution ratio, extraction
quilibrium or extraction isotherm kinetics may provide insightful
nderstandings of separation processes and ultimately help opti-
ize separation efficiencies. However, the distribution ratios and

xtraction isotherms of PUFAMEs between organic phase and IL
hase have not been reported so far. It is worth noting that Teramoto
t al. [9] have reported the distribution ratios of polyunsaturated
atty acid ethyl esters between aqueous AgNO3 extraction phase
nd organic heptane phase. The distribution ratios were found to
ncrease drastically as temperature was lowered. The extractions

ere effective for the separation of polyunsaturated fatty acid ethyl
sters with degrees of high unsaturation, can be operated under
ild conditions, and are suitable for mass production. However, this

eparation method requires large amounts of expensive AgNO3 and
rolonged operation time, probably due to the hydration of AgNO3
nd the low solubility of polyunsaturated fatty acid ethyl esters in
queous solution.

We have been interested in developing IL-based solvent extrac-
ion for separating and enriching omega-3 PUFAMEs from fish
il or soy-derived biodiesel [25]. An efficient extraction method
ased on �-complexing interactions between silver ions and dou-
le bonds of polyunsaturated fatty acid methyl esters (PUFAMEs)
as established using ILs containing AgBF4 as extraction phases.

he reusability of the AgBF4–ionic liquid extraction phase was
onfirmed [25]. The recovery of the extracted PUFAMEs from IL
hase was achieved by back-extraction using 1-hexene as the strip-
ing solvent [25]. A successful and practical application of this
xtraction method to real samples such as cod liver oil was also
emonstrated [25]. The omega-3 PUFAMEs such as methyl ester of
ll-cis-5,8,11,14,17-eicosapentaenoic acid (20:5 or EPA) and methyl
ster of all-cis-4,7,10,13,16,19-docosahexaenoic acid (22:6 or DHA)
ere significantly enriched from 18% (total concentration of 20:5

nd 22:6, wt.%) in the original cod liver oil to greater than 80% in
he 1-hexene stripping solvent. In addition, much lower amounts
f silver salts and shorter extraction times were realized using the
ovel IL-based extraction phases compared with previous water-
ased extraction phase [25]. As mentioned before, the extraction
nd concentration of omega-3 PUFAMEs from cod liver oil con-
rmed the feasibility of our new separation method. However, it

s of both practical and mechanistic importance to further inves-

igate the extraction equilibrium parameters and the extraction

echanisms. Moreover, it is well established that thermodynamic
ata generated by gas chromatography (GC) are fairly accurate and
eliable [26]. Therefore, in this current paper, we wish to present
further detailed study of the extraction equilibrium parameters

able 1
ypical fatty acid methyl estersa.

horthand designation Systematic name

2:6 All-cis-4,7,10,13,16,19-docosahexaenoic acid methyl este
0:5 All-cis-5,8,11,14,17-eicosapentaenoic acid methyl ester

18:3 All-cis-9,12,15-octadecatrienoic acid methyl ester
18:2 All-cis-9,12-octadecadienoic acid methyl ester
18:1 cis-9-Octadecenoic acid methyl ester
18:0 Octadecanoic acid methyl ester
19:0b Nonadecanoic acid methyl ester

a 20:5, 22:6 and 18:3 are ω − 3 polyunsaturated fatty acid methyl esters.
b Used as the internal standard in the GC-FID quantification analyses.
Scheme 1. Structures of the two series of ionic liquids used.

including the distribution ratios, partition coefficients of PUFAMEs.
The stability constants of PUFAME–Ag+ complexes and the liquid
phase extraction isotherms of PUFAMEs are also investigated.

2. Experimental

2.1. Materials and reagents

AgBF4 (98%), 1-methylimidazole, ethyl bromide, 1-butyl chlo-
ride, 1-hexyl chloride, 1-octylbromide, ethyl acetate, NaBF4,
from Aldrich (Milwaukee, WI, USA), octane, decane, dodecane,
HPF6 from Alfa Aesar (Ward Hill, MA, USA), hexane, chloro-
form, dichloromethlyene from Fisher Scientific (Pittsburgh, PA,
USA, all HPLC grade) were used without further purification.
The fatty acid methyl esters (FAMEs, Table 1), DHA (22:6),
methyl all-cis-4,7,10,13,16,19-docosahexaenoic acid; EPA (20:5),
methyl all-cis-5,8,11,14,17-docosahexaenoic acid; (18:3), methyl
all-cis-9,12,15-octadecatrienoic acid; (18:2), methyl all-cis-9,12-
octadecadienoic acid; (18:1), methyl cis-9-octadecaenoic acid;
(18:0), methyl octadecanoate; and (19:0), methyl nonadecanoate
were obtained from Aldrich (Milwaukee, WI, USA). In the abbre-
viations of FAMEs shown above in parentheses, the first number
represents the number of carbons in the fatty acid; the second
number represents the number of double bonds in that fatty acid’s
alkyl chain (Table 1). More detailed information about the FAMEs
is provided in Table 1.

Imidazolium-based ionic liquids were synthesized accord-
ing to the general methods [27]. The ionic liquid cations
(Scheme 1) are referred to using the following abbrevia-
tions: [emim]: 1-ethyl-3-methylimidazolium, [bmim]: 1-butyl-
3-methylimidazolium, [hmim]:1-hexyl-3-methylimidazolium, and
[omim]: 1-octyl-3-methylimidazolium. Two different kinds of
anions were use in this work, BF4

− and PF6
−.

2.2. Analyses of fatty acid methyl esters by GC-FID

Gas chromatography analyses of fatty acid methyl esters

were performed using an HP 5890 series II gas chromatograph
(Hewlett Packard, Palo Alto, CA) equipped with an autoinjector
(model HP6890) and a flame ionization detector (FID). A Supelco
Omegawax 320 (30 m × 0.32 mm, df 0.25 �m) fused silica capillary
column with a bonded poly(ethylene glycol) phase was employed.

Trivial name Formula

r DHA CH3(CH2CH CH)6(CH2)2CO2CH3

EPA CH3(CH2CH CH)5(CH2)3CO2CH3

Methyl �-linolenate CH3(CH2CH CH)3(CH2)7CO2CH3

Methyl linoleate CH3(CH2)3(CH2CH CH)2(CH2)7CO2CH3

Methyl oleate CH3(CH2)7CH CH(CH2)7CO2CH3

Methyl stearate CH3(CH2)16CO2CH3

N/A CH3(CH2)17CO2CH3
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nificantly went up to 42.0 after a 30-min extraction from only 0.3
(1 min). The distribution ratios of the penta-unsaturated FAME 20:5
increased mostly significantly from 1.0 (1 min) to 329.1 (30 min). At
short extraction time (1 min), the distribution ratios of all the three
366 M. Li et al. / Talant

he OmegawaxTM column provides highly reproducible analyses of
atty acid methyl esters, specifically the omega-3 and omega-6 fatty
cids. GC analyses of fatty acid methyl esters exhibited high repro-
ucibilities. The oven temperature was programmed as follows:
eld constant at 190 ◦C for 10 min; and then increased at 3 ◦C/min
o 230 ◦C; and finally kept constant for 20 min. The internal stan-
ard (IS) (nonadecanoic acid methyl ester, 19:0) method was used
or quantifying FAME compositions via the equation Ci = RfCs(Ai/As),
here Rf is the response factor of the individual fatty acid methyl

ster, Ci is the amount of any methyl ester I, Cs is the amount
f 19:0, Ai is the area under the chromatographic peak of I, and
s is the peak area of internal standard 19:0. Nonadecanoic acid
ethyl ester, 19:0, with an odd number of carbons in the carboxylic

cid alkyl chain is widely used as an internal standard in the GC
uantification of FAMEs because it does not interfere with the nat-
ral FAMEs. The response factors of each FAMEs were determined
ccording to the reported method [28,29]. All the GC analyses
ere run in triplicate and the average values were reported in this

tudy.

.3. Batch extraction operations and determination of PUFAME
istribution ratios

The detailed extraction procedures were reported in our pre-
ious work [25]. Briefly, fatty acid methyl esters (dissolved in
exane or other alkanes, 1 mL) were extracted by an ionic liquid
1 mL) containing AgBF4. ILs were used as the solvents to dis-
olve and immobilize �-complexing reagent AgBF4. ILs also form
wo immiscible phases with alkanes. It is worthy of note that an
nion-exchange reaction could possibly take place when AgBF4 is
issolved in ILs with PF6

− as anions, for example, [hmim][PF6].
owever, the apparent or the total concentration of Ag+ is not
ffected by the anion-exchange reaction. The apparent concen-
rations of AgBF4 in ILs (mg/mL or mmol/mL) were used in this
ork. The extractions (shaken on a Mistral Multi-Mixer) were per-

ormed in capped amber-colored vials (4 mL) for various times at
5 ◦C. The vials were wrapped with aluminum foil to avert day-

ight. After standing and centrifuging, 0.5 mL of the upper hexane
hase was pipetted out and transferred to a small vial (2 mL) con-
aining a known amount of the internal standard (19:0). Then the
mount of PUFAMEs in hexane solution was determined by GC-
ID. The amount of PUFAMEs left in IL phase after extraction was
alculated by the mass balance. The distribution ratios of PUFAMEs
etween IL phase and alkane phase were calculated by the following
quation:

FAME =
{

CI − 2CD

2CD

}{
volume of alkane solution

volume of IL

}

where CI represents the initial PUFAME concentration in hexane
or other alkanes). CI was known according to the preparation of
eedstock solution; CD represents the PUFAME concentration in the
ransferred hexane solution (0.5 mL) (or other alkane solutions). CD
s determined by GC using the internal standard method. Because
nly 0.5 mL of hexane solution was transferred and analyzed from
he total 1 mL of the upper hexane phase used in the extraction, the
oefficient 2 was employed in this equation. The volumes of IL and
exane phases were omitted because they were both 1 mL in this
tudy.

.4. Determination of the extraction capacities of PUFAMEs from
xtraction isotherms
To determine the saturated extraction capacities for PUFAME
ptake, 1 mL of hexane solution containing PUFAME (18:3, 20:5,
r 22:6, respectively) with a concentration range between 0.3
nd 4.0 mg/mL was extracted by AgBF4 (5.5 mg) dissolved in
2009) 1364–1370

[hmim][PF6] (1 mL). The PUFAME extraction isotherms were
obtained by plotting the PUFAME concentrations in hexane
(mg/mL) as the X-axis and the amount of PUFAME extracted (mg/g
AgBF4) as the Y-axis.

2.5. Determination of water content in IL [hmim][PF6] by Karl
Fishers titration method

[Hmim][PF6] was selected for water content analysis because it
was the IL used in the majority of the experiments conducted. After
it was freeze-dried on a lyophilizer overnight, an exact amount of
[hmim][PF6] was weighed and dissolved in dry dichloromethane.
The water content in IL [hmim][PF6] was determined by a Met-
tler Toledo DL 32 coulometer using the Karl Fishers method
[30].

3. Results and discussion

3.1. Effect of extraction time

Long chain fatty acid methyl esters are generally more readily
soluble in hexane than in polar ILs. However, the �-complexing
interaction between silver ions and double bonds of PUFAMEs
enables the highly selective extraction of unsaturated fatty acid
methyl esters from hexane into the IL phase. This specific and
reversible �-complexing interaction has already been widely uti-
lized to separate olefins from saturated paraffins including an
example using functionalized ionic liquids [31–33]. However, mass
transfer of PUFAMEs between the two phases needs to overcome
the phase barrier energy. This transport process takes time to
occur. Therefore, the effect of extraction time on the distribution
ratios of PUFAMEs was studied (Fig. 1). The distribution ratios of
the di-unsaturated FAME 18:2 increased from 0.2 (1 min) to 18.3
(30 min). The distribution ratios of tri-unsaturated FAME 18:3 sig-
Fig. 1. Effect of extraction time on PUFAME distribution ratios. Individual 18:2, 18:3
or 20:5 (2 mg) dissolved in hexane (1 mL) was extracted by AgBF4 (5.5 mg) dissolved
in [hmim][PF6] (1 mL), respectively.
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alkyl chain length is increased. Extraction results clearly indicated
that AgBF4 dissolved in the more hydrophobic [Cnmim][PF6] series
ILs exhibited significantly higher extraction capabilities than in the
more hydrophilic [Cnmim][BF4] ILs (Figs. 3 and 4). For instance, the
M. Li et al. / Talant

UFAMEs showed lower values. Thus, the transport of PUFAMEs
rom hexane phase into IL phase needs a suitable period of time
ven in the presence of AgBF4. The increase in distribution ratios
radually leveled off after 30-min of extractions, indicating that
istribution equilibrium was reached. Extraction times greater
han 30 min were not used because longer extractions at room
emperature and exposures to daylight might lead to oxidation,
olymerization, isomerization or degradation of the thermally and
hotochemically liable PUFAMEs [34]. Silver salts are also known
s light-sensitive compounds. Therefore, a 30-min vibration in the
ark was selected as the standard extraction time.

.2. Effect of alkane solvents as organic phases

Because of an ample availability and suitable stability, 18:3 was
elected as a representative PUFAME to investigate the influence
f alkane solvents as organic phases on the distribution ratios
Fig. 2). Since alkylimidazolium tertrafluoroborate or hexafluo-
ophosphate ILs are highly miscible with polar solvents such as
cetone, methanol, acetonitrile, and chloroform, these polar sol-
ents could not be used in this liquid–liquid biphasic extraction.
onpolar toluene or benzene shows low miscibility with ILs. How-
ver, because of their aromatic �-bond structures, toluene and
enzene may impair the extraction capability of AgBF4 by coor-
inating with Ag+. Therefore, neither toluene nor benzene could be
sed. In contrast, alkanes show no ability to coordinate silver ions
nd are immiscible with ILs. Moreover, PUFAMEs show high solu-
ilities in alkanes. Therefore, an alkane was finally selected as the
rganic phase to dissolve PUFAME. To investigate the effect of alka-
es on the distribution ratios, 18:3 dissolved in alkanes possessing
ifferent alkyl chain lengths was extracted by AgBF4 (5.5 mg) dis-
olved in [hmim][PF6] (1 mL) (Fig. 2). According to Teramoto’s work
9], the distribution ratio was proportional to the activity coefficient
f eicosapentaenoate’s ethyl ester in the organic phase. The distri-
ution ratios of 20:5 increased with an increase in carbon number
f the alkane employed [9]. However, our results showed a reversed
rend. As seen in Fig. 2, the distribution ratios of PUFAME 18:3 grad-
ally decreased with an increase in the alkyl chain length of the
lkane. The distribution ratio of PUFAME 18:3 in hexane showed
he highest value of 6.7. It was only 1.6 when n-dodecane was used

s organic solvent. This discrepancy between Teramoto’s work and
urs could be possibly due to the different extraction phases used in
he two studies. Aqueous AgNO3 solution was used as the extraction
hase in Teramoto’s work, while AgBF4–ionic liquid [hmim][PF6]
as used in our work.

ig. 2. Effect of alkane solvents on the PUFAME 18:3 distribution ratios. 18:3 (2 mg)
issolved in different alkanes (1 mL) was extracted by AgBF4 (5.5 mg) dissolved in
hmim][PF6] (1 mL).
Fig. 3. Effect of ionic liquid structures, [Cnmim][PF6] (n = 4, 6 and 8), on the PUFAME
18:3 distribution ratios. 18:3 (2 mg) dissolved in hexane (1 mL) was extracted by
AgBF4 (5.5 mg) dissolved in various ionic liquids (1 mL).

3.3. Effect of the ionic liquid structures

To investigate the effect of the IL structures on the distribution
ratios of PUFAME 18:3, two series of different ILs with dissolved
AgBF4 were used as extraction phases. Particularly, the influence
of the hydrophobicity of different ILs was considered using 18:3
as the representative PUFAME. Both the cation and anion struc-
tures could influence the IL hydrophobicities. Generally, ILs with
PF6

− as anions are more hydrophobic than those containing BF4
−

when their cations are identical [35]. When the anions are iden-
tical, IL hydrophobicities increase when the imidazolium cation’s
Fig. 4. Effect of ionic liquid structures, [Cnmim][BF4] (n = 2, 4, 6, and 8), on the
PUFAME 18:3 distribution ratios. 18:3 (2 mg) in hexane (1 mL) was extracted by
AgBF4 (5.5 mg) dissolved in various ionic liquids (1 mL).
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wo ILs ([hmim][PF6] and [hmim][BF4]) share the same cation (1-
exyl-3-methylimidazolium) but possess different anions (PF6 or
F4). The distribution ratio of 18:3 is 19.0 with AgBF4–[hmim][PF6]
s extraction phase (Fig. 3), but only 3.4 with AgBF4–[hmim][BF4]
Fig. 4). When ILs share the same anion, the distribution ratios of
UFAME 18:3 also increased with an increase in the IL hydrophobic-
ty. For example, the distribution ratio of 18:3 increased from 0.03
sing AgBF4–[emim][BF4] to 5.3 using AgBF4–[omim][BF4] (Fig. 4).

n another series of ILs, the 18:3 distribution ratios were 14.1 and
6.7 when AgBF4–[bmim][PF6] and AgBF4–[omim][PF6] were used
s extraction phases, respectively. This result again demonstrated
hat AgBF4 dissolved in hydrophobic ILs had higher extraction
apabilities than when dissolved in hydrophilic ILs. The higher
xtraction capabilities of AgBF4 in hydrophobic ILs could possibly
e ascribed to the fact that hydrophobic ILs can more readily solu-
ilize the highly hydrophobic omega-3 fatty acid methyl esters. In
ddition, the lower solvation or hydration of AgBF4 in hydrophobic
Ls could also be an explaination.

.4. Effect of AgBF4 concentration in ILs on the extraction
quilibrium parameters

The preferential extraction of polyunsaturated fatty acid methyl
sters (PUFAMEs) fundamentally stems from the �-complexing
nteraction between Ag+ and the PUFAMEs’ double bonds. ILs with-
ut silver salt only gave minimal extraction of PUFAMEs [25]. In
his work, the effect of AgBF4 concentrations on PUFAME distri-
ution ratios was further studied. A profile of the various PUFAME
18:2, 18:3, or 20:5) distribution ratios versus AgBF4 concentrations
n [hmim][PF6] is shown in Fig. 5. The PUFAMEs were dissolved in
exane. The distribution ratios for all three PUFAMEs increased with
n increase in AgBF4 concentrations. When AgBF4 concentrations
ere near 0.01 mmol/mL, the distribution ratios for all the PUFAMEs
ere very low. The distribution ratios of PUFAME 20:5 went up sig-
ificantly with increasing AgBF concentration, climbing to 331.1
4
hen the AgBF4 concentration was 0.042 mmol/mL. The distribu-

ion ratios of PUFAMEs 18:3 and 18:2, however, increased rather
lowly compared with that of 20:5, reaching only 42.0 and 18.4,
espectively, at a AgBF4 concentration of 0.042 mmol/mL.

ig. 5. Effect of AgBF4 concentration on PUFAME distribution ratios. Individual 18:2,
8:3 or 20:5 (2 mg) dissolved in hexane (1 mL) was extracted by AgBF4 dissolved in
hmim][PF6] (1 mL), respectively.
Scheme 2. Proposed extraction process of PUFAME 18:3 using AgBF4–[hmim][PF6]
as the extraction phase. PUFAME18:3 dissolved in hexane is extracted by AgBF4 dis-
solved in [hmim][PF6]. ˇ3 is the stability constant of the complex formed between
18:3 and AgBF4.

Teratomo [9] deduced that one Ag+ coordinates, on average,
with one PUFAME double bond. Assuming this is correct, a pos-
sible mechanism for organic/silver-IL biphasic liquid extraction of
PUFAMEs is postulated in Scheme 2. In addition, the apparent equi-
librium parameters such as partition coefficient and Ag+–PUFAME
complex stability constant were also calculated as follows.

First, the PUFAME physically dissolves in the IL phase or
physically distributes between organic hexane and ionic liquid
[hmim][PF6] phases:

(PUFAME)O � (PUFAME)IL, KD = (PUFAME)IL

(PUFAME)O
(1)

where KD is the partition coefficient and subscripts O and IL denote
the organic and IL phases, respectively.

Subsequently, the dissolved PUFAME coordinates with n moles
of Ag+ in the IL phase to form a (PUFAME·nAg)n+ complex, where n
is the number of double bonds of PUFAME.

(PUFAME)IL + n(Ag+)IL � 〈PUFAME · nAg〉n+
IL ,

ˇn = [〈PUFAME · nAg〉n+]IL

[(PUFAME)IL · (Ag+)n
IL]

(2)

Here ˇn is the stability constant for the formation of (PUFAME
nAg)n+ complex in IL phase. The distribution ratio, D, is defined as
the ratio of total PUFAME concentration (free + complexed form) in
IL phase to the total concentration in organic alkane phase. Thus, D
can be derived from Eqs. (1) and (2) and expressed as:

Distribution ratio, D = [PUFAME]IL + [(PUFAME · nAg)n+]IL

[PUFAME]O

= KD + KDˇn([Ag+]IL)n (3)

The following Eq. (4) was derived from Eq. (3), when the extrac-
tions of PUFAMEs, 20:5, 18:3, or 18:2 (n = 5, 3, or 2), were performed,
respectively. The distribution ratios D were obtained when extrac-
tions were performed using AgBF4 dissolved in [hmim][PF6] as
extraction phase, whereas the partition coefficients KD were
obtained using the pure IL [hmim][PF6] without AgBF4 as the
extraction phase. The stability constants ˇn of the (PUFAME·nAg)n+

complexes were then obtained by substituting these values into Eq.
(4).

ˇn = D − KD

KD[Ag+]n (4)

Here [Ag+] represents the free Ag+ concentration in IL phase which
can be estimated using Eq. (5):

[Ag+] = [Ag+]I − n[(PUFAME · nAg)]n+ (5)

where the subscript I denotes the initial AgBF4 concentration in

[hmim][PF6]. From the values of D, KD, and [Ag+], ˇn was calculated
by Eq. (4). All of these values are listed in Table 2.

The distribution ratio of PUFAME 20:5, D20:5, was about 2 orders
of magnitude higher than D18:2 using AgBF4–[hmim][PF6] as extrac-
tion phases (Table 2). However, the physical partition coefficients
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Table 2
Values of PUFAME partition coefficients (KD), distribution ratios (DPUFAME), and
PUFAME–Ag+ complex stability constants (ˇn).

PUFAME KD
a DPUFAME

b ˇn (mL/mmol)

20:5 0.09 198 7.03 × 1019

18:3 0.05 19 3.44 × 108

18:2 0.04 2.1 1.27 × 105

a Partition coefficient (KD) was obtained by extracting PUFAME (2 mg) dissolved
in hexane (1 mL) using [hmim][PF6] (1 mL) without adding AgBF4 as the extraction
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hase for 30 min.
b Distribution ratio (DPUFAME) was obtained using the experimental procedures

escribed in Section 2. The initial concentration of AgBF4 dissolved in [hmim][PF6]
as 5.5 mg/mL.

KD) of the three PUFAMEs (20:5, 18:3 and 18:2) between the hex-
ne and the [hmim][PF6] phases had similar values. This confirmed
hat the selective extraction of PUFAMEs resulted almost entirely
rom the differences in PUFAME–Ag+ complex formation rather
han from physical partition of the PUFAME in the IL phase. The
tability constants (ˇn) of PUFAME–Ag+ complexes also increased
s the degree of FAME unsaturation rose. This demonstrated that
UFAME–Ag+ complexes become increasingly stable in ILs as the
umber of double bonds of the PUFAMEs increases.

.5. Extraction isotherms and extraction capacities

The extraction isotherms of PUFAMEs (22:6, 20:5, and 18:3)
ere investigated by extracting each individual PUFAME hexane

olution (0.3–4.0 mg/mL) with AgBF4–[hmim][PF6] (5.5 mg/mL)
or 30 min at 25 ◦C. The amount of each PUFAME extracted into
hmim][PF6] phase was determined by GC-FID using the material
alance method. The extracted amounts of PUFAMEs were plotted
ersus the PUFAME concentrations in hexane in Fig. 6. The maxim
xtraction capacities from the extraction isotherms for PUFAMEs
8:3, 20:5 and 22:6 were 420.5, 540.7 and 650.3 mg/g AgBF4,
espectively. The extraction capacities increased as the degree of
nsaturation increased. In a control test, the extraction isotherm of
UFAME 20:5 between aqueous methanol (water:methanol = 4:1,
/v) and hexane phases was also determined in order to com-
are the [hmim][PF6] with aqueous methanol that used to dissolve
gBF4. The extraction capacity was only 15.9 mg/g AgBF4 using
gBF4/aqueous methanol as extraction phase. Therefore, it is clear
hat AgBF4 in the IL [hmim][PF6] showed a much higher extraction
apacity (540.7 mg/g AgBF4) than in aqueous methanol solution
15.9 mg/g AgBF4). Moreover, in another control test, the extrac-
ion capacity of PUFAME 20:5 was only 1.0 mg/g AgBF4 when
gBF4–pure water was tested as the extraction phase. Therefore,

ig. 6. Extraction isotherms of PUFAME. AgBF4 (5.5 mg) dissolved in [hmim][PF6]
1 mL) or water:methanol = 4:1(v/v) were used as extraction phases. PUFAMEs (18:3,
0:5, or 22:6) with a concentration range between 0.3 and 4.0 mg/mL were extracted.

[
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the extraction capability of AgBF4 in pure water without organic
co-solvent such as methanol was even lower than that in aqueous
methanol solution. This may be because water strongly hydrates
Ag+ making �-coordination by PUFAMEs more difficult or because
water could not solubilize the Ag+–PUFAMEs complex well. Under
our experimental conditions, a very low water content (38.2 ppm)
as determined by Karl Fishers method existed in the hydrophobic
IL [hmim][PF6]. This suggests that silver ion could be less strongly
or unhydrated in the hydrophobic ionic liquid. These extraction
capacity tests using various extraction phases clearly confirmed and
illustrated the unique and exceedingly high extraction capacity of
AgBF4 when dissolved in hydrophobic ILs. Although the production
cost of ILs is higher than that of water or methanol, the much higher
extraction capacities of AgBF4 in ILs and the ability to reuse the ILs
would compensate for the IL production cost. In this circumstance,
higher extraction capacities allow for using less AgBF4 to extract
the same amount of PUFAMEs. Teramoto et al. [9] extracted only
0.76 mg of 20:6’s ethyl ester that dissolved in heptane (1 mL) using
a highly concentrated aqueous AgNO3 (1.02 g/mL) solution as the
extraction phase. However, in our work, only 0.0041 g of AgBF4 dis-
solved in [hmim][PF6] (1 mL) was used to completely extract 0.9 mg
of 20:6’s methyl ester in hexane (1 mL). This comparison clearly
established the unique and remarkably high extraction efficiency
of silver salts when dissolved in hydrophobic ILs.

4. Conclusion

In summary, a novel and efficient method to extract and enrich
polyunsaturated fatty acid methyl esters (PUFAMEs) has been
described. The excellent separation power of ILs containing sil-
ver salts has also been established. The extraction equilibrium
parameters were investigated using GC-FID and an extraction
mechanism was tentatively proposed. The PUFAME extraction
isotherms and extraction capacities were determined using the
novel AgBF4–IL extraction phase. These values clearly demon-
strated that AgBF4–[hmim][PF6] has a much higher extraction
capability than the traditional water–silver salt system. The higher
extraction capabilities of AgBF4 in hydrophobic ILs result from
lower Ag+ hydration in ILs than in aqueous solution. This allows sil-
ver ions to efficiently coordinate with the PUFAME double bonds.
This coordination strength increases as the degree of unsatura-
tion increases. Water, in contrast, strongly coordinates with silver
ions (hydration), thereby competing with PUFAME coordination. In
addition, ILs may also solubilize the Ag+–PUFAMEs complex well,
due to their ionic character. These examples clearly demonstrate the
synergy between silver compounds and ionic liquids for PUFAME
extraction.
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a b s t r a c t

Disturbances in maternal folate, homocysteine, and glutathione metabolism have been reported to be
associated with neural tube defects (NTDs). However, the role played by specific components in the
metabolic pathways leading to NTDs remains unclear. Thus an analytical method for simultaneous mea-
surement of sixteen compounds involved in such three metabolic pathways by high performance liquid
chromatography–tandem mass spectrometry was developed. The use of hydrophilic chromatography col-
umn improved the separation of polar analytes and the detection mode of multiple-reaction monitoring
(MRM) enhanced the specificity and sensitivity so as to achieve simultaneous determination of three class
olate
omocysteine
lutathione
eural tube defects

of metabolites which have much variance in polarity and contents. The influence of parameters such as
temperature, pH, flow rate on the performance of the analytes were studied to get an optimal condition.
The method was validated for its linearity, accuracy, and precision, and also used for the analysis of serum
samples of NTDs-affected pregnancies and normal women. The result showed that the present method
is sensitive and reliable for simultaneous determination of as many as sixteen interesting metabolites

mea
which may provide a new
potential biomarkers.
. Introduction

Neural tube defects (NTDs) are among the most common human
ongenital malformations that occur as a result of failure of the neu-

Abbreviations: NTDs, neural tube defects; HPLC/MS/MS, high-performance liq-
id chromatography-electrospray tandem mass spectrometry; FA, folic acid; THF,
etrahydrofolate; 5-FT, 5-formyltetrahydrofolate; 5-MT, 5-methyltetrahydrofolate;

et, methionine; Hcy, homocysteine; His, histidine; Ser, serine; Cysta, cystathio-
ine; SAH, S-adenosyl-homocysteine; SAM, S-adenosyl-methionine; GSH, reduced
lutathione; GSSG, oxidized glutathione; CysGly, cysteinylglycine; GluCys, glutamyl-
ysteine; Cys, cysteine; Ade, adenosine; DTT, dithiothreitol; QC, quality control;
RM, multiple-reaction monitoring; 5,10-MT, 5,10-methylenetetrahydrofolate; MS,
ethionine synthase; MTHFD, methylenetetrahydrofolate dehydrogenase; MTHFR,

,10-methylenetetrahydrofolate reductase; MT, methyltransferases; CBS, cystathio-
ine �-synthase; SAHH, S-adenosyl-homocysteine hydrolase; GCL, glutamate-
ysteine ligase; GS, glutathione synthase; GR, glutathione reductase.
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ns to study the underlying mechanism of NTDs as well as to discover new

© 2009 Elsevier B.V. All rights reserved.

ral tube to close during the fourth week of human embryogenesis
with defects occurring at any point along the formation of the spinal
cord. Although the diagnosis is easy, NTDs etiology is quite com-
plex and multifactorial, involving environmental [1], nutritional
[2,3] and genetic [4–6] components. In addition, NTDs’ prevalence
varied according to geographical area, ethnic group and socioeco-
nomic level [7–9]. In Europe 10/10,000 new-born children present
with NTDs [10], whereas in China these defects occur in 10/10,000
births in southern areas, 50–60/10,000 in northern areas [11], and
160–180/10,000 in the area of our study [12,13]. Despite the great
majority of prenatal losses, NTDs can lead to lifelong disability and
cause tremendous social costs annually.

There is now ample evidence that low blood folate sta-
tus is closely associated with the risk of NTDs [14–17].
In folate metabolism, 5-methyltetrahydrofolate (5-MT),

5-formyltetrahydrofolate (5-FT), tetrahydrofolate (THF) and unme-
tabolized dietary folic acid (FA) are the main folate vitamers. In our
previous publication [18], serum concentrations of 5-MT, 5-FT and
FA were found significantly reduced in pregnancies affected by
NTDs. Therefore, the accurate characterization of folate metabolism
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Fig. 1. The folate, homocyseine and

ill make us better understand the potential mechanisms of NTDs.
urthermore, folate is involved in the methylation of homocysteine
Hcy) into methionine (Met), and a low-folate status can result in
he accumulation of Hcy [19]. Accumulated Hcy results in the sec-
ndary accumulation of S-adenosyl-homocysteine (SAH). Elevated
AH concentrations will reduce the methylation index and thus
epress the process of transmethylathion [20]. Additionally, the sig-
ificant decrease in the ratio of S-adenosyl-methionine (SAM):SAH,
lso called “methylation index”, is an indicator of hypomethylation
21]. Therefore, the disturbances of Hcy metabolism as well as
olate metabolism could both impact the formation of NTDs.

Additionally, the metabolic pathway from Hcy to glutathione is
eferred to as the transsulfuration pathway. Elevated Hcy is associ-
ted with alterations in the transsulfuration pathway that lead to
reater oxidative stress [22]. Some experimental models have sug-
ested that, in addition to evidence of a direct teratogenic effect,
levated Hcy may have an indirect embryo toxic effect by increas-
ng oxidative stress through excessive production of reactive oxygen
pecies and by decreasing the glutathione-dependent antioxidant-
efense mechanisms [22,23]. To sum up, the underlying alterations
n folate, Hcy and glutathione metabolism are well associated with
TDs.

Pathways involved in folate, Hcy and glutathione metabolism
re depicted in Fig. 1 (the compounds investigated in our study
ere signed in bold type). To better understand the underlying

able 1
ean retention times and compound-dependent MS parameters for each analyte.

easured compound Mean retention time (min ± S.D.) Precursor ion

A 31.91 ± 0.05 442.2
HF 29.03 ± 0.03 446.1
-MT 30.14 ± 0.04 460.2
-FT 31.68 ± 0.02 474.2
cy 7.05 ± 0.03 136.0
et 12.66 ± 0.02 150.0

AH 19.83 ± 0.04 385.2
AM 8.07 ± 0.03 399.2
ysta 6.51 ± 0.02 223.0
is 6.13 ± 0.03 156.0
er 11.50 ± 0.03 106.1
ys 12.12 ± 0.03 122.1
luCys 14.08 ± 0.02 251.2
ysGly 13.45 ± 0.03 179.2
de 22.03 ± 0.03 268.2
SH 14.61 ± 0.04 308.2
thione related metabolic pathways.

mechanism of NTDs, sixteen pivotal metabolites in the three path-
ways were quantified simultaneously, namely FA, THF, 5-MT, 5-FT,
histidine (His) and serine (Ser) in folate metabolic pathway; Hcy,
Met, SAM, SAH and adenosine (Ade) in Hcy metabolic pathway;
and cystathionine (Cysta), reduced glutathione (GSH), cysteine
(Cys), cysteinylglycine (CysGly) and glutamylcysteine (GluCys) in
transsulfuration pathway.

Various analytical tools based on gas or liquid chromatography
have been developed for the determination of folates, amino acids,
glutathiones and other aforementioned metabolites in biological
samples [24–28]. Although gas chromatography/electron impact-
mass spectrometry (GC/EI-MS) allows sensitive detection of amino
acids [25], this technique requires chemical derivation procedures
in order to enhance the volatility of compounds. Alternatively,
liquid chromatographic analysis generally relies on derivatization
followed by ultraviolet [28,29], fluorometric [30–32] detection.
However, because of the prior derivatization of sulfydryl groups,
these methods are limited to free thiol-containing compounds
bearing a blocked thiol function such as Met or GSH. These draw-
backs can be overcome by the use of liquid chromatography coupled

to electrospray tandem mass spectrometric (LC/MS/MS) detection,
due to its high sensitivity and specificity. Based on these consid-
erations, a LC/MS/MS method for simultaneous quantification of
sixteen metabolites of the three pathways in human serum was
developed in our research.

Fragment ion DP FP EP CE CXP

295.1 45 150 9 18 10
299.0 45 150 8 18 10
313.1 40 150 9 24 15
327.2 45 150 10 25 15

90.0 27 110 6 16 8
104.0 30 110 6 15 9
136.2 40 140 8 25 12
250.1 40 150 8 20 10
134.1 35 130 8 20 11
110.1 30 115 8 19 10
60.0 30 110 7 15 11
76.1 32 110 6 18 15

122.1 33 120 7 16 10
76.1 30 120 5 20 13

136.1 40 150 9 22 10
179.2 35 130 8 16 15
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Table 2
Precisions and recoveries of spiked QC serum samples.

Compound Intra-day (n = 6) Inter-day (n = 9) Spiked concentration

Lowa Mediuma Higha Mediuma Lowa Mediuma Higha

Recovery (%) CV (%) Recovery (%) CV (%) Recovery (%) CV (%) CV (%) (ng mL−1) (ng mL−1) (ng mL−1)

FA 97.1 4.99 90.9 7.31 86.7 7.91 7.84 1 2 4
THF 76.5 9.75 83.4 6.29 91.8 8.23 8.83 5 10 20
5-MT 113.1 7.27 102.0 5.04 99.1 2.43 8.64 5 10 20
5-FT 86.8 9.77 109.4 4.15 93.5 3.63 6.94 5 10 20
Hcy 100.4 5.43 103.6 3.71 93.2 4.89 7.09 400 800 1200
Met 89.3 6.75 106.3 5.68 111.2 4.67 6.78 1000 2000 4000
SAH 88.4 5.38 108.8 7.44 92.0 4.25 5.89 5 10 20
SAM 85.2 3.66 93.1 4.12 108.6 5.25 6.67 10 20 40
Cysta 75.6 5.84 93.5 4.42 93.2 1.27 4.98 5 10 20
His 84.5 2.46 114.8 2.38 94.7 4.37 5.37 1500 3000 6000
Ser 78.9 8.16 105.5 7.52 94.5 10.1 3.04 50 100 200
Cys 98.5 3.85 105.3 2.17 97.3 5.12 4.65 1500 3000 6000
GluCys 94.4 6.63 95.6 3.29 95.7 4.88 6.20 300 600 1200
CysGly 85.2 4.47 90.9 5.01 94.7 3.52 4.67 1000 2000 4000
A
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de 83.5 3.76 98.4 4.78 89.4
SH 100.4 6.69 106.2 8.44 119.0

a Serum samples spiked with low, medium, or high concentrations.

To our knowledge, owing to the instabilities, wide concentration
anges and strong polarities of the analytes, the simultaneous quan-
ification of relevant components that cover the three metabolic
athways has not been reported. The established method is a multi-
lass metabolites analysis and will be helpful to the study of the
nderlying mechanism of NTDs.

. Experimental

.1. Apparatus

An Applied Biosystems (Toronto, Canada) API 3000 triple-
uadrupole tandem mass spectrometer, equipped with a Turbo
onspray interface and an Agilent 1100 binary HPLC system
Palo Alto, CA, USA), was used for LC–MS/MS analysis. Separa-
ion was performed on an UltimateTM AQ-C18 analytical column
250 mm × 4.6 mm I.D., 5 �m, Welch Materials, MD, USA) con-
ected to an Alltech guard column (7.5 mm × 4.6 mm, 5 �m
articles). For pH measurement, a microprocessor pH meter was
sed (HANNA, Italia). Ultrapure water (18.2 M�) was prepared with
Milli-Q water purification system (Millipore, France).

.2. Chemicals and reagents

The following compounds were obtained from Sigma–Aldrich
St. Louis, MO, USA): FA, THF 5-MT, 5-FT, Hcy, Met, Cysta, SAM,
AH, His, Ser, Ade, GSH, Cys, CysGly, GluCys, dithiothreitol (DTT).
PLC-grade methanol, acetonitrile were purchased from Honey-
ell Burdick & Jackson (Muskegon, MI, USA); analytical-grade

mmonium formate, formic acid, ascorbic acid and citric acid
onohydrate were purchased from Beijing Chemical Company

Beijing, China).

.3. Methods

.3.1. Preparation of samples
Before analysis, 100 �L of aqueous DTT (15 mg/mL) were added

o 200 �L aliquots of serum, vortexed for 2 min, and then treated
ith 800 �L of methanol containing ascorbic acid and citric acid
both 100 �g/mL). The mixture was vortexed for 2 min and then
entrifuged at 10,000 rpm for 15 min at 4 ◦C. The clear supernatant
as transferred to a 1.5 mL polypropylene tube, and dried under
gentle stream of nitrogen at room temperature. The residue
as reconstituted with 100 �L of water containing 10 �g/mL of
2.45 7.23 80 160 320
10.5 5.79 500 1000 2000

ascorbic acid, citric acid, and DTT, and stored at −20 ◦C before anal-
ysis.

2.3.2. LC–MS/MS methods
HPLC analysis was performed with an Agilent 1100 Series sys-

tem. Separation was carried out with an analytical reversed-phase
column UltimateTM AQ-C18, 250 × 4.6 mm I.D. packed with 5 �m
particles (Welch Materials, MD, USA). The mobile phases were set
as follows: 5 mM ammonium formate, adjust to pH 3.2 with 0.15%
(v/v) formic acid (eluent A), and 0.15% (v/v) formic acid in acetoni-
trile (eluent B). The following linear elution gradient was used (flow
rate, 500 �L/min): 0–25 min, 100% A to 20% A; 25–28 min, 20% A to
5% A; 28–30 min, 5% A to 100% A. The equilibration time was 10 min.
And the flow was reduced to 200 �L/min prior to MS detection using
a T-split. Column temperature was set to 30 ◦C. The total analysis
time was 40 min and the injection volume was 20 �L in each run.

The MS/MS operating parameters were obtained and optimized
under positive-ion (ESI+) mode. Multiple-reaction monitoring
(MRM) transitions for each analyte were individually optimized
and summarized in Table 1. To ensure the sensitivity of detection,
MRM experiments were divided into two periods to monitor the
transitions of particular analytes separately. The ionspray voltage of
5000 V and source temperature of 400 ◦C were adopted. The colli-
sion gas (nitrogen) was set at 6 mTorr. The flow rates of the nebulizer
gas (air), curtain gas (nitrogen), and drying gas (nitrogen) were 8, 9,
1.2 L/min, respectively. The choice of ionization conditions for each
analyte was made with the aim of maximizing the sensitivity under
the experimental conditions.

2.3.3. Preparation of calibration standards and quality control
samples

Stocked solutions for each standard were prepared at a con-
centration of 100 �g/mL in 50:50 (v/v) methanol/water and stored
at −20 ◦C. For folates, the standard solutions were containing
100 �g/mL each of ascorbic acid, citric acid and DTT to inhibit oxida-
tion. And the DTT of 100 �g/mL was added to the standard solutions
of Hcy, GSH, and Cys to keep their reduced forms. Calibrants were
prepared by diluting the stocked solutions with water (containing
assembled antioxidants as above), resulting in concentrations of

0.5, 1, 2, 5, 10, 50 ng/mL for FA, 5-MT, 5-FT, Cysta, and SAH, 2, 5,
10,50, 100, 200 ng/mL for THF and SAM, 0.02, 0.05, 0.1, 0.2, 0.5, 1
and 2 �g/mL for Hcy, Ser, and Ade, 0.1, 0.2, 0.5, 1, 2, 5, 10 �g/mL for
Met and His, and 0.05, 0.1, 0.2, 0.5, 1, 2, 4, 8 �g/mL for Cys, GluCys,
CysGly, and GSH. Quality control (QC) samples were prepared by
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piking 200 �L aliquots of blank serum with low, medium, and
igh concentrations of standards to obtain a serum spiking solution,
espectively (see Table 2 for individual standard enrichments). All
he stock solutions, working solutions and QC samples were stored
t −20 ◦C and brought to room temperature before use.

.3.4. Calibration curve
External calibration method was used for the quantitative anal-

sis. Calibration curves were obtained by the plots of the peak-area
ersus the concentration of the standards and analyzed for three
uns. The concentrations of the metabolites in serum samples were
etermined by using the equations of linear regression obtained
rom the calibration curves.

.3.5. Method validation
The precision and accuracy studies were performed by calcu-

ating the CVs (coefficient of variations) and recoveries obtained
rom the QC samples. Intra-day precision (each n = 6) was evalu-
ted by analysis of QC samples at different times on the same day.
nter-day precision (n = 9) were determined by repeated analysis of
C samples spiked with standards of medium concentration thrice
er day over three consecutive days. The calibration curves were
alibrated everyday by analyzing two working solution samples
efore analyzing the serum samples to ensure the precision of the
esults.

The extraction recoveries were determined by analysis of the
lank serum spiked with an equivalent concentration of exoge-
ous replications. Three concentrations were studied: the center
as the endogenous level, the low and high were 50% and 200% of

he center, respectively.
The compound stability for 0, 2, 4, 8, 16 and 24 h at −20 ◦C in

erum was evaluated by repeated analysis at the medium concen-
ration of QC samples.

.3.6. Date analysis
The mass spectrometry data were processed using Analyst soft-

are (Applied Biosystems, Foster City, CA, USA) in the API3000
C/MS/MS system. Linear regression analysis (Excel) was used to
erify the linearity of the calibration curves.

. Results and discussion

.1. Optimization of sample preparation

.1.1. Optimization of sample extraction
Unless the analyte species were extracted from the serum

amples prior to LC/MS/MS, co-eluting serum components either
uppressed ionization or interfered with analytes detection.
herefore, preliminary sample extraction would be necessary to
C/MS/MS analysis in order to eliminate interference from the
erum matrix, although MS/MS can provide high specificity because
f its ability to monitor selected mass ions. Preliminary sample
xtraction was usually carried out by protein precipitation with
cids (including sulfosalicylic acid, perchloric acid, trichloroacetic
cid, meta-phosphoric acid), methanol, acetonitrile, solvent to
olvent extraction, solidphase extraction (SPE), or combinations
hereof. However, the use of acid solutions was prevented by
he need to obtain a pH compatible with the column specifi-
ations. And the SPE was excluded due to its time-consuming
rocedure and the analytes’ thermal instability. To simplify and
ncrease the speed of sample preparation, serum samples were
eproteined with methanol and acetonitrile respectively. Owing
o poor solubilities in acetonitrile, some of the analytes were
eparated from the supernatant and resulted in low recoveries.
inally, the methanol was chosen as protein precipitation agent
Fig. 2. The stability of folates in the absence and presence of the antioxidants at
room temperature.

for its good intermiscibility with analytes and protein precipitation
ability.

3.1.2. Application of the dithiothreitol
In biological systems, low-molecular-mass aminothiols such as

homocysteine, cysteine, and reduced glutathione contain thiols,
were easily oxidized to various disulfides. In serum, aminothiols
exist in different forms, including the protein-bound fraction, free
oxidized fraction such as cycteine–homocysteine or other mixed
disulfides, and aminothiol dimers. To determine total aminothiols,
it is necessary to cleave disulfide bounds in order to form the free
sulfydryl group. As described in our previous work [33], the DTT was
effective at reducing amino disulfides to its monomers and stabi-
lizing the monomers once they are formed [30,31,34]. Besides, as a
reducer, DTT also has protective and reductive effects on folates.

3.1.3. Optimization of antioxidants system
Folates are susceptible to light, heat, and other oxygen con-

ditions. Because of the instability of folates, it was necessary to
add antioxidants to the system to prevent degradation. Based on
literature review [35–37], it was found that ascorbic acid and 2-
mercaptoethanol were frequently used antioxidants, while citric
acid was a good synergist of them. In order to achieve the best pro-
tective effect, we evaluated different combinations of ascorbic acid,
citric acid, 2-mercaptoethanol and DTT of varying concentrations.
And the optimal combinations and concentrations of antioxidants
were the combination of ascorbic acid (100 �g/mL), citric acid
(100 �g/mL) and DTT (15 mg/mL). The protective effect of the opti-
mal antioxidants system for folates in 24 h was evaluated. Fig. 2
shows that stabilities of folates were obviously increased with the
presence of the antioxidants, especially after 4 h.

3.2. Optimization of chromatography and mass spectrometry
conditions

3.2.1. Optimization of chromatography condition
Standard reversed-phase chromatography yields little retention

for amino acids because of their hydrophilic and ionic character.
They were eluted close to the solvent front, which made the separa-
tion difficult. In order to minimize ion suppression from both matrix
effects and interferences from co-eluted compounds in the system,
it was essential to increase chromatographic separation. Derivati-
zation methods are conventionally used for hydrophilic amino acid
separation and determination, but these methods were not suit-
able for this thermally unstable system. Therefore, the hydrophilic
column was chosen over standard reverse-phase columns due to
its better adsorption capacity of polarity compounds, which can
help overcoming the minimal retention of hydrophilic compounds

in reversed-phase HPLC. In this study, based upon “hydrophilic
interaction liquid chromatography”, we evaluated four differ-
ent hydrophilic chromatography columns, including Alltima HP
HILIC (250 mm × 4.6 mm, 5 �m particles, Alltech Associates, Deer-
field, IL, USA), Ultimate AQ-C18 (150 mm × 2.1 mm, 5 �m particles,
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elch Materials, MD, USA), Ultimate AQ-C18 (250 mm × 2.1 mm,
�m particles, Welch Materials, MD, USA), and Ultimate AQ-C18

250 mm × 4.6 mm, 5 �m particles, Welch Materials, MD, USA).
inally, the Ultimate AQ-C18 column (5 �m, 4.6 × 250 mm, Welch
aterials Inc.) was chosen for its better retention and separation of

he analytes than the other three columns.
The mobile phases included organic solvents and volatile aque-

us buffers at various pH values and ionic strengths. Considering
he compatibility with electrospray mass spectrometry, only the
olatile buffers include ammonium formate, ammonium acetate,
ormic acid, and acetic acid were investigated over the concentra-
ion range of 2–20 mM. Besides, the influences of pH, temperature,

obile phase flow rate on retention were also studied. The final
hromatography conditions were determined as described in Sec-
ion 2.3.2.

.2.2. Optimization of mass spectrometry condition
In order to identify the major species formed in the collisional

equential fragmentation of MS/MS analysis, a mass character-
zation study was firstly performed for direct infusion (flow
ate 10.0 �L/min) of solutions of each compound (10.0 mg/L in
ethanol). Parameters such as collision energy, capillary volt-

ge, cone voltage, and nitrogen pressure in the collision cell were
ptimized in both positive and negative ion mode. Most analytes
rovided better results in positive-ion mode.

However, individual optimization of liquid and mass spectrom-
try conditions may not obtain the optimum conditions when
he liquid chromatography is connected to mass spectrometry.
n order to obtain the highest selectivity and lowest limit of
uantification, the ion source temperature (TEM), ionspray volt-
ge (IS), collision gas (CAD), curtain gas (CUR), and nebulizer gas
NEB) were optimized in turn by the manual sample injector and
PLC pump directly connected to ion source without column. The
ow rate and injection volume were the same as sample anal-
sis for each analyte. In addition, many ion source parameters
nteract with each other, which require repeated modulation. The
nal MS parameters were determined as described in Section
.3.2. The representative chromatograms of the sixteen analytes

n the blank sample fortified with stock solution are shown in
ig. 3.

.3. Validation
The developed analytical method was then validated by eval-
ating linearity, intra-day (n = 6) and inter-day (n = 9) precision,
ecovery, stability and by determining the limits of detection and
uantification.

able 3
he regression equations and limits of detection and quantitation of sixteen compounds.

easured compound Regression equation Linear range (ng m

A y = 26.217x + 3.803 0.5–50
HF y = 12.195x + 0.318 2–200
-MT y = 32.358x − 3.317 0.5–50
-FT y = 52.609x − 1.384 0.5–50
cy y = 316.184x + 15.658 20–2000
et y = 416.503x + 18.566 100–10,000

AH y = 32.358x − 3.317 0.5–50
AM y = 163.198x + 4.162 2–200
ysta y = 235.711x + 5.022 0.5–50
is y = 870.313x + 157.228 100–10,000
er y = 222.039x + 27.759 20––2000
ys y = 108.478x + 1.731 50–8000
luCys y = 249.388x − 2.498 50–8000
ysGly y = 203.499x − 2.873 50–8000
de y = 1000x + 80.040 20–2000

GSH y = 177.621x − 0.048 50–8000
Fig. 3. Multiple extracted ion chromatograms of each analyte in blank sample for-
tified with stock solution.

3.3.1. Calibration curves and linearity
Under the optimized conditions, the calibration curves were

obtained. The correlation between analyte concentration and
detector was linear. The regression equation of calibration curves
and their correlation coefficients (r) were shown in Table 3. All the
calibration curves were suitable for the analysis of maternal serum
except that of THF for its low concentration in serum.

3.3.2. Detection and quantitation limits
The limit of detection (LOD) is the concentration of analyte giv-

ing a signal/noise ratio of 3:1, whereas the limit of quantification
(LOQ) refers to the lowest concentration of the standard curve that
can be measured with acceptable accuracy and precision. The LOQs
for all the metabolites were established by calculating the CVs at
lowest concentration point of three different calibration curves.
The LOQ of each compound was fixed at the lowest concentration
exhibiting a CV inferior to 10%. Table 3 displays the values of these
two parameters for all the investigated metabolites.

3.3.3. Precision, extraction recovery and stability

The data from QC samples were calculated to estimate the intra-

day precision, inter-day precision, and extraction recoveries. The
results were displayed in Table 2.

The CVs (%) of the QC samples in 24 h at room temperature
were all below 9.5% and no significant degradation was observed.

L−1) r2 LOQ (ng mL−1) LOD (ng mL−1)

0.9986 0.5 0.1
0.9989 2 1
0.9991 0.5 0.1
0.9994 0.5 0.1
0.9992 20 0.1
0.9981 100 0.05
0.9987 0.2 0.1
0.9986 2 0.25
0.9995 0.5 0.1
0.9983 100 0.05
0.9991 20 0.1
0.9991 50 0.5
0.9986 50 0.25
0.9999 50 0.25
0.9986 20 0.1
0.9993 50 0.25
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Fig. 4. Extracted ion chromatograms of sixteen compon

herefore, the result showed good stability of the analytes during
rocessing and storage.

.4. Application of the method

The method was validated by determining the linearity
r2 > 0.998), sensitivity (limit of detection range from 0.25 to
.0 ng/mL), intra- and inter-day precision (both CVs < 10.5%). The
ean recovery for each analyte was 75.6% or higher. No signif-

cant degradation was observed by performing the stability test
CVs < 9.5%) when stored at 4 ◦C for 24 h. Therefore, the values for
he methods validation suggested that the method fulfilled the cri-
eria for bio-analytical analysis. The validated method has been
uccessfully applied to the analysis of serum samples of cases and
ontrols.

The clinical sample collection for this study was sponsored by
he Capital Institute of Pediatrics (Beijing, China). Serum samples
f 2 NTDs-affected pregnant women (age 20–35 years) in Lvliang of
hanxi Province, China were collected as cases and 2 serum sam-
les of healthy pregnant women (age 20–35 years) in the same area,
hina as controls. All blood samples were centrifuged to obtain
erum in the hospital and sent to our laboratory, where they were
tored at −80 ◦C until sample preparation. All study participants
ere given informed consents.

The validated method was used to analyze serum samples of
ases and controls. Fifteen serum compounds, including FA, 5-MT,

-FT, Hcy, Met, Cysta, SAM, SAH, His, Ser, Ade, GSH, Cys, CysGly,
luCys, could be separated and detected simultaneously using the
stablished LC/MS/MS method. The analyte THF was not observed
n any of the serum samples at the detection limit of this assay. The
epresentative LC/MS/MS chromatograms and metabolites concen-
n the serum of case and control (P: patient, N: normal).

tration of NTDs-affected and not affected pregnant woman serum
for each component are shown in Fig. 4.

To better understand the role of one-carbon metabolism in the
occurrence of NTDs, we measured serum concentrations of metabo-
lites of the folate and homocysteine pathways in women who had
pregnancies that were affected by NTD and in controls. We found
that women with NTD-affected pregnancies had lower 5-MT, and
5-FT and high SAH concentrations than did women with unaffected
pregnancies [18]. We postulated that the periconceptional supple-
mented folic acid prevented neural tube defects by normalizing the
disordered states of one-carbon metabolism and concluded that
SAH was an risk factor for NTDs. The purpose of this study was
to develop a method to investigate the relationship between dis-
turbed maternal folate, homocysteine and glutathione metabolism
with the risk of having pregnancies affected by NTDs.

The clinical sample collection in Lvliang of Shanxi Province is still
in progress. The method developed will be then applied to the anal-
ysis of serum samples of cases and controls, thus providing results
complementary to those obtained in a previous analysis [18].

4. Conclusion

A sensitive, specific, accurate and repeatable method was devel-
oped for the simultaneous determination of sixteen compounds
of the folate, Hcy and glutathione metabolic pathways in human
serum for the first time. This methodology has been applied to the

analysis of the serum of NTDs-affected pregnant women, and fif-
teen metabolites were quantified. This established method may
help us to understand the pathogenesis of NTDs and to provide
scientific support for current nutritional intervention strategies. In
conclusion, the presented method will provide a solid foundation
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or prenatal diagnosis and prevention of NTDs, as well as some other
isease related to disturbed folate, Hcy or glutathione metabolism
uch as congenital heart defects.
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a b s t r a c t

Nucleoprotein (NP), the structural component of ribonucleoprotein complex of avian influenza virus,
performs multiple essential functions in the regulation of viral RNA synthesis and in the control of nuclear
traffic of viral proteins. Mutations have often been found in NP, some of which are relevant to viral survival
strategies. In this study, we used nanospray-MS/MS to analyze tryptic digestion of nucleoprotein of avian
vailable online 10 February 2009

eywords:
mino acid substitution
utated peptide
ucleoprotein

influenza virus (H5N1) and to identify three mutated peptides. The MS/MS analyses allowed the confident
determination of the three mutated amino acid residues F313Y, I194V and V408I/L in the mutated peptides
of LLQNSQVYSLIRPNENPAHK, GVGTMVMELVR and ASAGQI/LSVQPTFSVQR, respectively.

© 2009 Elsevier B.V. All rights reserved.
5N1 virus
anospray-MS/MS

. Introduction

The influenza A virus, especially the avian flu virus (H5N1), con-
inues to be a global health threat. The avian influenza virus can

utate to acquire the ability for the transmission to humans and
o facilitate the generation of pandemic and epidemic strains [1].
ucleoprotein (NP), a polypeptide of 498 amino acids in length, is
ncoded by influenza A virus RNA segment 5. As the structural com-
onent of the virus transcription machinery, NP performs multiple
ssential functions throughout the virus life cycle, by regulating
iral RNA synthesis through the interaction with other viral com-
onents [2,3] and by controlling the nuclear traffic of viral proteins
nd ribonucleoprotein complexes [4]. NP has been found to exhibit
ome mutations at several sites [5]. Some of the mutations often
esult in amino acids (AA) substitutions and thus may be relevant
o viral survival strategies [6,7]. Thus, identification of the muta-
ions may be important in the prevention and control of influenza
andemics.
Mass spectrometry with soft ionization techniques such as
SI and MALDI has been successfully applied to analyze pep-
ides, proteins, and other large bio-molecules. Characterization
f the mutations at the protein level by using mass spectrome-

Abbreviations: AA, amino acid; NP, nucleoprotein.
∗ Corresponding author. Fax: +852 34117348.

∗∗ Corresponding author.
E-mail addresses: zwcai@hkbu.edu.hk (Z. Cai), hlchen@hkucc.hku.hk (H. Chen).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.01.057
try has been reported [8–11]. Previously, we reported the use of
nanospray-MS and MS/MS to analyze the matrix protein 1 (M1)
isolated and purified from the viral particles, in which AA sub-
stitutions were identified [12]. In this study, nanospray-MS/MS
was applied to investigate another structural protein (NP) in
H5N1 virus after the protein was isolated from SDS-PAGE. Three
AA substitutions were identified through the de novo sequenc-
ing.

2. Experimental

2.1. Chemicals and materials

Avian influenza virus A/Chicken/Hong Kong/YU22/2002 (H5N1)
[13] was kept and propagated in a biosafety level 3 (BL-3) con-
tainment facility. HPLC grade ACN and methanol were from Fisher
(Fairlawn, NY, USA). Sequencing grade trypsin was obtained from
Promega (Madison, WI, USA). All other chemicals were purchased
from Sigma–Aldrich (St. Louis, MO, USA).

2.2. Virus cultivation

After passaged several times, avian influenza virus strain

A/Chicken/Hong Kong/YU22/2002 (H5N1) was harvested from
allantoic fluid of chick embryos inoculated as 10-day old embryos.
The allantoic fluid was inactivated with 0.03% Formalin at 4 ◦C
for 72 h to eliminate the highly pathogenicity the virus pos-
sessed before it was transferred to further experiments. All the
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Fig. 1. SDS-PAGE separation of viral proteins from virus lysate. After being purified
N. Liu et al. / Talan

xperiments using the active virus were carried out in a bio-safety
evel three laboratory.

.3. Isolation of virus by ultracentrifugation

The inactivated allantoic fluid was cleared from large debris by
ow-speed centrifugation. The virus was isolated and purified from
he supernatant by ultracentrifugation in gradient sucrose cushion
s described [12]. The virus band was carefully collected and stored
t −80 ◦C until use.

.4. SDS-PAGE

The purified virus particles were lysed with equal volume of
educing sample loading buffer (2% SDS, 20% glycerol, 10% 2-
ercaptoethanol, 20 mM Tris–Cl and 0.001% Bromophenol Blue,

H 6.8) and kept at 95 ◦C for 5 min. The protein concentration was
etermined by using the Micro BCA (bicinchoninic acid) protein
ssay kit (Pierce, Rockford, IL, USA) with BSA as a standard pro-
ein. The sample (approximate 1.0 �g protein) was then diluted
ith appropriate amount of reducing sample loading buffer just

efore SDS-PAGE analysis. Electrophoretic analyses were made in
Mini-Cell system (Bio-Rad, Hercules, CA, USA), and run in 12%

ris–glycine–SDS polyacrylamide gels with a 5% stacking gel at a
onstant voltage setting of 200 V. After electrophoretic separation,
he gels were stained with colloidal Coomassie G250 and scanned
ith a calibrated densitometer (GS800, Bio-Rad).

.5. In-gel digestion

The gel bands of interest were cut off and transferred into 0.6 ml
ppendorf vials. After being washed with Milli-Q water several
imes, the gel bands were cut into pieces of about 1.0 mm3. The gel
ieces were destained, reduced, alkylated and then in-gel digested
s described [14]. The resulting tryptic peptides were extracted by
solution of 5% TFA in 50% ACN. The extract was dried in a vacuum
entrifuge and then re-dissolved in 0.5% TFA and 5% ACN prior to
he mass spectrometric analysis.

.6. Mass spectrometric analysis

Samples were loaded into a PicoTip emitter (New Objec-
ive, USA) and analyzed on a quadrupole orthogonal acceleration
ime-of-flight mass spectrometer (QSTAR, Applied Biosystems, CA)
quipped with an external nanospray ion source (Protana A/S,
dense, Denmark) as described previously [15]. After the full-scan
ass spectra of tryptic peptides were obtained in TOFMS mode, the

arent ions of interest were subject to sequence analysis in prod-
ct ion mode where the resolution of Q1 was typically set at unit
ass as long as the fragment ion intensity was high enough. For

atabase searching in MS/MS mode, Mascot generic files were cre-
ted by using a script embedded in the Analyst QS 1.1 software
MDS Sciex). The obtained peak lists were searched against the
wissProt database in the entry of other viruses on an in-house
ascot server (Matrix Science, London, UK) with the following

arameters: peptide tolerance, 0.2 Da; MS/MS tolerance, 0.2 Da; one
issed cleavage; fixed cysteine carbamidomethylation and vari-

ble modifications such as asparagine/glutamine deamidation and
ethionine oxidation. Manual de novo sequencing of peptide tan-

em mass spectra was performed with the aid of Pepsea (1.1) in
nalyst QS 1.1 software (MDS Sciex). For the use of sequence tags
or database searching in the sequence query mode, the obtained
equence tags were searched against the SwissProt database in the
ntry of other viruses with the parameters similar to those used in
S/MS search mode. The peptide charge was set as the charge state

f the individual peptide being analyzed.
by ultracentrifugation in sucrose cushion, the virus particles were lysed and the viral
proteins were separated on a 12% SDS-PAGE, followed by colloidal Coomassie G250
staining (Lane 1: marker, lane 2: virus lysate).

3. Results and discussion

3.1. Analysis of nucleoprotein

The virus particles were purified from allantoic fluid by using
ultracentrifugation in discontinuous sucrose cushion. The purified
virus was lysed and separated on SDS-PAGE (Fig. 1). The protein
bands (around 56 kDa) were cut off and subject to in-gel digestion.
While the successful separation of viral proteins was performed
by using 1-D SDS-PAGE, it should be noted that multidimensional
separations such as 2-D electrophoresis and 2-D chromatography
might significantly improve the analytical capability for more com-
plicated protein mixtures [16]. However, in our efforts to separate
the major antigens from influenza virus, the full-length nucleopro-
tein was difficult to be detected on 2D gels, even with pH range of
3–11.

The tryptic digests were analyzed by using nanospray-MS/MS.
A Mascot score of 345 which was the sum of the unique ion scores
was obtained for the identification of the nucleoprotein from avian
influenza H5N1 virus (A/Chicken/Hong Kong/YU22/2002) after the
database searching in the MS/MS search mode. The Mascot searches
identified ten expected sequences in the nucleoprotein. The de
novo sequencing of the MS/MS data allowed the identification of
three mutated peptides. Accordingly, a total of 13 tryptic sequences
(T1–T13) were identified, which allowed the assignment of 11
unique peptide sequences (Table 1).

3.2. Identification of F313Y substitution

With the interpretation of obtained MS/MS spectrum of
the T8 peak and the aid of Pepsea software, the peak with
the triply charged ion at m/z 774.41 was identified as LLQN-
SQVYSLIRPNENPAHK (Fig. 2). The mutated peptide could be easily
located with the native NP peptide sequence in the residues from

306 to 325 or LLQNSQVFSLIRPNENPAHK from the comparison with
the expected peptide sequence in NP. Compared to the theoretical
m/z value of 769.09 for the triply charged ion of the native peptide, a
difference of nominal mass of 16 Da was observed for T8. The mass
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Table 1
Summary of proteolytic peptides identified in nucleoprotein of avian influenza H5N1 virus (A/Chicken/Hong Kong/YU22/2002).

Peak ID Peptide sequence Charge status Calculated m/z Measured m/z Residues

T1 GVFELSDEK 2 512.25 512.26 462–470
T2 LIQNSITIER 2 593.84 593.85 56–65
T3 MVLSAFDER 2 534.26 534.27 66–74
T4 M*VLSAFDER 2 542.26 542.27 66–74
T5 EGYSLVGIDPFR 2 676.85 676.84 294–305
T6 MM*ESARPEDVSFQGR 3 585.93 585.94 447–461
T7 M*M*ESARPEDVSFQGR 3 591.26 591.27 447–461
T8 LLQNSQVYSLIRPNENPAHK 3 774.42 774.41 306–325
T9 GVGTM*VM*ELVR 2 612.31 612.31 185–195
T10 TTIM*AAFN*GNTEGR 2 750.34 750.35 423–436
T11 NPGN*AEFEDLTFLAR 2 847.90 847.91 247–261
T12 GVQIASNENM*EAM*DSNTLELR 3 785.36 785.37 362–382
T
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13 ASAGQISI/LQPTFSVQR 2

*: mono-oxidized methionine; N*: deamidated asparagine; the identified mutate

ifference of 16 Da was identified as the substitution of F313 → Y
hrough the following sequence analyses and illustrations. Theo-
etically, four other AA substitutions with the nominal mass shift of
6 Da, namely V312 → D, S310 → C, A323 → S, P318,322 → L, could exist
n the expected peptide sequence of LLQNSQVFSLIRPNENPAHK.
he possibility for AA substitution of S310 → C was first eliminated
ecause the C residue, if existed, should have been alkylated by

odoacetamide in the sample preparation process. The possibilities
f V312 → D, A323 → S and P318,322 → L were removed because the
orresponding characteristic fragment ions were not detected in
he MS/MS spectrum of the mutated peptide. For example, the AA
ubstitution of V312 → D should have produced the y13

+2 ion at m/z
61.91, which, however, was not observed (Fig. 2). For the possibil-

ty of A323 → S, y3 ion at m/z 371.20, y4 ion at m/z 468.26 and y5
on at m/z 582.30 should have been produced. The AA substitution
f P318 → L should have produced y8 ion at m/z 922.47, y8

+2 ion at
/z 461.74, y10 ion at m/z 1191.66 and y10

+2 ion at m/z 596.33, etc.,
rom MS/MS analysis of the mutated peptide. Similarly, the P322 → L

ig. 2. ESI-MS/MS spectrum of triply charged T8 peak at m/z 774.41 that was identified
06–325 from tryptic digestion of nucleoprotein.
845.45 845.44 401–416

o acid residues were labeled with bold.

should have produced y series ions from y4 to y8 at m/z 468.29,
582.34, 711.34, 825.42 and 922.4, respectively. Therefore, the elimi-
nation of other impossible AA substitutions suggested the possible
mutation at F313 residue (F → Y). The clearly detected both y and
b ion series confirmed the identification of the mutation position
(Fig. 2).

3.3. Identification of I194V substitution

The obtained product ion spectrum of the doubly charged ion
peak T9 at m/z 612.31 showed a characteristic fragment ion at
m/z 175, indicating that the corresponding peptide might possi-
bly be ended with an R at C terminus (Fig. 3). Prominent y ion

series of m/z 1166.59, 1067.44, 1010.56, 909.45 at the high end of
the spectrum were observed for the R-terminated tryptic peptide.
Thus, the de novo sequencing of this spectrum suggested GVGT as
its N-terminal sequence of the corresponding peptide. It was easy
to locate GVGT in an expected tryptic sequence GVGTMVMELIR

as the mutated peptide LLQNSQVYSLIRPNENPAHK with the sequence of residues
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ig. 3. ESI-MS/MS spectrum of doubly charged T9 peak at m/z 612.31 that was identi
ryptic digestion of nucleoprotein.

185–195) in NP with the theoretical m/z value of 619.32 for the
oubly charged ion, considering that two methionines were oxi-
ized (Table 1). However, a mass difference of 14 Da was observed
or the detected doubly charged ion of T9 when compared to the
orresponding theoretical value of the sequence of GVGTMVMELIR
185-195) in NP. Four possible AA substitutions, namely E192 → D,
188 → S, L193 → V and I194 → V in the peptide, might have a nomi-
al mass shift of −14 Da. Because the four AA substitutions had the
ame exact value of mass shift, they could not be distinguished from
ach other without the MS/MS analysis. The interpretation of the
S/MS spectrum of T9 was therefore performed to illustrate pos-

ibility of the AA substitution and the site of peptide mutation. The
etection of y2 ion at m/z 274 suggested that the tryptic peptide

ikely contained a V residue next to the C-terminus. Additionally,
he absence of ions at m/z 288 and m/z 401 eliminated the pos-
ibilities of E192 → D, T188 → S and L193 → V. In addition to the y2
on, other y series ions as well as the b series ions such as b2, b3,
4-H2O and b4, were also readily assigned, confirming the identi-
cation of the mutation site at I194 (I → V) in the mutated peptide
VGTMVMELVR.

The partial sequence VGT was deduced from the initial inter-
retation of the mass spectrum shown in Fig. 3, which could be

ncluded into a qualifier in an alternative database searching algo-
ithm in Mascot called sequence query. The Mascot result layout
ontaining the parameters and conditions in database searching
as provided in supplementary materials (Fig. S1). The use of the

equence tag qualifier [612.31 etag(1166.52, VGT, 909.45)] in the
atabase searching against SwissProt in the entry of other virus in
he sequence query mode of Mascot software had identified the
VGTMVMELIR (185–195) in the nucleoprotein of avian influenza
irus (A/Chicken/Hong Kong/YU22/2002), but with M191 oxidized

nd the unsuspected M189 modification with a mass shift of 1.98 Da.
owever, the fragmentation pattern of the ions in the MS/MS spec-

rum of the peak T9 did not support the sequence query result
egarding the unsuspected modification on M189. Careful interpre-
ation of the MS/MS data indicated that the M189 was oxidized (with
s the mutated peptide GVGTMVMELVR with the sequence of residues 185–194 from

a mass shift of +16 Da) and the I194 was substituted by V residue
(with a mass shift of −14 Da). The unsuspected modification (with
a mass shift of 1.98 Da) obtained from the sequence query database
searching resulted from the combination of oxidation at M189 and
substitution at I194.

3.4. Identification of V408I/L substitution

Similar to the interpretation of the product ion spectrum of peak
T9, a fragment ion at m/z 175 from the MS/MS analysis of peak
T13 with the doubly charged ion at m/z 845.44 suggested that the
corresponding peptide might end with an R at C terminus (Fig. 4).
An internal sequence tag GQIS was deduced from the detected ion
series at m/z 1460.80, 1403.77, 1275.70, 1162.62 and 1075.58. The
possible tryptic peptide including this sequence tag (GQIS) in NP
was ASAGQISVQPTFSVQR (401–416) with the theoretical m/z value
of 838.44 for the doubly charged ion. The observed mass differ-
ence of 14 Da for T13 might be resulted from AA substitution at
one of six possible sites, namely G404 → A, V408 → I/L, V414 → I/L,
S402 → T, S407 → T and S413 → T. Given the fact that the sequence
tag GQIS has already been deduced from the detected high-end
y ion series, possibilities for G404 → A and S407 → T were elimi-
nated. Similar to the interpretation of the product ion spectrum
of peak T8, evaluation on the fragment ions of peak T13 indicated
that the residue V408 (V → I/L) was the site of the AA substitution in
ASAGQISI/LQPTFSVQR. The clearly assigned y and b ion series elim-
inated the mutation possibilities at other residues in this peptide.

The sequence qualifier [845.44 etag(1460.80, GQIS, 1075.58)]
was searched against the SwissProt database in sequence query
mode of Mascot software. The corresponding Mascot result lay-
out was provided in supplementary materials (Fig. S2). As a result,

the sequence ASAGQISVQPTFSVQR (401–416) in nucleoprotein was
identified, but with a mass shift of 14 Da which occurred at V408.
Therefore, the substitution of V408I/L was readily determined with-
out the need of interpreting other fragment ions such as y and b
series ions at the low-end of the spectrum.
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rom tryptic digestion of nucleoprotein.

. Conclusion

Three AA substitutions, namely F313Y, I194V and V408I/L, were
dentified from the nanospray-MS/MS analysis of mutated pep-
ides in nucleoprotein of avian influenza H5N1 virus. With the
nterpretation of the obtained MS/MS data, the database search-
ng on a local Mascot server with MS/MS ion search option allowed
he identification of ten expected sequences in nucleoprotein from
vian influenza H5N1 virus (A/Chicken/Hong Kong/YU22/2002).
hree mutated peptides were identified by de novo interpretation
f the available data. An alternative database searching algo-
ithm [17] called sequence query search option in Mascot was
hen used to confirm the results of the mutated peptides, whose
pecific sequence tags were readily obtained from the interpre-
ation of MS/MS data. The results indicated that the sequence
ag search algorithm was effective to directly identify mutated
eptides when the sequence tags could be accurately deduced.
his approach might serve as complementary to de novo sequenc-
ng in interpretation of MS/MS data from mutated peptides and
rovided useful sequence information that would facilitate de
ovo sequencing of mutated peptides. The determination of the
utated residues in peptides involved in NP provided an actual

xample of de novo sequencing of the mutated peptides, which
ight be useful for better understanding the mutability and

tructure–function relationship of the key protein in influenza
irus.
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s the mutated peptide ASAGQISI/LQPTFSVQR with the sequence of residues 401–416

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.talanta.2009.01.057.
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a b s t r a c t

A new method for the electrothermal atomic absorption spectrometric determination of vanadium in milk
and infant formulas using suspensions to avoid the need for previous dissolution of samples is described.
Sensitivity is improved by a procedure based on preconcentration and removal of the matrix, using ion-
exchange (Dowex 1X8-100). Suspensions of 15% (m/v) infant formula samples were prepared in a medium
containing 0.05 M sodium citrate (pH 7.2) and passed through the ion exchange column. Vanadium was
eywords:
lectrothermal atomic absorption
pectrometry
on exchange preconcentration
anadium

eluted from the column using 1 M hydrochloric acid and injected in the graphite furnace using a mixture
of hydrofluoric acid plus magnesium nitrate as chemical modifiers. Calibration was carried out using
multiple injection and aqueous standards prepared in the same medium. Detection limits were 0.2 ng g−1

for infant formulas and 0.02 �g L−1 for cow milk samples. The reliability of the procedure was checked by
comparing the results obtained with those found using a previous mineralization stage and by analyzing

ateria
ilk
nfant formula

five certified reference m

. Introduction

Vanadium is an essential element which is extracted from soil
nd assimilated by vegetables and animals, thus entering the food
hain. The daily intake for humans, through feeding, is 100 �g
nd most of this amount is excreted without being absorbed. The
lement is associated with glucose metabolism regulation and
mproves insulin receptivity. However, the element is toxic at high
oncentrations. The insulin mimetic properties [1] in human have
timulated interest in the element, which is also found in the
nvironment in seaweed, vegetables, invertebrates, fish and other
pecies. Very variable concentrations are found in foods. In breast
ilk, the content [2] is between 0.1 and 0.2 �g kg−1, equivalent to

n intake of 0.1–0.2 �g/day [3]. Levels in drinks, fat, oil, fruit juices
nd vegetables are in the range 1 to 5 �g kg−1. Cereals, fish, meat
nd milk derived products have concentrations of 5–30 �g kg−1.
ill leaves and black pepper contains higher levels (between 431
nd 987 �g kg−1), while the mean content of cow milk is variable,
ifferent studies finding between 0.2 �g kg−1 and 10 �g kg−1.

The analytical methods for vanadium preconcentration and

etermination have been reviewed [4,5]. The most common for food
amples are inductively coupled plasma atomic emission or mass
pectrometry (ICP-AES or ICP-MS) and atomic absorption spec-
rometry (AAS) with flame (FAAS) or electrothermal atomization

∗ Corresponding author. Fax: +34 968364148.
E-mail address: hcordoba@um.es (M. Hernández-Córdoba).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.02.045
ls.
© 2009 Elsevier B.V. All rights reserved.

(ETAAS). FAAS is only useful for samples containing �g mL−1 lev-
els [6] and using a nitrous oxide-acetylene flame and an ionization
buffer. When ETAAS is used, the element forms refractary carbides
which are very difficult to atomize, meaning that very high tem-
peratures are needed for both calcination and atomization steps
[7]. Although sensitivity is improved in this way, the characteristic
mass of vanadium is not enough for it to be determined in cow milk.
Consequently, most procedures using ETAAS include a preconcen-
tration step after sample mineralization. Preconcentration can be
carried out with ion-exchange resins [8], coprecipitation with iron
hydroxide [9] or complexation with ammonium pyrrolidin dithio-
carbamate and extraction with methyl isobutyl ketone (MIBK) [10],
cupferron and MIBK [11], 8-hydroxiquinoline and MIBK [12], among
others. Alternatively, a procedure has been proposed [13] using
multiple heat injection (3 × 30 �L) without sample mineralization
which has permitted detection limits of 0.5 �g L−1.

Generally, analysis includes prior mineralization of the sample,
which involves long and tedious dissolution processes, with the
risk of analyte losses or sample contamination. Because the impor-
tance of developing clean chemistry procedures, emerging methods
for food matrices are based on reducing sample treatment and the
use of solvents. In this study, a transversal heating ETAAS proce-
dure is proposed for vanadium determination in infant formula and

milk samples. The direct introduction of the sample as a suspen-
sion, in addition to saving time, avoids the use of toxic solvents and
minimizes the risk of contamination. To achieve good sensitivity,
the procedure includes a previous separation and preconcentration
step using ion exchange and multiple injections.
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. Experimental

.1. Instrumentation

A model 800 atomic absorption spectrometer (Perkin-Elmer,
helton, USA) equipped with both a deuterium-arc background
orrector and a Zeeman correction device, a THGA (Perkin-Elmer)
raphite furnace atomizer and an AS-800 autosampler (Perkin-
lmer) were used. Pyrolytic graphite platforms (Part number
050-4033) inserted into the pyrolytically coated graphite tubes
ere obtained from Perkin-Elmer. Argon was used as the inert

as, the flow rate being 250 mL min−1 in all the stages, except dur-
ng atomization when the flow was stopped. Measurements were
erformed using a vanadium hollow cathode lamp (Perkin-Elmer)
perated at 30 mA and 318.4 nm. The instrumental parameters
elected are shown in Table 1.

For the ion-exchange preconcentration step, a Gilson Minipuls 3
Villiers, France) peristaltic pump and Omnifit glass columns (Cam-
ridge, UK) with Teflon cap pieces (10 and 5 cm length × 5 mm

nternal diameter, working at middle and low pressure) and filled
ith Dowex1X8-100 (Fluka, Buchs SG, Switzerland) were used. To
ecrease the risk of vanadium contamination, the use of glass-
are was avoided and plastic (polypropylene) vessels were used

or preparing and storing the solutions or suspensions. Pipette tips
ere also of polypropylene. All plasticware was nitric acid-washed

nd rinsed with ultrapure water.
Mineralization of the samples for comparison purposes was car-

ied out in closed Teflon cups using an MLS-1200 MEGA microwave
ven (Milestone) and MDR-1000/6 Rotor (Radiometer).
.2. Reagents

High quality water, obtained using a Milli-Q system (Millipore,
edford, MA, USA), was used exclusively. Vanadium standard solu-

able 1
nstrumental parameters.a.

amp current (mA) 30
avelength (nm) 318.4

andwidth (nm) 0.7
tomizer type Platform with end caps
ample injected volume (�L) 90 (30 + 30 + 30)
ackground correction Zeeman
hemical modifier 80% (v/v) HF + 0.1% (m/v) Mg(NO3)2·6H2O
odifier injected volume (�L) 15

nalytical characteristicsa

Analytical range (�g L−1) 0–2
Characteristic mass (pg) 0.95
Detection limit (�g L−1) 0.02
RSD, % (n = 10) 3.2

urnace heating programmea

tep Temperature (◦C) Ramp (s) Hold (s)

. Dry 110 1 20
. Dry 130 1 15
. Calcination 1700 10 20
. Atomizationb,c 2600 0 5
. Clean 2600 1 3

equence for the procedure with preconcentration

Sample injection
i Run steps 1 to 2 of the heating programme (for several injections,

repeat this stage until three times)
ii Injection of the chemical modifier and run the rest of the heating

programme

a Values correspond to the procedure with preconcentration.
b Flow of argon stopped.
c Reading step.
78 (2009) 1458–1463 1459

tion (1000 �g mL−1) was obtained from Panreac (Barcelona, Spain)
and diluted as necessary to obtain working standards. Concen-
trated (65%, m/v) nitric acid, concentrated (40%, m/v) hydrofluoric
acid, 30% (m/v) hydrogen peroxide, concentrated (29%, m/v) ammo-
nium hydroxide, sodium hydroxide and citric acid (Fluka, Buchs SG,
Switzerland) were also used. Magnesium nitrate (Fluka) was used
as matrix modifier.

2.3. Reference materials and samples

The samples of different types of milk (cow milk and infant for-
mulas: starting, follow-on, prebiotic and lactum) were obtained
commercially or supplied by local manufacturers (Hero España,
S.A.). The reliability of the procedure was checked using five ref-
erence materials, wheat flour 1567a, rice flour 1568a, bovine liver
1577b, apple leaves 1515 and spinach leaves 1570a, supplied by the
National Institute of Standards and Technology, NIST (USA).

2.4. Preconcentration procedure

For liquid cow milk samples, aliquots of 50 mL were mixed with
5 mL of a 0.5 M citric acid solution previously adjusted to pH 7.2
with sodium hydroxide solution. For powder infant formulas, 15%
(m/v) samples were prepared and aliquots of 50 mL were heated in a
water bath at 90 ◦C for 15 min and, before cooling, 5 mL of the 0.5 M
citric acid solution (pH 7.2) were added. Both solutions from liquid
or powder milk, were submitted to the preconcentration procedure
by passing through the anionic exchange column at a flow-rate
of 2 mL min−1 and then air was passed at 2 mL min−1 for 2 min.
Vanadium was eluted from the column using a 1 M hydrochloric
acid solution at 1 mL min−1 and the fraction corresponding to the
fourth milliliter was collected. Then, three 30 �L aliquots of this
fraction were injected into the ETAAS and separated by a drying
step, according to the conditions summarized in Table 1. Calibra-
tion was performed by the same procedure and the graph was linear
between 0.1 and 2 �g L−1 of vanadium using corrected peak area as
the analytical signal. Certified reference samples were treated in the
same way with previous mineralization of the samples as indicated.

2.5. Procedure for mineralization of the certified reference
materials

To assess the reliability of the procedure, several reference mate-
rials were mineralized and analyzed for comparison purposes.
Fractions of 3 g were weighed in a porcelain capsule and calcined
in a furnace at 450 ◦C for 8 h. The ashes were treated with 2 mL of
concentrated HNO3, 2 mL of 30% (m/v) H2O2 and, again, 2 mL of
concentrated HNO3 and the mixture was evaporated to almost dry-
ness. Finally, it was diluted to 10 mL using a volumetric flask. From
this solution, aliquots of different volumes were taken, according
to the vanadium content, and diluted to 50 mL. The recommended
procedure was then applied.

3. Results and discussion

3.1. Direct determination

Vanadium forms refractory carbides with the graphite coating
before atomization [14,15], which considerably reduce sensitivity
and reproducibility. A heterogeneous distribution of compounds

through the tube appeared, which depended of temperature [16].
For example, VO was principally found on the inside upper wall
of atomizer, VC, VO and V2O3 in the sample deposition site, and
VC in the cold ends of the tube. To avoid these problems, the use
of pyrolytic graphite tubes [17] and graphite tubes coated with
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lements forming stable carbides as tungsten [18,19], molybde-
um [20] and nickel + boron [21] has been proposed. Another way
o avoid the formation of vanadium carbide is to use suitable

atrix modifiers, such as palladium nitrate [22,23], magnesium
itrate [24,25], magnesium nitrate with Rh or Pt [26], chromium
itrate [27], sodium seleniate + calcium chloride [28], ascorbic
cid + magnesium nitrate + 8-hydroxiquinoline [20] and barium flu-
ride [13,29].

Depending on the modifier, the graphite coating and the
echnique used (wall or platform atomization, longitudinal or
ransversal heating systems, with Zeeman or deuterium corrector),
he characteristic mass (c.m.) varies considerably. Thus, a c.m. of
0 pg has been reported for longitudinal heating systems with wall
tomization and 40 pg for transversal heating systems, Zeeman cor-
ection and STPF conditions [30]. A c.m. of 15 pg was found using
agnesium nitrate + Pt [26] and 80 pg with barium fluoride [13]

s modifiers, with longitudinal heating systems, deuterium correc-
ion and pyrolytic graphite tubes. These c.m. values increased to
20 pg with tungsten coated tubes [18] and 298 pg with molybde-
um coated tubes [20]. When using transversal heating systems
nd Zeeman correction, c.m. values in the range 40–50 pg with
odifiers and 80 pg in their absence have been reported [31].
In this study, several preliminary experiments were carried out

sing STPF conditions and in the absence of chemical modifier, lead-
ng to a c.m. of 65 pg. When using a solution containing 200 �g mL−1

alladium in 1% (v/v) nitric acid as modifier, the c.m. decreased to
5 pg. These experiments were carried out using open ended atom-

zers. With end cap atomizers, the c.m. was 42 pg. Consequently, the
nd cap atomizer was selected, as it avoided analyte losses during
tomization, increasing the residence time [32].

The optimal conditions for the chemical modifier and the sus-
ension medium were then studied. When palladium nitrate was
sed as the modifier, the vanadium was retained in the tube. To
void this effect, caused by the formation of vanadium carbides,
he use of barium fluoride has been proposed [13]. The use of
ydrofluoric acid, which has been seen to provide good results for
everal analytes [33,34], was tried for the same purpose, and appro-
riate peaks with maximal signals were obtained in the presence
f 10% (v/v) concentrated HF, avoiding the retention of vanadium
n the atomizer and obviating the need for cleaning injections. To
mprove sensitivity, the use of different modifiers along side HF

ere assayed and best results were obtained by using 0.1% (m/v)
agnesium nitrate and 10% (v/v) HF, which decreased the c.m.

alue to 47 pg. The introduction of milk samples into the atomizer
ed to the appearance of carbonaceous residues due to incomplete
yrolysis of the organic matter. Hydrogen peroxide [35] added for
icrodigestion of the sample during the pyrolysis step minimised

his problem, but its combination with HF decreased sensitivity.
The possibility of performing multiple injections of the sample

o decrease detection limits was also assayed. The results showed
hat linearity between peak area and the number of injections
as obtained up to three consecutive 30 �L injections. However,

he injection of such an amount of milk sample produced a high
mount of carbonaceous residue, which affected sensitivity and led
o the need for frequent manual cleaning. Because of the experi-

ents clearly showed that the direct procedure is not sufficiently
ensitive for both infant formula and milk samples, and that sen-
itivity cannot be increased by increasing the amount of sample
sed, a procedure based in ion exchange separation was developed
o preconcentrate the sample and eliminate most of the matrix.
.2. Preconcentration of vanadium by ion-exchange

.2.1. Selection of the stationary phase
For selecting the stationary phase, several anionic (Dowex

X8-100, AG1-X8 and Amberlite IRA-743) and cationic (Dowex
Fig. 1. (A) Influence of pH on vanadium retention using the anionic resin Dowex
1X8. (B) Effect of the sodium citrate concentration on vanadium retention for an
aqueous standard solution (curve a) and an infant formula fortified with vanadium
(curve b). The graphs show the percentages of non-retained vanadium.

50WX2-100 and AG50W-X8) resins were tested filling 50 cm
length × 10 mm i.d. glass columns for low pressure liquid chro-
matography. The best results were obtained using the strong
anionic resin Dowex 1X8-100, which had particles of 200–400 mesh
(37–74 �m) containing trimethylammonium functional groups on
a macro-reticular structure of estirene-divinylbenzene.

3.2.2. Optimization of the experimental variables
Several acidic and basic media were assayed to achieve the

quantitative retention of vanadium in the column and its subse-
quent elution. Best results were obtained using sodium citrate.
Quantitative retentions for both aqueous standards and spiked
milk samples were achieved in the pH range 6.8 to 8 (Fig. 1A),
using a 0.05 M sodium citrate concentration. A 7.2 pH value was
selected. Fig. 1B shows the effect of the sodium citrate concentra-
tion on the efficiency of vanadium retention in the column. As can
be seen, concentrations above 0.02 M led to quantitative retention
for aqueous standards, while infant formulas fortified with 5 �g
L-1 vanadium required citrate concentrations above 0.04 M. Conse-
quently, a 0.05 M concentration was selected.

To totally release the vanadium retained in the column, different

acidic (hydrochloric or nitric acid) and alkaline (sodium or ammo-
nium hydroxide) media were assayed. The elution profiles obtained
when using hydrochloric acid solutions as the eluent are shown in
Fig. 2. When a 1 M HCl solution was used, the sensitivity for vana-
dium was similar to that found in the optimal conditions for the
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ig. 2. Effect of the hydrochloric acid concentration on the elution of vanadium
etained in the column from a 0.5 �g L−1 standard solution. Profiles a–c correspond
o 0.1, 1 and 3 M HCl, respectively.

irect introduction of the milk samples into the atomizer, and this
s the concentration recommended. Using a HF-magnesium nitrate

ixture as chemical modifier, the slope of the calibration graph was
.0072 ± 0.0002 s L �g−1, while a value of 0.0069 ± 0.0003 s L �g−1

as obtained for the direct procedure, with no noticeable changes
n the atomization profiles.

The flow-rates to be used for the retention and elution of vana-
ium were optimized. Total retention was found for flow-rates of
he sample through the column up to 2 mL min−1 using 100 mm
ength columns. A washing step was necessary to eliminate the

atrix residues, prior to elution of vanadium from the column. For
his purpose, the column was washed with air for 2 min at a flow
f 2 mL min−1 using the peristaltic pump. This cleaning step with
ir eliminated a large amount of the milk matrix, avoiding analyte
osses, as reported elsewhere [33]. Following the air washing step,
anadium was eluted with 1 M HCl. Using these conditions, most
nalyte eluted in the fourth mililiter. After each determination, the
olumn was washed by flushing 1 M HCl for 10 min at 0.5 mL min−1,
hen water for 5 min at 5 mL min−1, finally, air at 2 mL min−1 for
min. In this way the column could be used up to 50 times without
eterioration or decrease in vanadium recovery.
.2.3. Optimization of the heating programme
When using the preconcentration procedure, the composition of

he solution introduced into the atomizer was very different from
he suspension medium in the direct procedure and, consequently,

ig. 4. (A) Effect of the sample volume for a single injection of the eluate corresponding
njections (30 �L each injection) on the signal of the fourth mililiter of the eluate of a mi
he atomic signal and curve b to the background signal.
Fig. 3. Effect of calcination (curve a) and atomization (curve b) temperatures for a
vanadium standard solution in a 1 M HCl medium using 80% (v/v) HF and 0.1% (m/v)
magnesium nitrate as chemical modifiers.

it was necessary to re-consider the optimal heating programme.
Fig. 3 shows the ash-atomize graph for an aqueous standard solu-
tion of vanadium in 1 M HCl, the eluent used for releasing the
analyte from the chromatographic column. As can be seen, calcina-
tion temperatures higher than 1800 ◦C produced a gradual decrease
in the signal and so a temperature of 1700 ◦C was selected. A study
of the influence of the atomization temperature showed that max-
imal signal was achieved at 2600 ◦C, the maximum temperature
applied by the transversal atomizer. The introduction of a cooling
step prior to atomization did not produce any improvement and
was discarded. Table 1 summarizes the optimal conditions for the
furnace heating programme.

3.2.4. Optimization of the injection volume
Since the solution eluted from the column was practically

matrix-free, in an attempt to increase sensitivity, the maximum
volume to be injected and the possible use of multiple injections
were studied. Fig. 4A shows the effect of the injected sample vol-
ume, linearity being evident up to 45 �L. Fig. 4B shows the study
corresponding to multiple 30 �L injections of the 1 M HCl eluate
obtained from a milk sample submitted to the preconcentration

procedure. The dotted line corresponds to the background signal.
As can be seen, linearity was obtained up to four consecutive injec-
tions. However, a sequence of three injections was selected as a
compromise between sensitivity and short analysis times. These
injections were programmed as follows: injection of 30 �L of sam-

to the fourth mililiter of a 1 �g L−1 vanadium standard. (B) Effect of the number of
lk sample containing 0.1 �g L−1 vanadium. Curve a corresponds to the variation of
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Table 2
Characteristics of some procedures for vanadium determination.

Technique Remarks Sample DL (�g L−1) Ref.

ETV-ICP-MS Simple dilution Honey 0.3a [36]
ETAAS Sample mineralization Honey 87a [37]
ETAAS Hot injection and preconcentration Milk 0.5 [13]
ICP-MS Lyophilisation and microwave digestion Milk 0.016 [38]
ICP-MS Room temperature acid sonication
ETAAS Ion-exchange preconcentration

a ng g−1.
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ig. 5. Atomization profiles obtained from a cow milk sample submitted to the pre-
oncentration procedure. Lines a and b correspond to the corrected analytical signal
nd background signal, respectively.

le followed by the drying step; this sequence was repeated three
imes; after the drying step of the last injection, the modifier con-
aining solution was injected and the programme completed. As
an be seen in Fig. 5, the background signal was low.

.2.5. Calibration and validation of the preconcentration
rocedure
When using the preconcentration procedure, elution of vana-
ium with 1 M HCl for both aqueous standards and milk samples
as mainly obtained in the fourth mililiter (Fig. 6). Consequently, to

mprove sensitivity, quantitation was carried out using this fraction.

ig. 6. Elution profiles for vanadium standard solutions. Curves a–e correspond to
, 0.25, 0.5, 0.75 and 1 �g L−1 vanadium, respectively.
Milk 0.07 [39]
Milk 0.02 This work

In this way, the calibration graph was linear up to 2 �g L−1 vana-
dium, using the conditions recommended in Experimental. The
slope was 0.413 ± 0.005 s L �g−1, which led to a preconcentration
factor of approximately 60 times with respect to the direct proce-
dure. For a calibration graph obtained with aqueous standards of
vanadium of 0.25, 0.5, 1, 1.5 and 2 �g L−1, a regression coefficient
of 0.9972 and a standard error of the estimate (sy/x) of 0.0031 were
obtained. The detection limit (DL) calculated on the basis of three
times the standard error of the estimate of the regression line was
0.02 �g L−1 of vanadium in the cow milk samples. Table 2 shows
DLs reported in the literature for other similar procedures.

The preconcentration procedure was applied to the determina-
tion of the vanadium content in different milk samples and infant
formulas. To check the accuracy of the proposed procedure, a stan-
dard additions method was carried out by fortifying the different
cow milk and infant formulas. The samples were also analyzed
by direct calibration with aqueous standards. Table 3 shows that
the contents of vanadium found using both calibration procedures
were very similar, and so the simplest direct calibration with aque-
ous standards is recommended. The analysis of cow milk samples
showed that similar vanadium levels were found for both whole
and skimmed milk, thus confirming that the element was found in
the soluble fraction of milk.

Since milk samples with certified vanadium content were not
available, several standard reference materials (wheat flour (SRM
1567a), rice flour (SRM 1568a), cow liver (SRM 1577b), apple leaves
(SRM 1515) and spinach leaves (SRM 1570a)) were used to check
the reliability of the results. For this purpose the samples were first
mineralized in order to be submitted to the preconcentration pro-
cedure. Table 4 shows the results in this way obtained together

with those found for infant formula samples when submitted to the
same treatment (mineralization followed by preconcentration) and
using direct calibration as well as the standard addition method.
As expected, similar vanadium contents were obtained for milk

Table 3
Vanadium content found in milk and infant formula using the preconcentration
procedure.

Sample Vanadium content

Direct
calibration

Standard
additions

Slope ratioc

Cow milka

Whole milk 1 0.23 ± 0.04 0.25 ± 0.04 0.96
Whole milk 2 0.35 ± 0.05 0.31 ± 0.05 1.02
Semiskimmed milk 1 0.32 ± 0.04 0.36 ± 0.04 0.97
Semiskimmed milk 2 0.16 ± 0.03 0.19 ± 0.03 1.01
Skimmed milk 1 0.18 ± 0.02 0.16 ± 0.02 0.99
Skimmed milk 2 0.25 ± 0.04 0.27 ± 0.04 0.98

Infant formulab

Infant formula (starting) 4.5 ± 0.2 4.4 ± 0.3 1.03
Infant formula (follow-on) 3.9 ± 0.3 3.7 ± 0.3 1.01
Infant formula (prebiotic) 6.2 ± 0.4 6.5 ± 0.3 0.99
Infant formula (lactum) 5.7 ± 0.5 5.9 ± 0.4 1.03

a Mean value ± standard deviation for 5 determinations, �g L−1.
b Mean value ± standard deviation for 5 determinations, ng g−1.
c Slope aqueous calibration to slope standard additions method ratio.
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Table 4
Vanadium content found in infant formula and certified reference materials using
previous mineralization followed by the preconcentration procedure.

Sample Vanadiuma (ng g−1)

Direct calibration Standard additions

Infant formula (starting) 4.3 ± 0.4 4.7 ± 0.5
Infant formula (follow-on) 4.1 ± 0.5 3.9 ± 0.5
Infant formula (prebiotic) 6.1 ± 0.6 6.5 ± 0.4
Infant formula (lactum) 5.9 ± 0.6 5.5 ± 0.5

Certified reference materials Direct calibration Reference value

SRM NBS 1567a (wheat flour) 13 ± 0.9 11b

SRM NBS 1568a (rice flour) 6 ± 0.5 7b

SRM NBS 1577b (cow liver) 120 ± 2 123b

SRM NBS 1515 (apple leaves) 198 ± 3 206 ± 30c

SRM NBS 1570a (spinach leaves) 582 ± 5 570 ± 30c
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[36] M. Bettinelli, U. Baroni, S. Spezia, C. Terni, Atom. Spectrosc. 12 (2000) 195.
a Mean ± standard deviation (n = 3).
b Informative value.
c Certified value.

owder samples in Tables 3 and 4 confirming the reliability of the
irect procedure against aqueous standards. The application of the
ilcoxon test revealed no significant differences between the val-

es found by the proposed procedure and those certified at the 95%
onfidence level. A statistical study of the standard addition calibra-
ion graphs for different cow milk and infant formula samples and
alibration graphs obtained from vanadium solutions concluded
hat there were no significant differences in the slopes at the 95%
onfidence level (p = 0.7856).
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a b s t r a c t

Redox reactions are the heart of numerous biochemical pathways found in cellular chemistry, generating
reactive oxygen species (ROS) and reactive nitrogen species (RNS), that includes superoxide anion radical
(O2

•−), hydrogen peroxide (H2O2), hydroxyl radical (HO•), singlet oxygen (1O2), hypochlorite anion (OCl−),
peroxynitrite anion (ONOO−) and nitric oxide radical (NO•). The measurement of scavenging capacity
against these reactive species presents new challenges, which can be met by flow injection analysis (FIA).
In the present review several methods based on FIA and also on its predecessors computer-controlled
techniques (sequential injection analysis, multisyringe flow injection analysis, multicommutated and
multipumping flow systems) are critically discussed. The selectivity and applicability of the methodology,
the generation and detection of the target reactive species, the benefits and limitations of automation
when compared to batch methods are some of the issues addressed.

© 2009 Elsevier B.V. All rights reserved.
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. Introduction

Redox reactions are the heart of numerous biochemical path-

ays found in cellular chemistry, including biosynthesis and

egulation [1]. They are also important for understanding the
xidative stress phenomena and radical/antioxidant effects. In a
iological context, the chemical terms “oxidant” and “reductant”
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are usually replaced by pro-oxidant and antioxidant, respectively
[2]. Therefore, pro-oxidant is a substance that can induce oxidative
damage to various biological targets (oxidizable substrates) such
as nucleic acids (e.g. base modification, single and double-strand
breaks), lipids (e.g. peroxidation, fatty acid loss), and proteins (e.g.
oxidation of specific amino acid residues, formation of carbonyls).
On the other hand, an antioxidant is a substance that, when present

at low concentrations compared with those of an oxidizable sub-
strate, significantly delays or prevents oxidation of that substrate
[3].

In general these pro-oxidants are referred to as reactive oxy-
gen species (ROS) and reactive nitrogen species (RNS) that can have
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about 5 s in the reaction coil, this mixture was subsequently merged
with luminol, just before entering in the CL-flow cell (reaction time
estimated to be 1.8 s). Thus, the FIA-design exploits the consump-
tion of O2

•− by antioxidant(s), which results in the appearance of
negative CL signal proportional to the scavenging ability of the com-

Fig. 1. Schematic representation of flow systems where the reaction between
220 L.M. Magalhães et al. / T

or not) one or more unpaired electrons (radical species). Depend-
ng on the site and the concentration generated, these species
re well recognized for playing a dual role, as both beneficial
nd deleterious effects have been established [4]. These reactive
pecies are formed from exogenous and endogenous sources [1].
he exogenous sources include exposure of biological systems to
- or UV-irradiation that results in the production of hydrogen
eroxide (H2O2), hydroxyl radical (HO•), and superoxide anion rad-

cal (O2
•−). Additionally, a large variety of xenobiotics (e.g. drugs,

ollutants, toxins, pesticides, and herbicides) produce ROS/RNS as
by-product of their in vivo metabolism. Despite the contribu-

ion of exogenous sources, the exposure to endogenous sources
s much more important and extensive because it is a continu-
us process. The main endogenous sources are related with the
itochondrial electron-transport chain, and also with the activity

f some enzymes, such as nitric oxide synthases (NOSs) and xan-
hine oxidase (XOD) that catalyzes the production of nitric oxide
adical (NO•) and O2

•−, respectively. These two species may react
ith each other, originating peroxynitrite ion (ONOO−). Moreover,

ctivated phagocytes produce a variety of reactive oxygen, halogen
e.g. HOCl, which production is catalyzed by myeloperoxidase) and
itrogen species that play an important role in the mechanism of
efense against infectious agents [5].

In a normal biological system, there is an appropriate pro-
xidant/antioxidant balance. However, this balance can be shifted
owards the pro-oxidant agents when there is an overproduction of
OS/RNS and/or when levels of antioxidant protection are dimin-

shed. This state is called ‘oxidative stress’, and it can be triggered
y several factors such as diseases, diet, lifestyle, and environmen-
al conditions [6]. As mentioned before, the excess of ROS/RNS can
xidize cellular lipids, proteins, or nucleic acids, inhibiting their
ormal function. Because of this, oxidative stress has been impli-
ated in the pathogenesis of several human diseases, including
therosclerosis, cancer, cardiovascular diseases, diabetes mellitus,
nflammatory diseases, ischemia/reperfusion injury, and neurode-
enerative disorders (Alzheimer’s and Parkinson’s diseases) as well
s in the ageing process [3,4]. Oxidation can also affect food, where
t is one of the major causes of chemical spoilage, resulting in ran-
idity and/or deterioration of the nutritional quality, color, flavor,
exture and safety of food [7].

Considering the protective effects of antioxidants against these
eleterious oxidative-induced reactions, interest in antioxidant
esearch has become a topic of increasing attention in the last few
ears. This situation demands the existence of simple, convenient,
nd reliable in vitro analytical methodologies for the fast determi-
ation of antioxidant capacity of pure compounds or in complex
atrices, such as foods and biological samples [8–11]. In this con-

ext, flow injection techniques are an excellent tool to automate
hese analyses [12].

Flow Injection Analysis (FIA) was proposed in 1975 by Ruzicka
nd Hansen [13] as an automation tool for chemical analysis. After
3 years, this technique is well known and accepted by the sci-
ntific community, and it also allows the performance of assays
hat are not feasible when carried out manually, by taking advan-
age of the reproducible timing attained in these systems. The
mplementation of methods based on transient light formation,
enerated by bio- and chemiluminescence [14] is only one exam-
le that illustrates the advantages of FIA features. During the 1990’s
he increased availability of computers in the chemical lab fostered
he development of sequential injection analysis (SIA) [15] and of
ow systems relying on the flow network concept [16,17]. More

ecently, multipumping flow systems have been proposed [18].
lthough based on the same principles of FIA, this new generation
f computer-controlled flow systems offers more flexibility con-
erning the method development and operation [19]. Any changes
sample volume, reagent selection, sample dilution and reagent to
78 (2009) 1219–1226

analyte ratio) are accomplished via flow programming rather than
by physical reconfiguration of the flow path.

In the present review, the specific features of existing flow injec-
tion based systems for determination of scavenging capacity against
biologically relevant reactive species of oxygen and nitrogen will be
critically discussed, considering the target reactive species and its
generation, the type of flow system chosen and the application to
real samples (Tables 1–3). The benefits of performing antioxidant
assays using this type of automatic systems will also be highlighted.

2. Flow-based methods for determination of scavenging
capacity against specific ROS

2.1. Superoxide anion radical (O2
•−)

A versatile and simple FIA system based on chemiluminescence
(CL) detection was developed by Sariahmetoglu et al. for the deter-
mination of scavenging capacity against superoxide anion radical
(O2

•−) [20]. A three-channel manifold (Fig. 1a) was designed to
accommodate the chemiluminogenic reagent (luminol), the reac-
tive species (O2

•− in this case), and the carrier stream, which
transported the injected sample with putative antioxidant proper-
ties. Using this manifold configuration, the O2

•− produced off-line
in a solution containing xanthine and xanthine oxidase (XOD) was
firstly mixed with the injected sample. After a residence time of
ROS/RNS and antioxidants from sample takes place before addition of a chemilumi-
nescence detection probe. (a) FIA system adapted from Ref. [20,21]; (b) FIA system
adapted from Ref. [18,27]; (c) SIA system adapted from Ref. [23,32,33]. AO, antioxi-
dant sample; C, carrier; CL-R, chemiluminescence reagent; D, detector; HC, holding
coil; IV, injection valve; P, pump; PA, auxiliary pump; RC, reaction coil; ROS/RNS;
reactive species of oxygen or nitrogen; SV, selection valve; W, waste.
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Table 1
Flow-based methods for determination of scavenging capacity against reactive oxygen species.

Reactive species Flow method Detection probe Source of reactive species pH value Detection system Application to samples Det. rate (h−1) RSD (%) Reference

O2
•− FIA Luminol XOD + xanthine 10.0 CL Indolamines n.g. n.g. [20,21]

FIA 2-(2-pyridil)-benzothiazoline Alkaline Na2S2O4 9.2 Fluorimetry Food extracts (Garlic,
onion and scallion)

55 <0.3 [24]

SIA Luminol XOD + hypoxanthine 8.2 CL Multivitamin
supplements

30 <3.8 [23]

H2O2 FIA Luminol Commercial solution 10.0 CL Indolamines n.g. n.g. [20,21]
SIA HVA Commercial solution 7.5 Fluorimetry Wines 15 <1.8 [29]
MPFS Lucigenin Commercial solution 7.4 CL Pharmaceutical

formulations and tea
70 <2.0 [28]

MPFS Luminol Commercial solution Alkaline CL Pharmaceutical
formulations and tea

160 <2.0 [28]

FIA-microfluidic CCPO + BPEA Commercial solution n. g. CL – 14 <2 [18]
FIA Luminol Commercial solution 7.4 CL Plant extracts n.g. n.g. [27]

HO• FIA Luminol O2 + FeSO4 + buffer 10.0 CL Indolamines n.g. n.g. [20,21]
FIA Terephthalate H2O2 + Co(II) 7.4 Fluorimetry Food extracts and

maize pollen
polysaccharide

16 <0.6 [30]

FIA Ninhydrin H2O2 + Co(II) 7.27 Fluorimetry Food extracts 22 <1.0 [31]

1O2 SIA Luminol Lactoperoxidase + H2O2 + bromide ion 4.5 CL Multivitamin
supplements

40 <1.6 [32]

HOCl FIA Luminol Commercial solution 10.0 CL Indolamines n.g. n.g. [20,21]
FIA Luminol Commercial solution 7.4 CL Plant extracts n.g. n.g. [27]
SIA Luminol Commercial solution 9.5 CL – 45 <3.7 [33]
MSFIA Luminol Commercial solution 7.4 and 10.0 CL NSAIDs 92 <2.3 [35]

BPEA, 9,10-bis-(phenylethynyl)anthracene; CCPO, 2-carbopentyloxy-3,5,6-trichlorophenyl oxalate; CL, chemiluminescence; FIA, flow injection analysis; HO• , hydroxyl radical; H2O2, hydrogen peroxide; HOCl, hypochlorous acid;
HVA, homovanillic acid; MPFS, multipumping flow system; MSFIA, multisyringe flow injection analysis; n.g., not given; NSAIDs, non-steroidal anti-inflammatory drugs; O2

•− , superoxide radical anion; 1O2, singlet oxygen; SIA,
sequential injection analysis; XOD, xanthine oxidase.
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Table 2
Flow-based methods for determination of scavenging capacity against reactive nitrogen species.

Reactive species Flow method Detection
probe

Source of reactive
species

pH value Detection
system

Application to samples Det. rate (h−1) RSD (%) Reference

NO• SIA Luminol NOR1 8.2 CL Multivitamin supplements 30 <1.2 [23]
ONOO− FIA Luminol NaNO2 + H2O2 10.0 CL Indolamines n.g. n.g. [20,21]

MPFS Luminol H2O2 + nitrite Alkaline CL – 200 2.0 [36]

CL, chemiluminescence; FIA, flow injection analysis; MPFS, multipumping flow system; n.g., not given; NO• , nitric oxide radical; NOR1, (±)-(E)-4-methyl-2-[(E)hydroxyimino]-
5-nitro-6-methoxy-3-hexenamide; ONOO− , peroxynitrite anion; SIA, sequential injection analysis.

Table 3
Flow-based methods for simultaneous determination of scavenging capacity against several reactive species.

Reactive species Flow method Detection
probe

Source of reactive
species

pH value Detection
system

Application to samples Det. rate (h−1) RSD (%) Reference

H2O2, O2
•− and HO• FIA Luminol Cytochrome

c + H2O2

7.4 CL Plant extracts 144 <1.9 [43,44]

FIA Luminol Co(II) + EDTA + H2O2 9 CL Uric acid, ascorbic acid,
glutathione

<120 <3.1 [45]

TAC (several) FIA Lucigenin Not controlled, in 11 CL Rat blood dialysate n.g. n.g. [40,46]
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L, chemiluminescence; EDTA, ethylenediaminetetraacetic acid; FIA, flow injection a
adical anion; TAC, total antioxidant capacity.

ound(s) (Fig. 2a). This manifold was also applied to determination
gainst other reactive species by changing the solution fed to one
f the flow channels, as discussed in more detail in the following
ections.

For this ROS in particular, the flow system was applied to esti-
ation of the scavenging capacity of superoxide dimutase (SOD)

nd ascorbic acid, for which the IC50 value (Fig. 2b) was calcu-
ated. It was also applied for assessing the antioxidant effects of
ndolamines, namely melatonin, dl-tryptophan and serotonin [21].
evertheless, two aspects that may be a source of error in this
ethodology should be cleared. First, the IC50 values obtained are

robably overestimated because they are calculated from the initial
oncentration of sample, without regarding the dilution due to dis-
ersion along its transportation inside the flow conduits. Second,
he inhibition of chemiluminescence is partly due to the reac-
ion between the antioxidant and O2

•− and partly due to reaction
etween the antioxidant and luminol-derived radicals and it will
eflect the rates of both these reactions [22]. The strategy adopted
y the authors minimizes this problem by allowing more time to
he first reaction (5 s) than for the two simultaneously (1.8 s).
A chemiluminescence SIA system has also been proposed for
ssessing the scavenging capacity against superoxide anion radi-
al [23] using a strategy similar to that described above (Fig. 1c).
n this case, sample, XOD, and xanthine solutions were aspirated
nto the holding coil sequentially. After flow reversal, the zones

ig. 2. Schematic representation of (a) inhibition signal profile for increasing concentrati
is; HO• , hydroxyl radical; H2O2, hydrogen peroxide; n.g., not given; O2
•− , superoxide

overlapped while they were directed towards the detector. During
this step, the O2

•− formed from XOD/xanthine system was scav-
enged by antioxidants present in the sample. Subsequently, the
remaining O2

•− was measured after addition of luminol from a T
connector just before the detector. The system was applied to com-
pounds/enzyme with known activity against this radical, such as
ascorbic acid, �-tocopherol, trolox and SOD. It was also applied to
commercial vitamin supplements.

Compared to the FIA system proposed before [20], the SIA sys-
tem allows a more efficient utilization of reagents. In opposition to
the continuous flow of solutions found in FIA systems, only the vol-
ume of reagent necessary to the determination is aspirated into the
flow system. On the other hand, as this system relies in the same
chemical principles for detection of O2

•− as described before [20],
it also suffers from the interferences mentioned before. Further-
more, as the O2

•− is produced in-line, when the segments of XOD
and xanthine overlap in the holding coil of the SIA system, it is also
possible that the decrease in CL intensity may be due to inhibition
of XOD activity by sample components. In this case, the production
of O2

•− is decreased, resulting in a lower CL signal.

The problems of selectivity related to the chemiluminescence

detection were circumvented by Tang et al., who proposed a
fluorimetric FIA system for determination of O2

•− scavenging
capacity [24]. A novel, selective fluorescent probe (2-(2-pyridil)-
benzothiazoline) was synthesized and applied, yielding the strong

ons (S1–S4) of antioxidant and (b) graphical representation of IC50 determination.
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uorescent compound 2-(2-pyridil)-benzothiazol (�ex = 377 nm,
em = 528 nm) upon oxidation by O2

•−. This reagent was regarded as
selective probe for O2

•− as it was not oxidized by other ROS (H2O2
r HO•) when tested at the same concentration levels employed for
2

•−. In order to save the fluorescent reagent, it was injected into
carrier-buffer stream while the sample was continuously intro-
uced into the system through the peristaltic pump. The O2

•− was
lso introduced continuously from an alkaline Na2S2O4 solution.
ence, the fluorescent probe was injected into the carrier stream
nd then mixed with alkaline Na2S2O4 (generator of O2

•−) and sam-
le. The scavenger compounds present in the sample compete with
-(2-pyridil)-benzothiazoline for O2

•−, and the inhibition of fluo-
escence signal was proportional to the scavenging capacity. The
ystem was applied to vegetable extracts. A major shortcoming of
his method is the utilization of alkaline Na2S2O4 solution as source
f O2

•− because it is unstable and has to be replaced every 2 h.

.2. Hydrogen peroxide (H2O2)

The flow system proposed by Sariahmetoglu et al. [20] was also
pplied to the CL determination of scavenging capacity against
2O2 (Fig. 1a). Using a diluted commercial solution as source of

he reactive species, the system was applied for assessing the scav-
nging capacity of indolamine compounds [21]. In both systems,
he luminol solution also contained Co(II). The presence of Co(II)
auses the concomitant generation of other oxygen reactive species
HO• and O2

•−, for instance), derived from a Fenton-like reaction
25,26]. Although luminol was added to the mixture sample + H2O2
ust before detection, this system may not be considered selective
o this ROS.

A similar flow injection system was applied for determination of
cavenging capacity against H2O2 of plant extracts from the Lami-
ceae family [27]. In this case, the sample was injected directly
n the H2O2 stream (Fig. 1b). The mixture between the reactive
pecies and antioxidants in the plant extracts were attained through
ispersion of the sample in the carrier stream, which may con-
titute a drawback as a concentration gradient of H2O2 is formed
long the sample plug. Compared to the systems described before,
pH value closer to that found in vivo (7.4 instead of 10.0) is

pplied, which is more adequate to study in vivo putative effects. A
hosphate-buffered saline (PBS) solution was used and it also con-
ained luminol, Co(II) and hexadecyltrimethylammonium bromide
o avoid luminol precipitation. As mentioned before, the presence
f Co(II) leads to the generation of other ROS, which makes this
ethodology not selective towards scavenging of H2O2.
A multipumping flow system (MPFS), also based in CL detection,

as developed by Meneses et al. to determine “total antioxidant
apacity” [28]. In this flow system, the active components are
olenoid micropumps that enabled the insertion and efficient mix-
ng of sample and reagents (H2O2 and chemiluminogenic reagent)
s well as the transportation of the reaction zone toward the CL-
ow cell. Two chemiluminogenic reagents were tested: luminol
nd lucigenin. It was observed that the procedure involving luminol
as more sensitive than that using lucigenin, providing IC50 values

or ascorbic acid and trolox that were ten times lower than those
btained using lucigenin. As the detection takes place before end-
oint conditions, this difference may be due to the highest reaction
ate observed for luminol- H2O2 elicited CL than for lucigenin-
2O2 elicited CL. A high sample throughput was attained: 70 or
60 determinations per hour for lucigenin or luminol based system,
espectively. Both strategies were applied for the determination in

harmaceutical formulations and tea extracts.

Recently, Amatatongchai et al. developed a microfluidic-based
ow method for estimating the H2O2 scavenging capacity based on
modified peroxyoxalate chemiluminescence assay [18]. Chemilu-
inescence was generated from the reaction of 2-carbopentyloxy-
78 (2009) 1219–1226 1223

3,5,6-trichlorophenyl oxalate (CCPO) with H2O2 in the presence
of the fluorophore 9,10-bis-(phenylethynyl)anthracene (BPEA) and
sodium salicylate used as a catalyst. Thus, when an antioxidant
(�-carotene, quercetin or �-tocopherol) was present in the assay
mixture, it scavenged the H2O2 and quenched the production
of light. In the 2-inlet microfluidic system devised, the antiox-
idant plugs were injected into the hydrogen peroxide stream,
which afterwards was merged with the flow stream containing
CCPO + BPEA + sodium salicylate (Fig. 1b). Although performed in a
microchip, this assay has features of FIA, since the sample plug was
injected into a flowing reagent stream followed by controlled and
reproducible dispersion and detection after a fixed time. However,
unlike most FIA-based methods that use capillaries or tubing, these
microchips use planar microchannels, enabling potentially faster
mixing and also facilitating planar integration of optical detectors
to devise portable, point-of-care measurement devices. It should be
highlighted that this system is suitable for compounds with poor
solubility in aqueous media as the reaction takes place in a 3:7 mix-
ture of ethyl acetate:acetonitrile that was used for preparation of
all solutions.

A SIA fluorimetric procedure has also been proposed for the
assessment of H2O2 scavenging capacity of wines [29]. In this assay,
the homovanillic acid (HVA) was oxidized to its fluorescent dimer
(�ex = 325 nm, �em = 425 nm) in the presence of H2O2 and peroxi-
dase enzyme. Hence, H2O2, sample, peroxidase and HVA solutions
were sequentially aspirated into the holding coil of the SIA system.
After flow reversal, the solutions were mixed and direct to the flu-
orimeter. Therefore, antioxidant(s) inhibit the oxidation of HVA by
a competitive reaction scheme and the reduction in the intensity of
the fluorescence signal is proportional to the scavenging capacity.
However, this methodology is prone to both positive and negative
systematic errors. Besides scavenging H2O2, the putative antioxi-
dant(s) may react with intermediates formed from the action of
peroxidase enzyme upon H2O2, depleting the scavenging capacity
of the sample. Otherwise, the compounds present in the sample
may inhibit the activity of the peroxidase enzyme, generating less
fluorescent dimer and overestimating the scavenging capacity.

2.3. Hydroxyl radical (HO•)

Considering the short-life and high reactivity of the hydroxyl
radical (HO•), the automation using flow-based methods for deter-
mining the scavenging capacity against this ROS is advantageous. In
fact, HO• radicals are the strongest known oxidant present in vivo
[3], therefore the possibility of evaluating the scavenging effects of
putative antioxidants against HO• radical immediately after its gen-
eration represents a considerable improvement when compared
to batch procedures. Moreover, the introduction of flow-based
techniques led to the HO• generation and capture took place in con-
trolled environment, reducing the contact of higher reactive HO•

with oxygen and other substances present in the lab environment.
In this context, Tang et al. [30] developed a FIA spectrofluori-

metric method for detecting scavenging activity against HO• using
sodium terephthalate as the fluorogenic probe. In the proposed FIA
manifold, H2O2 was injected in a buffer carrier stream (pH 7.4)
and consecutively merged with the sodium terephthalate solution
and with Co(II), yielding HO•. This ROS reacted with terephtha-
late, with formation of highly fluorescent 2-hydroxyterephtalate
(�ex = 313 nm, �em = 431 nm) by aromatic hydroxylation (a stop-
flow period of 3 min was required for reaction development). The
relative fluorescence intensity was proportional to the amount of

HO• generated. Scavenger compounds/samples were added to the
previous mixture in-line by a merging stream placed before the
flow-through reactor and they compete with the fluorogenic probe
for HO•. Therefore, the inhibited fluorescence signal was directly
related to HO• scavenging capacity. The method was successfully
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pplied to pure compounds (mannitol, thiourea), food extracts
walnut, sesame, garlic, ginger, peanut, chili, and soybean) and

aize pollen polysaccharide. Although the authors had referred
hat Fe(II) and Cu(II) had little interference in the determination
tolerance ratio in mol = 2 or 5, respectively), the presence of these
pecies in food products may cause an overproduction of hydroxyl
adical through the Fenton reaction, providing higher fluorescence
ignals.

Later, the same research group presented a similar FIA spec-
rofluorimetric method using ninhydrin as fluorogenic probe [31].
inhydrin is not fluorescent but, when attacked by HO•, a strong
uorescent product resulting from aromatic hydroxylation was
btained (�ex = 300 nm, �em = 406 nm). The flow manifold is similar
o that described before [30], but the HO• is mixed first with sam-
le and subsequently with the fluorogenic probe. It was applied to
he determination of scavenging effects of thiourea and vitamin C
s well as to aqueous extracts of some food products (walnut, sun-
ower seed, black and white sesame, garlic, ginger, peanut, and
oybean). Compared to the previous flow method, this method
as less susceptible to interference from Fe(II) (tolerance ration

n mol = 50). In addition, this method had higher sampling rate
Table 1). Nevertheless, in both methodologies, the antioxidant
ompounds may interfere with the generation system of HO•, by
eacting directly with H2O2 and/or by chelating Co(II).

The flow system proposed by Sariahmetoglu et al. [20] was also
pplied to the CL determination of scavenging capacity against
O•. In this case, HO• was produced off-line through reduction
f dissolved oxygen in carbonate buffer by iron(II). The exact con-
entration of HO• is not known, but repeatable conditions were
ttained by controlling the concentration of iron(II) and carbonate
resent in the stock solution. The system was applied for assessing
he scavenging capacity of indolamine compounds [21].

.4. Singlet oxygen (1O2)

Singlet oxygen (1O2) may be formed from the reaction of OCl−

r OBr− with H2O2. In this regard, Miyamoto et al. developed a SIA
ystem with CL detection for the screening of compounds possess-
ng scavenging capacity against 1O2 [32]. Hence, lactoperoxidase
LPO) enzyme was used to catalyze the reaction between bromide
on and H2O2 to generate 1O2, through the formation of an interme-
iate species (OBr−). A manifold configuration similar to that used
or superoxide and nitric oxide was applied (Fig. 1c). Thus, after
ssessing the intensity of the CL signal when varying the order by
hich the reagents were aspirated, sample, H2O2, LPO and NaBr
ere sequentially placed into the holding coil. After flow rever-

al, the four segments overlapped, taking place the formation of
O2 with simultaneous scavenging by compounds present in the
ample. The chemiluminogenic reagent (luminol), used as an indi-
ator for 1O2, was introduced to the main stream through an extra
eristaltic pump just before the CL detector and the attenuation
f luminol CL due to scavenging of 1O2 by antioxidant compounds
as assessed. By using this SIA-CL method, the scavenging capac-

ty of well known antioxidants such as vitamins C and E, trolox and
odium azide as well as multivitamin supplements was determined.
owever, some considerations about the accuracy of this method-
logy should be discussed. Besides scavenging 1O2, the antioxidant
ompounds may react directly with H2O2 and/or inhibit the activity
f LPO enzyme. The formation of OBr− as an intermediate species
ay also be a drawback as this powerful oxidizing agent may react

tself with antioxidants present in the sample [5].
.5. Hypochlorite anion (OCl−)

The automation of hypochlorous acid scavenging capacity has
een reported by different groups, using in all cases luminol
78 (2009) 1219–1226

based chemiluminescence. The flow systems proposed by Sari-
ahmetoglu et al. [20,21] (Fig. 1a) and by Erdemoglu et al. [27]
(Fig. 1b) for the determination of scavenging capacity against H2O2
were also applied to the assessment of this property against HOCl.
A diluted commercial solution was used as source of this reac-
tive species and the decrease of the CL signal by the presence
of scavenging compounds was assessed. Excluding the remarks
about the presence of other reactive species, the comments pre-
sented in the section dedicated to H2O2 are also applicable
here.

The same chemistry was implemented in a SIA system by Naka-
mura et al. [33]. In this automatic analytical procedure, the stacked
zones of OCl− (20 �L) and sample (5 �L) were mixed by flow rever-
sal. Luminol solution was just added prior to detection through
a merging stream propelled by an auxiliary pump (Fig. 1c). The
feasibility of this assay was shown by application to antioxidant
compounds (ascorbic acid, �-tocopherol, and trolox). The reagent
consumption and the analysis time were considerably lower than
those attained in the batch method. However, dimethyl sulfoxide
(DMSO) was used to dissolve the standard antioxidants as well as for
acquiring the blank signal. Considering that recent literature [34]
reports the scavenging capacity of DMSO toward HOCl, the choice
of this solvent may not be appropriate, under penalty of decreasing
the sensitivity. Finally, the scavenging reaction was carried out at
pH 9.5, which does not correspond to physiological conditions (pH
value 7.4).

In this regard, Magalhães et al. proposed an automatic flow
methodology for the in vitro determination of hypochlorous acid
scavenging capacity, under pH and oxidant concentration condi-
tions similar to those found in vivo [35]. For this, a manifold based
on multisyringe flow injection analysis (MSFIA) was developed
to perform in-line the reaction of HOCl and the putative scav-
enger molecule at physiological pH (or at pH 10 of CL detection,
for comparison purposes) prior to the reaction of remaining HOCl
with luminol at alkaline conditions. The HOCl scavenging capac-
ity was evaluated through the decrease in the CL emission. In
this MSFIA method, the time taken between the contact of HOCl
and putative scavenger compounds plus CL detection was about
3 s. Compared to batch methods, this is an advantage because the
scavenger compounds that react fast, closer to the time frame of
generation of HOCl in vivo, are determined. Moreover, the inter-
ference of antioxidant compounds in the CL-reaction is minimized,
since the previous mixture HOCl/antioxidant was added to lumi-
nol solution just before CL measurement. The proposed MSFIA
method was applied to non-steroidal anti-inflammatory drugs rep-
resentative of various chemical families and to well-known HOCl
scavenger compounds (cysteine, gallic acid, and lipoic acid). A high
determination throughput was also attained (Table 1). The results
showed that the pH of scavenging reaction affects the ability of
some compounds to react with HOCl, indicating that the conditions
of in vitro testing should be as close as possible to those found in
vivo.

3. Flow-based methods for determination of scavenging
capacity against specific RNS

3.1. Peroxynitrite anion (ONOO−)

The FIA manifold proposed by Sariahmetoglu et al. [20] was
also applied to the CL determination of scavenging capacity against

ONOO− (Fig. 1a). In this case, ONOO− was produced off-line through
the reaction between NaNO2 and H2O2. The exact concentration
of ONOO− was determined by spectrophotometry (� = 302 nm).
The system was applied for assessing the scavenging capacity of
indolamine compounds [21].
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Fig. 3. Schematic representation of flow systems where the generation of ROS/RNS is
performed in-line prior to mixing with antioxidants from sample. (a) Multipumping
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because of the very high reactivity of the free radicals generated
ow system adapted from Ref. [36]; (b) FIA system adapted from Ref. [45]. AO, antiox-
dant sample; C, carrier; D, detector; IV, injection valve; P, pump; Pi, micropumps;
C, reaction coil; W, waste.

Recently, a multipumping flow system (MPFS) was proposed
or the same determination. It was also based on the inhibition
f luminol/ONOO− elicited CL [36]. In this case, ONOO− was gen-
rated by on-line reaction of acidified H2O2 and NO2

−, which
as rapidly quenched by the addition of NaOH (Fig. 3a). Next,

he sample and luminol streams were merged with the ONOO−

ource. By taking advantage of the pulsed flow and the time
ynchronized insertion of sample and reagent solutions provided
y the MPFS, the complete reaction zone was established only
nside the flow cell, thus allowing maximum CL emission detec-
ion. The proposed system was successfully applied to several
ompounds, namely lipoic acid, dihydrolipoic acid, cysteine, glu-
athione, sulindac and sulindac sulfone. Nevertheless, although the
ample solutions were prepared in buffer with pH 7.4, all reac-
ions took place at alkaline conditions, far from those found at
hysiological conditions. Furthermore, it is very likely to still exist
2O2 in the reaction media because the reported yield for the reac-

ion of peroxynitrite formation is <90%, even using cold solutions
37]. Therefore, the CL signal may also be affected by this species,
hich may react with putative antioxidants present in the sam-
le.

.2. Nitric oxide radical (NO•)

There are FIA systems described in the literature for NO• detec-
ion [38] or in vivo measurement in blood or brain tissues [39]
or investigation concerning physiological NO• concentrations at
ifferent conditions (body temperature, presence of NO• donors
r NO• activators, etc) or for studies concerning acute myocardial
nfarction mediated damages [40]. A flow based manifold, compris-
ng a microdialysis probe and on-line CL detection of NO• have also

een described for studying the release of this reactive species (and

ts inhibition) in rat brain following traumatic injury [41]. However,
one of these systems were applied to the direct study of scavenging
roperties of a compound or extract.
78 (2009) 1219–1226 1225

In fact, a FIA system for nitrite determination based on the Griess
reaction and equipped with a cadmium–copper reduction column
was applied to study the scavenging activity of melatonin and its
precursors against NO• [42]. After batch pre-incubation of a source
of NO• (NOC-7, hydroxyl-2-oxo-3-(N-methyl-3-aminopropyl)-3-
methyl-1-triazene) with the compound under study, an aliquot of
the reaction media was taken and processed in the flow system for
the determination of the stable end products of NO• oxidation. In
this case, the potential of automation were underexploited, as both
scavenging and detection of remaining reactive species could have
been accommodated in the automatic flow system.

Recently, Miyamoto et al. proposed a SIA system for CL deter-
mination of NO• (and also of O2

•−) that accommodates both
reactions [23]. In this system, sample and NOR1 ((±)-(E)-4-methyl-
2-[(E)hydroxyimino]-5-nitro-6-methoxy-3-hexenamide), a NO•

donor, were sequentially aspirated into the holding coil (Fig. 1c).
After flow reversal, the two overlapped zones were directed
towards the detector while NO• was scavenged by antioxidants
present in the sample. Subsequently, the remaining NO• was mea-
sured after addition of luminol from a T connector just before
the detector. The system was applied to compounds/enzyme with
known activity against this radical, and also to commercial vitamin
supplements (Table 2).

4. Several species simultaneously

In 1998, Choi et al. proposed a single line FIA-CL system for
the measurement of radical scavenging capacity (O2

•− and HO•)
[43]. In this work, the carrier stream was a phosphate buffer (pH
7.4) solution containing 50% methanol, cytochrome c, and lumi-
nol. The authors suggested that the CL generation was based on
the oxidation of luminol mediated by free radicals, probably O2

•−

and HO•, generated from the reaction of H2O2 and cytochrome c.
Hence, a standard solution of H2O2 was injected into the carrier
stream for generation of reactive species (control), while a mix-
ture of H2O2 and sample was injected for measuring the radical
scavenging capacity. Compounds such as gallic acid were reported
to scavenge the free radicals generated, and the decrease of CL
intensity was proportional to the concentration of the scavengers.
Nevertheless, taking into consideration that the mixture between
H2O2 and scavenger sample was performed off-line, the possibil-
ity of scavenging H2O2 should not be discarded. Later, the same
research group applied this FIA-CL method to elucidate the relation
between radical scavenging effect and the structure of flavonoids
and also to assess the radical scavenging capacities of various Chi-
nese herbal ingredients [44] (Table 3).

Recently, Giokas et al. introduced an analytical FIA-CL procedure
that minimizes the antioxidant-oxidant (H2O2) interactions while
favours the inhibition effects of antioxidants on the free radicals
generated in situ [45]. In this way, the H2O2 was previously mixed
with luminol/Co(II)/EDTA solution for the generation of a steady
flux of free radicals (mostly HO• and O2

•−), while sample was added
just before the inlet of the CL-flow cell (Fig. 3b). In the presence of
a metal chelator (EDTA), there is an equilibrium regime between
the Co2+ and the [Co(EDTA)2] complex, which allowed a constant
source of HO• radicals by catalytic oxidation of H2O2. Hence, a pro-
longed CL-signal was produced which was stable for about 30 s.
In the present flow conditions, the low H2O2 concentrations and
the excess of Co2+ and EDTA ensures the consumption of the oxi-
dant before it enters in contact with the sample. Furthermore,
and the reduced time of exposition of sample, the direct reac-
tion between antioxidants and H2O2 was minimized. In this way,
the interference of H2O2 is ignored and the CL inhibition reflects
the scavenging capacity of antioxidants toward the free radicals,
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mproving the sensitivity and the reproducibility. The application of
he proposed method was restricted to pure compounds (ascorbic
cid, glutathione, and uric acid).

Finally, a FIA method for in vivo, real time monitoring of total
ntioxidant capacity (TAC) was proposed by Yao et al. [46]. In this
ork a microdialysis system is used for sampling the components

f blood through the jugular veins of rats, and TAC-equivalent is
etected by lucigenin based sensitive CL emission since in the
resence of reductants, lucigenin can generate CL emission under
lkaline conditions. This system was used for monitoring in vivo the
evels and changes of TAC upon administration of known biologi-
al reductants, such as ascorbic acid, uric acid, glucose, glutathione,
ysteine and dopamine. Later, the same system was applied to the
tudy of pathophysiological variance in acute myocardial infarction
sing in vivo monitoring of TAC in rabbits, among other parameters
40].

. Conclusions

Considering all the methods reported in the previous sections, it
s clear that CL detection was applied in more than 80% of the meth-
ds. This is due to the enhanced sensitivity of this type of detection
nd also due to the benefits of its association to flow based tech-
iques. These features include the reproducible control of mixing
onditions and time events, making possible the application of reac-
ions that will provide intense but short-living analytical signals.
urthermore, high determination throughputs are attained.

Nevertheless, it should be emphasized that CL methodologies
ay not be selective against a specific reactive species, depending

pon the generation system chosen. In most cases, several reactive
pecies are present in the reaction media. Furthermore, as discussed
reviously, free radical species generated from luminol oxidation
ay also deplete the antioxidant pool present in the sample, pro-

iding lower results for its scavenging capacity. This low specificity
owards a single reactive species is the Achilles’ heel of most flow
njection methodologies discussed here. Other aspect that should
e careful considered on future work in this field is the reaction
H. As reported here, in most of the flow systems presented until
ow, reaction pH was chosen upon the detection strategy applied,
nd it was often different from physiological pH. For attaining bio-
ogically relevant results, it is essential to devise a methodology

here the interaction between antioxidant and ROS/RNS occurs at
hysiological pH.

Considering also that all methods discussed here were designed
o assess antioxidant interactions with biologically relevant species,
ts application to pharmaceutical formulations, plant and food
xtracts is limited. Novel methods should also target biological
amples (e.g. plasma, serum, urine, and synovial fluid), aiming
he measurement of antioxidant status for diagnostic and treat-

ent monitoring. Flow injection systems would be an excellent
ool in this field of application as they generally require only a few

icroliters of sample per analysis. Finally, miniaturization using
ow-based concepts [47,48] may also provide enhanced tools or
oint-of-care devices to achieve these goals.
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a b s t r a c t

A sensitive electroanalytical methodology for the determination of chloroquine and primaquine using dif-
ferential pulse voltammetry (DPV) at a Cu(OH)2 nano-wire-modified carbon paste electrode is presented.
The cyclic voltammetric and DPV pulse voltammetric techniques are compared. The effects of scan rate and
pH on current were investigated and an optimal scan rate of 50 mV s−1 and a pH 5.5, 0.1 mol L−1 phosphate
vailable online 4 March 2009

eywords:
hloroquine
rimaquine
ifferential pulse voltammetry

buffer solution (PBS), were used. Additions of chloroquine and primaquine using DPV show linear ranges
from 0.068 to 6.88 �g mL−1 with a detection limit of 0.01 �g mL−1 for chloroquine and 0.58–5.89 �g mL−1

with a detection limit of 0.25 �g mL−1 for primaquine. The method was then successfully utilized for the
determination of chloroquine and primaquine in a real sample of their tablets and a recovery of 95% was
obtained without interference from tablet matrix.
u(OH)2 nano-wire
odified carbon paste electrode

. Introduction

Chloroquine, 4-(7-chloro-4-quinolylamino) pentyldiethylamine
Fig. 1), has been used extensively for several decades as a sup-
ressant in the prophylaxis and the treatment of clinical attacks
f malaria, which is probably the most widespread disease to
fflict mankind. It is also used in the treatment of rheumatoid
rthritis and similar collagen diseases, as well as for amoebic hep-
titis [1]. After the malaria parasite Plasmodium falciparum started
o develop widespread resistance to chloroquine, new potential
tilizations of this cheap and widely available drug have been

nvestigated. For example, chloroquine is in clinical trials as an
nvestigational antiretroviral in humans with HIV-1/AIDS and as a
otential antiviral agent against chikungunya fever. Moreover, the
adio-sensitizing and chemo-sensitizing properties of chloroquine
re beginning to be exploited in anticancer strategies in humans
2].

Primaquine (Fig. 1) is the only anti-malarial drug used as tissue
chizonticide and in relapsing malaria. It acts on latent or hipno-
oite forms of Plasmodium ovule and Plasmodium vivax, in the liver
f the host, and its combination with blood schizonticide can be

ompletely curative [3].

Determination of these drugs concentrations in different body
uids is important for prophylaxis and the treatment of malaria
ases. Investigation of pharmacokinetics helps to decide true resis-

∗ Corresponding author. Tel.: +98 21 88848949; fax: +98 21 88820993.
E-mail address: mashhadizadeh@tmu.ac.ir (M.H. Mashhadizadeh).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.02.040
© 2009 Elsevier B.V. All rights reserved.

tance of malaria parasites to different anti-malarial. The drugs have
been determined in biological fluids with methods such as col-
orimetric tests [4,5], spectrophotometry [6], spectrofluorometry
[7,8], high-performance liquid chromatography with fluorescence
detection [9–12], thin-layer chromatography [13,14], gas chromato-
graphic methods [15,16], and capillary zone electrophoresis [17].

However, most of the above methods require several time-
consuming manipulation steps, sophisticated instruments and
special training. For these reasons, the rapid, simple and accu-
rate method with high sensitivity is expected to be established.
Recently, materials in the nanometer range have shown superior or
advantageous functional properties for a wide range of technolog-
ical applications, including catalysis, optics, microelectronics, and
chemical/biological sensors. Metals in the nanometer range pro-
vide three important functions for electroanalysis: the roughening
of the conductive sensing interface, catalytic properties, and con-
ductivity properties [18]. Typical nano-wires exhibit aspect ratios
(length-to-width ratio) of 1000 or more. As such they are often
referred to as one-dimensional materials. Nano-wires have many
interesting properties that are not seen in bulk or 3D materials. This
is because electrons in nano-wires are quantum confined laterally
and thus occupy energy levels that are different from the traditional
continuum of energy levels or bands found in bulk materials [2].

Peculiar features of this quantum confinement exhibited by cer-

tain nano-wires such as carbon nano-tubes manifest themselves
in discrete values of the electrical conductance. Such discrete val-
ues arise from a quantum mechanical restraint on the number of
electrons that can travel through the wire at the nanometer scale.
The magnetic properties of Cu(OH)2 are remarkably sensitive to



M.H. Mashhadizadeh, M. Akbarian / Talanta 78 (2009) 1440–1445 1441

of chloroquine and primaquine.

t
a

r
T
p
i
m
p

n
o
+
T
c
e
o
e
a
d
m
e
t
c
b
C
o
n
p
r
g
e
p

2

2

e
l
c
u
e
n
o
t
s

2

C
l

Fig. 1. Chemical structure

he intercalation of molecular anions [19,20], making the material
candidate for sensor applications.

Carbon pastes are well known as useful materials for the fab-
ication of various electrometric sensors for analytical propose.
he operation mechanism of such chemically modified carbon
aste electrodes (CMCPEs) depends on the properties of the mod-

fier used to important selectivity towards the target species. Each
easurement was performed on a new surface, obtained by a sim-

le/polishing procedure [21].
Carbon paste electrode (CPE) has been widely used in determi-

ation of drugs, biomolecule, and other organic species because
f their easy preparation and wider potential window of −1.4 to
1.3 V (versus SCE) according to experimental conditions [22,23].
heir residual currents are 10 times lower than those of the glassy
arbon electrodes or noble metallic electrodes [24]. So far, few
lectrochemical techniques have been attempted for the purpose
f the study of chloroquine and/or primaquine [25–27]. Arguelho
t al. [25] determined hydroxychloroquine in plaquenil using DPV
nd achieved a LOD of 11.2 �g mL−1 with a relative standard
eviation of 0.46%. Radi [26] performed the accumulation and
easurement of chloroquine drug at DNA-modified carbon paste

lectrode by DPV and obtained a LOD of 3.0 × 10−8 mol L−1 in
he range 1.0 × 10−7–1.0 × 10−5 mol L−1. In this work, an electro-
hemical analysis for chloroquine and primaquine was proposed
y differential pulse voltammetry (DPV) at a CPE-modified by
u(OH)2 nano-wire (Cu-NW-CPE). A sensitive anodic oxidative peak
f chloroquine and primaquine was used for quantitative determi-
ation. A good linear relationship was realized between the anodic
eak currents and chloroquine or primaquine concentrations in the
ange of 0.068–6.88 and 0.58–5.89 �g mL−1, respectively with a
ood reproducibility. The validation parameters of the method were
valuated. The detection limits of this method for chloroquine and
rimaquine were 0.01 and 0.25 �g mL−1, respectively.

. Experimental

.1. Apparatus

Voltammetric experiments were performed with an EN 50081-2
lectrochemical workstation (Declaration of company, Nether-
ands). A conventional three-electrode system was used with a
arbon-paste working electrode (unmodified or modified), a sat-
rated Ag/AgCl reference electrode and a Pt wire as the counter
lectrode. During the measurement, the solution in the cell was
ot stirred and the phosphate buffer solution (PBS) was used with-
ut unaeration. A pH meter (Crison model GLP 22) was applied for
he preparing the buffer solutions, which in turn were used as the
upporting electrolyte in voltammetric experiments.
.2. Reagents and solutions

Paraffin oil and graphite powder were obtained from Merck
ompany and used as received. All other chemicals were of ana-

ytical grade and used without further purification. Chloroquine

Fig. 2. Cyclic voltammograms of chloroquine (A) and primaquine (B). (a) Blank solu-
tion at bared CPE. (b) Blank solution at Cu-NW-CPE, (c) and (d) 6.6 × 10−5 mol L−1 of
chloroquine or primaquine at bared CPE and Cu-NW-CPE, respectively. Conditions:
0.1 mol L−1 phosphate buffer solution with pH 5.5 and sweep rate was 50 mV s−1.
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ig. 3. Cyclic voltammograms at various scan rates and Ipa versus scan rate of chloro
.6 × 10−5 mol L−1 of chloroquine or primaquine in 0.1 mol L−1 phosphate buffer sol

nd primaquine in analytical grade were prepared from Pars phar-
aceutical Company (Tehran, Iran). 1.0 × 10−2 mol L−1 chloroquine

nd primaquine stock standard solutions were prepared. Working
tandard solutions were prepared by appropriate dilution of the
tock standard solution with buffer.

A Cu(OH)2 nano-wire was prepared by chemical method accord-
ng to the literature [28].

.3. Procedure for pharmaceutical analysis

The contents of 10 tablets of each of chloroquine and primaquine
Pars Co., Tehran, Iran) were weighed for obtaining the average

ass of each tablet, then powdered, and an amount of one tablet
f each drug were transferred to a 50 mL beaker and dissolved
n distilled water, shaken well for 10 min, then the solution fil-
ered and diluted in a 50 mL volumetric flask to the mark with
istilled water. Appropriate aliquots from the working solutions

ere taken for the voltammetric determination of them by DPV

echniques in the standard addition mode, and diluted with buffer
o obtain final concentrations in the range of calibration graph. Then
olutions assayed as described under optimized proposed proce-
ure.
(A) and primaquine (B) used a Cu-NW-CPE as working electrode. Solution contains
with pH 5.5.

2.4. Preparation of modified electrode

The unmodified carbon-paste electrode was prepared by mixing
graphite powder with appropriate amount of mineral oil (paraffin)
and thorough hand mixing in a mortar and pestle (60:25, w/w),
and a portion of the composite mixture was packed into the end
of a polyethylene syringe (2.5 mm diameter). Electrical contact was
made by forcing a thin copper wire down into the syringe and into
the back of the composite. The modified electrode was prepared
by mixing unmodified composite with Cu(OH)2 nano-wire (%15,
w/w). Then, the modified composite was packed into the end of a
polyethylene syringe.

3. Results and discussion

3.1. Electrochemical behaviors of chloroquine and primaquine on

CPE modified with Cu(OH)2 nano-wire

Results of previous works showed that the CPEs modified with
various types of nano-wires and nano-particles have catalytic
effects in the electro-oxidation of biologically important drugs com-
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ounds. The catalytic rule of the modifier causes lowering the
nodic over potential and enhancement of the anodic peak current
n the electrode process. Fig. 2 shows the cyclic voltammograms
f chloroquine (A) and primaquine (B) for the following cases: (a)
he blank solution (only supporting electrolyte) at bared CPE, (b)
he blank solution at Cu-NW-CPE, (c) and (d) 6.6 × 10−5 mol L−1 of
hloroquine or primaquine at bared CPE and Cu-NW-CPE, respec-
ively, in 0.1 mol L−1 phosphate buffer solution with pH 5.5. In all
ases the sweep rate was 50 mV s−1. As seen, a relatively broad and
eak anodic wave for the electro-oxidation of chloroquine and pri-
aquine on the unmodified electrode reveals that the electrode

rocess is very sluggish. When the CPE modified with Cu(OH)2
ano-wire, on the other hand, a well-defined and sharp anodic
ave with a peak potential of 1.21 (±0.02) V and 0.56 (±0.01) V are
btained for chloroquine and primaquine, respectively. However, in
lank solution no peak is seeing with Cu-NW-CPE-modified elec-
rode. On the basis of these observations, it can be postulated that
he addition of Cu(OH)2 nano-wire to the matrix of CPE exhibits
n effective catalytic fashion in the electrochemical oxidation of
hloroquine and primaquine, leading to a remarkable enhancement
f the anodic peak current. The results showed that for both chloro-
uine and primaquine, in the potential range of 0.0–1.5 (versus
g/AgCl) and all potential scan rates (from 10 to 100 mV s−1), no
athodic peak was observed on the reverse sweep. This confirms
n irreversible process for its oxidation on the Cu-NW-CPE.

The cyclic voltammetric investigations at various scan rates for
hloroquine and primaquine were performed on the Cu-NW-CPE
Fig. 3). In these studies, a linear relationship with a correlation
oefficient of R2 = 0.9942 and R2 = 0.9971 are observed between
he anodic peak current and the scan rate for chloroquine and
rimaquine, respectively, which reveals that the oxidation of
hloroquine and primaquine are an adsorption-controlled process.

.2. Effect of carbon paste composition

It is well known that the electrochemical characteristics of the
PE electrodes depend significantly on the paste composition. Thus,
he influence of the amounts of modifier (Cu(OH)2 nano-wire), oil,
nd graphite powder on the response of the electrode to concen-
ration of chloroquine and primaquine were investigated by cyclic
oltammetry. Electrodes with different percents of modifier (0, 5,
0, 15, and 20%), graphite powder (69, 66, 63, 60, and 57%), and
araffin oil (31, 29, 27, 25, and 23%) were prepared and examined for
heir voltammetric signals under identical conditions. The results
howed that, in the absence of modifier (Cu(OH)2 nano-wire) the
lectrode had low response towards drugs. However, the maximum
eak current was obtained for 15% of Cu(OH)2 nano-wire in the
aste. According to these results, a carbon-paste composition of
5% modifier Cu(OH)2 nano-wire, 60% graphite and 25% paraffin oil
as the optimum composition with higher peak currents and used

n further studies.

.3. The pH effect

The effect of pH of the supporting electrolyte was also studied
y varying the pH in the range 3–6. Cyclic voltammetric studies on
he electro-oxidation of chloroquine and primaquine at various pHs
ere performed at the Cu-NW-CPE. The peak current as a function

f pH is shown in Fig. 4. Both chloroquine and primaquine shows
maximum anodic peak current at pH 5.5, this was agreed with
revious reports [24,25].
.4. Differential pulse voltammetry, analytical performance
haracteristics

The DPV using the Cu-NW-CPE was used as a very sensitive
ethod with a low detection limit for determination of chloro-
Fig. 4. Effect of pH of (A) chloroquine and (B) primaquine solutions on the cyclic
voltammetric peak current. Experimental conditions are the same as in Fig. 3 and
sweep rate was 50 mV s−1.

quine and primaquine. The differential pulse voltammetry was
immediately performed from 0.5 to 1.5 V and 0.3 to 1.0 V for
chloroquine and primaquine, respectively. In order to establish the
optimum conditions by means of DPV technique, various instru-
mental variables were studied, and the optimum conditions were
as follows: scan rate: 50 mV s−1, pulse amplitude: 25 mV, and pulse
period: 0.07 s. DPV waves for various concentrations of chloro-
quine and primaquine in 0.1 mol L−1 phosphate buffer (pH 5.5)
are shown in Fig. 5. The ip versus concentration curve of chloro-
quine and primaquine, which is shown in Fig. 5, has a linear
range between 0.068 and 6.88 �g mL−1 with a detection limit
of 0.010 (±0.002) �g mL−1 for chloroquine. The linear range for
primaquine was found between 0.58 and 5.89 �g mL−1 with a
detection limit of 0.25 (±0.01) �g mL−1. For chloroquine the slope
and the correlation coefficient (R2) of the calibration curve were
found 1.325 (±0.028) �A/�g mL−1 and 0.9938, respectively. These
data for primaquine were found 0.388 (±0.009) �A/�g mL−1 and
0.9966, respectively.

3.5. Reproducibility, repeatability, and stability

The main attraction of using the carbon paste modified elec-
trode is that the electrode surface can be renewed after every

use. Indeed, seven successive renewing of a modified Cu-NW-
CPE electrode were used for determination of 6.6 × 10−5 mol L−1

of chloroquine or primaquine repeatedly. The average peak cur-
rent for chloroquine and primaquine were found 6.25 and 1.57 �A
with R.S.D.s 1.9 and 2.1%, respectively. Then the precision of peak
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ig. 5. Differential pulse voltammograms of solutions containing various concentr
B) primaquine at a Cu-NW-CPE. Supporting electrolyte in all measurements was 0.

urrent values with five Cu-NW-CPE electrodes (with the same
aste composition) were also measured. The average peak current
f 6.6 × 10−5 mol L−1 of chloroquine was 6.18 �A with the R.S.D.
f 2.7%. For 6.6 × 10−5 mol L−1 of primaquine solution the average
eak current and R.S.D. were found 1.60 �A and 2.6%, respectively.
ith the same electrode, the measurement results were in good

greement in 2 months indicating that the stability of the electrode
as remarkable.

.6. Interference studies

The interference of a few common interferes was investigated
n the presence of 6.6 × 10−5 mol L−1 chloroquine and primaquine.
orbitol, lactose, Na+, and K+ in 200-fold of the chloroquine and
rimaquine concentration did not change the signal of DPV.
.7. Determination of chloroquine and primaquine in a
harmaceutical product

Chloroquine and primaquine were determined by DPV at the
u-NW-CPE in the tablets containing these compounds. Follow-
and calibration curve of peak current versus concentration of (A) chloroquine and
L−1 phosphate buffer with pH 5.5 and pulse amplitude was 50 mV.

ing the procedure described in Section 2.3, a DPV for chloroquine
and primaquine were obtained. No signals appeared from other
compounds of the sample, since their concentrations in the ana-
lytical solutions were low enough to prevent any interfering
effect. The determination of chloroquine and primaquine were
performed by using the standard addition method in order to min-
imize the matrix effect. The results collected in Table 1 show a
mean chloroquine and primaquine of 111.6 (±2.1) mg and 89.4
(±1.1) mg in each tablet, respectively, which agrees very well
with the labeled value (114 and 90 mg/tablet, respectively). The
R.S.D. obtained for these determinations, 3.4 and 2.6% for chloro-
quine and primaquine, respectively, indicated a good precision.
The HPLC method was employed as a comparison to evalu-
ate the validity of the developed method. The average amount
of chloroquine and primaquine in each tablet obtained from
three replicate measurements were 108.9 (±1.1) and 90.5 (±0.8),

respectively. As seen, there was no significant difference between
methods and a good agreement was achieved. The results obtained
from this study show that proposed method would be recom-
mended for the determination of primaquine and chloroquine in
tablets.
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Table 1
Determination and recovery of chloroquine and primaquine in pharmaceutical of these drugs.

Sample Labeled claim (mg/tablet) Added (mg) Found Recovery (%)

Chloroquine tablet 150 – 146.8 ± 2.1a 97.9
Chloroquine tablet – 103 250.2 ± 3.5 98.9
Chloroquine tablet – 206 350.5 ± 3.7 98.4
Chloroquine tablet – 298 444.5 ± 3.0 99.2

Primaquine tablet 15 – 14.9 ± 2.3 99.3
Primaquine tablet – 70 82.3 ± 2.2 96.8
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Electroanalysis 7 (1995) 5.

[25] M.L.P.M. Arguelho, M.V.B. Zanoni, N.R. Stradiotto, Anal. Lett. 38 (2005) 1415.
rimaquine tablet –
rimaquine tablet –

a Average of five determination.

. Conclusions

The results described in this paper demonstrate fairly well
hat Cu-NW-CPE constitute excellent electrode materials for the
oltammetric determination of chloroquine and primaquine. The
lectroanalytical measurements performed with this electrode
xhibit a good reproducibility, both with the same electrode and
ifferent Cu-NW-CPE prepared under the same conditions, and it
as advantages over similar measurements carried out at bare CPE
lectrode. Finally, the suitability of Cu-NW-CPE for the analysis of
hloroquine and primaquine in real samples has been proved.
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The application of inductively coupled plasma atomic emission spectrometry (ICP-AES) to the foren-
sic sample was studied. On-line collection/concentration method of the sample with chelating resin
column (TE-05) and air-sandwiched method to isolate the analyte zone at the highest concentra-
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tion of an eluent was coupled with ICP-AES. The limits of detection (LODs) were much improved
to 35 fold (Co): from Sc, 0.15 ng ml−1 to Ni, 1.99 ng ml−1, and the concentration efficiency was
7–14 times. This method was applied to the concrete with about 10 mg of samples. Major ele-
ments (Al, Fe, Mg) measured by conventional/ICP-AES and trace elements measured by this method,
such as Cd, Co, Ni, and Pb were determined without matrices interference. Four concrete samples
can be discriminated by comparing the content profiles of the trace elements and the major ele-
ments.
. Introduction

In the field of the forensic chemistry, the identification of a
arget substance in complex/matrix-enriched samples, such as

edicine, glass and paint, sometimes is very important and must
e performed reliably [1–3]. One of the ways for such identi-
cation is a technique to compare the distribution of inorganic
lements: an inorganic elements profiling method. For determin-
ng inorganic elements, neutron activation analysis (NAA) [4–5],
nd atomic absorption spectrometry (AAS) [6] have been widely
sed. Recently, synchrotron radiation X-ray fluorescence spectrom-
try (SR-XRF) [7–8] was used for small volume samples. However,
R-XRF needs a specific operator with a license and a large-scale
pecial facility. Inductively coupled plasma mass spectrometry
ICP-MS) is one of the most sensitive analytical tools at the labo-
atory level, and can be applied to the analysis of glass and so on

9–10]. However, ICP-MS has several problems in measuring sam-
les, which contain high concentration elements as matrices. As
orensic samples are usually gathered on the criminal scene, the
olumes of the samples obtained are often scarcely low, and the

∗ Corresponding author at: Criminal Investigation Laboratory, Okayama Prefec-
ural Police H. Q., Tonda, Okayama 700-0816, Japan. Tel.: +81 86 234 0110;
ax: +81 86 234 0110.
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039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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© 2009 Elsevier B.V. All rights reserved.

concentrations of the elements contained in the samples are much
diluted when the samples are dissolved in solutions for the mea-
surement; sometimes their concentrations are much lower than
LODs by ICP-MS. For such forensic samples, we developed a sen-
sitive method to measure using a small sample size by ICP-MS
[11].

In this work, we developed a sensitive analysis method by induc-
tively coupled plasma atomic emission spectrometry (ICP-AES). The
sensitivity of ICP-AES is usually worse than ICP-MS. However, ICP-
AES is much more convenient and more widely used than ICP-MS
[12–13]. In ICP-AES, for overcoming its weak point, low sensitivity,
it has been improved by coupling the on-line method for the col-
lection/concentration of analytes with a solid phase column with
ICP-AES [14]: the detection was carried out by using an analyte
zone at the highest concentration of an eluent, which was sand-
wiched by air. One of commercially available solid phases, TE-05,
was used: it is a silica-based chelating resin and can collect var-
ious kinds of elements for simultaneous determination of trace
elements. Usually, TE-05 cannot adsorb alkali and alkaline earth
elements in aqueous sample solutions, and is very stable and can
be used repeatedly for column procedures. The pretreatment pro-

cedure with a column packed with a solid phase can be performed
by a laboratory-made computer-controlled system (Auto-Pret sys-
tem) [15–17]. The method with the auto-Pret system was applied
to a concrete sample, which is very difficult to discriminate in the
forensic chemistry [18].
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Table 1
Operating conditions of ICP-AES.

Spectrometer ICP-AES (Vista-Pro)

RF generator Frequency 40 MHz, power of 1.2 kW
Plasma gas flow Ar 15.0 l min−1

Auxiliary gas flow Ar 1.50 l min−1

Nebulizer gas flow Ar 0.75 l min−1
ig. 1. Laboratory-assembled auto-pretreatment system for on-line collec-
ion/concentration. SP, syringe pump; SLV, eight-port selection valve; SWV,
ight-way switching valve; MC, mini-column; P, peristaltic pump.

. Experimental
.1. Instrumentation

A modular digital syringe pump (Hamilton: Reno, NV, USA),
selection valve and a switching valve (Hamilton: Reno, NV,

Fig. 2. Adsorption behavior of trace elements at various pHs with TE-05 resin. Samples,
Spray chamber Glass cyclonic spray chamber
Nebulizer K-style concentric glass nebulizer
Torch One-piece low flow extended torch in the axial view mode

USA) were used to assemble an Auto-Pret system, which is
computer-controlled by a laboratory-written VISUAL BASIC pro-
gram. Flow lines were constructed with PTFE tubing (0.5 mm i.d.).
The laboratory-made mini-column was prepared with the volume
of about 0.13 ml (2 mm i.d. × 40 mm length). The Auto-Pret system
was coupled with ICP-AES (Vista-Pro: Seiko Instruments, Chiba,
Japan). The manifold of the Auto-Pret System coupled with ICP-AES
used in this work was shown in Fig. 1. The operating condition of
ICP-AES is shown in Table 1.

2.2. Reagents and materials
Multi-element standard solutions were prepared by diluting
several kinds of a single-element standard solution for atomic
absorption spectrometry (1000 �g ml−1, Wako Pure Chemicals,
Osaka, Japan) and a multi-element standard solution for ICP-MS

4 ml of solution containing 250 ng g−1 various elements; eluent, 4 ml of 3 M HNO3.
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Table 2
Flow program of this Auto-Pret system.

SWVa

position
Flow rate
(ml min−1)

Flow volume
(ml)

Washing with ultrapure water Inject 6 2
Conditioning with 0.2 M
CH3COONH4

Inject 6 1

Collection of elements Inject 0.9 2
Washing with 0.2 M CH3COONH4 Inject 6 0.5
Washing with ultrapure water Inject 6 1

Elution with 3 M HNO3

sandwiched with air
Load 0.9 0.17
Inject 0.6 0.06
Load 0.12 0.10

sandwiched with air was selected to be 100 �l.
The concentration of HNO3 used as an eluent was examined.

The results, which were obtained by using 2, 3, and 6 M HNO3
as an eluent, were compared with one another. When 2 M HNO3
O. Noguchi et al. / Tal

10 �g ml−1, Spex CertiPrep Inc., NJ, USA); XSTC-13 (31 elements)
nd XSTC-1 (16 rare earth elements) by using a weight method.
ltrapure water (18.2 M� cm−1 resistivity) prepared by an Elix
/Milli-Q Element system (Nihon Millipore, Tokyo, Japan) was used
hroughout. Ultrapure grade nitric acid (60%, Kanto Chemicals,
okyo, Japan) was diluted with the ultrapure water to give adequate
cid concentrations. Acetic acid (minimum 96%) and ammonia
ater (29%) used for the preparation of ammonium acetate solution
ere of an electronic industrial reagent grade (Kanto Chemi-

als, Tokyo, Japan). A chelating resin, MetaSEP AnaLig® TE-05
100–200 mesh: supplied by GL Science Inc., Tokyo, Japan) was used
or collection/concentration of trace elements. Four kinds of con-
rete block samples were purchased from different companies.

. Result and discussion

.1. Collection behavior by batch-wise procedure with
ini-column

A resin, TE-05 (45 mg), was packed in the mini-column. The col-
mn packed with the resin was washed by passing 10 ml of 3 M
NO3 through it, followed by passing 10 ml of ultrapure water.
he column was then conditioned at an appropriate pH by pass-
ng 5 ml of buffer solutions (pH 1–7, adjusted with HNO3 and
.2 M ammonium acetate solution). A multi-element sample solu-
ion containing 250 ng g−1 of each element (4 ml), whose pH was
djusted at the same pH as the column conditioning, was passed
hrough the column, and then 5 ml of buffer solution was passed
hrough the column. The buffers remaining in the column were
ashed out by passing 5 ml of the ultrapure water. Finally, 4 ml of
M HNO3 was passed through the column for recovering metal

ons, which were adsorbed on the resin. The flow rate of the eluent
as 0.9 ml min−1; the eluents were adjusted to 10 g with ultrapure
ater, and then measured by a conventional method with ICP-AES.

he results obtained were shown in Fig. 2. Twenty-nine elements
ere collected by almost 100% at around pH 6. By changing the

ollection pH from 6 to 3, alkaline and alkaline-earth metals were
ot collected on the resin. From such collection behavior, trace lev-
ls of elements Cd, Co, Cu, Fe, Ga, In, Ni, Pb, Th, V, Zn, and 14 rare
arth elements in samples could be collected quantitatively at pH
, even though Ca, Na, K, and Ba were contained in the samples as
atrices.

.2. Air-sandwiched method for peak sharpness

For measuring with a very small volume of a sample solution by
CP-MS, we proposed the method by sandwiching a sample zone

ith air (air-segmented sample injection technique) [19–20] in
rder to prevent the dispersion of the sample zone into a carrier
olution. This method was applied to the improvement of the sen-
itivity. However, when the column pretreatment method with a
olid phase was incorporated for on-line collection/concentration
f trace elements, the sandwiched method must be reformed. When
conventional flow line is used, air bubbles must pass through

he column; these are often divided irregularly in the column, and
herefore the reproducibility of measurements becomes worse. In
he present study, a new program for using the sandwiched zone
nd overcoming the disadvantage was developed and examined as
s shown in Table 2. Air -sandwiched zone was prepared at the step

Elution with 3 M HNO3 sandwiched with air” in Table 2 by chang-
ng the flow direction alternatively through the column. Though
he flow exchange steps were increased, air did not pass through
he column; such an operation can be carried out automatically.
he most concentrated eluent zone was isolated from the back and
orward dispersed eluent zone.
Inject 0.6 0.05
Load 0.9 0.88

a Switching valve.

3.3. Optimal conditions for on-line collection/concentration

The dispersion of an element in an effluent was investigated. One
ml of the eluent (2 M HNO3) was passed through the column, fol-
lowed by passing 2 ml of 10 ng g−1 Co solution through the column,
and at the same time, the 100 �l portion of the Co solution flowed
out of the column was sandwiched with air bubbles and measured
by ICP-AES. Then, the zone sandwiched with air was shifted step-
wise: the results were shown in Fig. 3 with a flowing zone image.
From these results, the highest concentrated zone could be sand-
wiched with air bubbles as is shown in Fig. 3(b); the sandwiched
zone was somewhat dispersed.

The optimal volume of the effluent sandwiched with air was
investigated using the Co solution (10 ng g−1) as a sample. When
the volume of the effluent sandwiched with air was varied from 50,
75, 100 to 125 �l; using the volumes of 50 �l and 75 �l, the highest
portion of the cobalt concentration could not be recovered. When
100 �l of the effluent was used, almost all of the peak area can be
recovered. Though the highest portion of the cobalt concentration
can be recovered using 125 �l, the peak height was lower than that
of 100 �l. This is due to the dispersion of the analyte zone in the
sandwiched effluent zone. As a result, the volume of the effluent
Fig. 3. The distribution profile of the collected zone in the eluent with its images.
(a), top portion of the eluent; (b), middle portion of the eluent; (c), bottom portion
of the eluent; sample, 2 ml of Co, 10 ng g−1; flow rate, 0.9 ml min−1; volume of eluent
sandwiched with air, 100 �l of 3 M HNO3.
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Table 4
Analytical results of artificial concrete sample.

Element Anal. line nm Found (ng g−1)

Artificial blank solutiona Artificial solutionb

Cd 228.802 −0.05 ± 0.07c 4.80 ± 0.10
Co 228.615 −0.01 ± 0.11c 4.73 ± 0.17
Cu 327.395 0.55 ± 0.33c 4.72 ± 0.24
Ni 231.604 0.49 ± 0.18c 4.84 ± 0.53
Pb 220.353 1.76 ± 0.19c 6.46 ± 0.12
V 311.837 0.36 ± 0.26c 4.99 ± 0.21
Zn 206.200 −0.96 ± 0.17c 4.32 ± 0.40

n = 3.
a Prepared with 10 �g g−1 of Ca and each 2 �g g−1 of Fe and Al as concrete matrices.
ig. 4. Effect of air-segmentation on the peak profile. (a), Proposed air-sandwiched
ethod; (b), conventional on-line elution method without air; sample, 2 ml of Co,

0 ng g−1; flow rate, 0.9 ml min−1; eluent, 3 M HNO3.

as used, the elution was not enough, while 3 M HNO3 was used,
he peak shape was improved to be sharper. However, remarkable
mprovement was not achieved with 6 M HNO3. As a result, the
oncentration of the eluent (HNO3) was selected to be 3 M.

.4. Effect of air-segmentation on the peak profile

The proposed air-sandwiched method was compared with the
onventional on-line elution method without air sandwich tech-
ique. The effect of air-segmentation was shown in Fig. 4. The peak
rofile (a) is air sandwich one and (b) is without air sandwich one:
a) is clearly sharper than (b) and 100 �l was enough for the deter-

ination (for 7 s as the eluent flow rate was 0.9 ml min−1). The peak
eight of the collected zone in the eluent could be increased twice
o avoid dispersion by air-segmentation.

.5. Analytical characteristics and validation

Under the optimized conditions, calibration graphs could be pre-
ared for 11 elements at pH 3 of the collection step. The detection
avelengths, the concentration efficiency, the limits of the detec-

ion (LOD, 3� of the reagent blank) were summarized in Table 3,
ogether with LOD of the conventional/ICP-AES. The LODs were

uch improved by 35 fold for the maximum effective element, Co.
he concentration efficiency was 7–14 times calculated with the
eak height of the proposed method to those of the system with-
ut a column. The concentration efficiency was somewhat lower
han the calculated values with a ratio of the sample volume (2 ml)
o the eluent volume (100 �l), which is due to lowering by the dis-

ersion of the zone and the collection efficiency of TE-05. However,
he proposed method could eliminate the spectrum interferences
aused from matrices, because the resin in this work, TE-05, did not
ollect major elements, such as Na, K and Ca.

able 3
oncentration efficiency and limit of detection (LOD).

lement Anal. line
(nm)

Concentration
efficiency

LOD (ng g−1)

This method Conventionala

d 228.802 13.3 0.22 4.88
o 228.615 13.0 0.23 8.13
u 327.395 9.6 0.85 1.36
a 379.477 10.2 0.81 0.86
n 257.610 7.2 0.18 0.49
i 231.604 8.9 1.99 10.58
b 220.353 14.3 1.85 36.96
c 335.372 13.0 0.15 0.51

311.837 11.0 0.80 1.63
371.029 12.0 0.20 0.29

n 206.200 12.3 0.83 10.93

a LOD of conventional/ICP-AES.
b Five ng g−1 of each element was added to the artificial blank solution. One ng g−1

of 16 kinds of rare earth elements was also added, but the reproducibility was not
good. Therefore the results were deleted in this Table.

c These values were under LOD.

The validation of the proposed method was evaluated by using
an artificial concrete sample solution, because the standard con-
crete sample could not be obtained. To examine the interferences
from matrices, the blank solution for the artificial concrete solu-
tion was prepared by dissolving 10 �g g−1 of Ca and each 2 �g g−1

of Fe and Al. The artificial concrete sample solution was prepared by
adding 5 ng g−1 of 31 kinds of transition elements and 1 ng g−1 of 16
kinds of rare earth elements to the artificial concrete blank solution.
Such artificial solutions were measured; the results obtained were
shown in Table 4. Rare earth elements could not be determined in
good reproducibility by this system. From Table 4, major elements in
concrete samples did not interfere with the determination and Cd,
Co, Cu, Ni, Pb, V, and Zn could be measured with sufficient accuracy
and reproducibility.

3.6. Application to real concrete samples

The proposed method was applied to the determination of HNO3
soluble trace elements in concrete samples, and the discrimina-
tion from other samples was discussed. Without hydrofluoric acid
(HF), silicate does not affect the determination of HNO3 soluble
trace elements [21]. High concentration elements (Al, Fe, Mg) were
measured by a conventional ICP-AES method. Sample solutions
were prepared by the following procedure. Conc. nitric acid, 0.75 ml
(1.02 g), was added to about 10 mg of concrete samples, and the mix-
ture was sonificated for a few minutes. After standing 15 h at room
temperature, the sample solution was centrifuged at 3000 rpm for
10 min, and 0.5 ml (0.68 g) of supernatant was pipetted out. Then,
the supernatant solution was adjusted to pH 3 by adding 2 ml of
2 M ammonium acetate and 1 ml of 29% ammonia water. Finally it
was made up to 20 g with ultrapure water. The results obtained for
three major elements and four trace elements (V, Co, Ni, Pb) were
shown in Table 5. The samples, A1, A2, and A3, were prepared with
three sites of a concrete block A: A1 at edge, A2 at corner and A3
at inner hole site, and the samples, B, C, and D were sampled at
each inner hole site. The samples, A, B, C, and D were made in dif-
ferent companies. From the comparison of the analytical values in
Table 5, each sample could not be discriminated. This is because the
concrete block composed mainly of two constituents, a HNO3 solu-
ble component and an HNO3 insoluble component, and the mixing
of these components were not homogeneous, especially in a small
amount of sample (about 10 mg). However, the abundance ratio of
the HNO3 soluble elements suggested to be the same. Therefore, the
abundance ratio (%) of each Co, Ni, Pb, and V (�g g−1) to sum of these

four elements (�g g−1) in samples were calculated. The results were
shown in Fig. 5(b). The same calculation was performed for major
elements, Al, Fe, and Mg as is shown in Fig. 5(a). The patterns of
Samples A1, A2, and A3 obtained by using the same concrete block
A, resembled closely, though the lines were deleted due to over-
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Table 5
Analytical results of concrete samples.

Element Anal. line (nm) Found (�g g−1)

Sample A1 Sample A2 Sample A3 Sample B Sample C Sample D
11 mga 13 mga 12 mga 10 mga 14 mga 10 mga

Alb 237.312 8009 ± 96 9091 ± 113 14625 ± 109 49980 ± 529 3723 ± 95 13354 ± 95
Coc 228.615 4.61 ± 0.42 4.69 ± 0.39 7.83 ± 0.93 3.16 ± 0.40 1.98 ± 0.06 4.63 ± 0.28
Feb 259.940 7087 ± 91 6925 ± 18 11737 ± 109 3771 ± 30 4499 ± 57 7594 ± 71
Mgb 279.553 2537 ± 21 2506 ± 36 3735 ± 25 18294 ± 222 804 ± 14 3366 ± 26
Nic 231.604 7.99 ± 0.25 8.06 ± 0.44 15.85 ± 0.17 3.31 ± 0.58 3.08 ± 0.69 5.34 ± 0.97
Pbc 220.353 18.02 ± 0.19 17.61 ± 0.48 29.27 ± 1.56 14.71 ± 2.25 5.98 ± 1.08 11.86 ± 0.63
Vc 311.837 13.76 ± 0.41 11.70 ± 0.38 14.45 ± 1.00 36.22 ± 1.74 8.64 ± 0.43 23.53 ± 0.84

n = 3.
a The weight of concrete sample.
b Measured by conventional/ICP-AES.
c Measured by this method.
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ig. 5. Major and trace elements distribution patterns for concrete samples. The
amples were the same as shown in Table 4; (a), major elements obtained by
onventional/ICP-AES; (b), trace elements obtained by this method.

apping. From the results of major elements, only Samples B and
could be discriminated. With the results of the trace elements

atterns, Samples A and B could be discriminated. To consider the
esults of both patterns, four samples can be discriminated.

. Conclusion
The sensitive on-line ICP-AES analysis method could be devel-
ped. The aim of this method was the determination with
mall amounts of concrete samples (about 10 mg), simultane-
us multi-elements determination and automatic procedures for

[
[

[

discrimination of forensic samples. For concrete samples, the
comparison of the HNO3 soluble trace elements, which were deter-
mined by coupling the column procedure with the chelating resin
to ICP-AES, was enough for the discrimination. The consumption
of the sample solution for a measurement was 2 ml. To sandwich
the concentrated parts of the effluent with air, the concentration
efficiency was improved twice. In this case with 2 ml of sample
solutions, rare earth elements could not be detected, because of its
low concentration. They are expected to be determined by coupling
the proposed pretreatment method to ICP-MS.
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A new benzoylation procedure was developed which was more reliable than the most common
benzoylation procedures in terms of reaction time, peak resolution, detector response and repeata-
bility. Methylamine, putrescine, cadaverine, tryptamine, �-phenylethylamine, spermidine, spermine,
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vailable online 10 February 2009

eywords:
iogenic amines
enzoyl derivatization
P-HPLC-UV

histamine, tyramine and agmatine were studied. Linearity for each biogenic amine was observed with a
good regression coefficient. Limits of detection were found between 0.2 mg/l and 2.5 mg/l. Recovery rates
varied from 72.8% to 103.4%. Temperature and pH of mobile phase were studied and found that 20 ◦C of
column temperature with a pH of 8 was preferable. It was established that polyvinylpyrrolidone adsorbed
biogenic amines and caused interference in HPLC determination of biogenic amines that had been used
by some authors to eliminate interfering phenolic compounds in wine samples.
olyvinylpyrrolidone

. Introduction

Biogenic amines are basic nitrogenous organic compounds and
re synthesized by microbial, vegetable and animal metabolisms.
iogenic amines in fermented or spoiled foods are generated
y microbial decarboxylation of amino acids during fermenta-
ion or are formed by the enzymes of raw material. Biogenic
mines are present in a wide range of food products including
sh and fish products, meat and meat products, dairy prod-
cts, fermented soybean products, wine, beer, vegetables and

ermented vegetable products. Histamine, tyramine, putrescine,
adaverine, tryptamine, �-phenylethylamine, spermine, spermi-
ine, agmatine, methylamine, ethylamine and ethanolamine are
he most important biogenic amines occurring in foods. Bio-
enic amines have important metabolic roles in living cells.
olyamines and putrescine are essential for growth and other
mines like histamine, tyramine and serotonin are involved in
ervous system functions and the control of blood pressure
1].

Biogenic amines are of importance because of their potential
oxicity and they have been responsible for many cases of food poi-

oning. Low levels of biogenic amines in food are not considered
s a serious risk. However, if amount consumed is high enough
r normal routes of amine catabolism are inhibited or genetically
eficient, they may induce headache, respiratory distress, heart

∗ Corresponding author. Tel.: +90 232 3884000/1315; fax: +90 232 3427592.
E-mail address: ozgul.ozdestan@ege.edu.tr (Ö. Özdestan).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.02.001
© 2009 Elsevier B.V. All rights reserved.

palpitation, hypotension (in the case of histamine, putrescine and
cadaverine), hypertension (as in the case of tyramine), nausea, rash,
dizziness, emesis and even intracerebral hemorrhage, anaphylactic
shock syndrome and death, in very severe cases [1–3]. The estima-
tion of biogenic amines is important not only from the toxicological
point of view, but also they can be used as indicators of degree
of freshness or spoilage of food [4]. Yamanaka et al. [5] reported
that cadaverine seemed to be the most useful index for decom-
position of fish. Agmatine could be a quality marker specific for
common squid [6], histamine, putrescine, cadaverine and agma-
tine for Atlantic herring [7], cadaverine and tyramine for red meat,
cadaverine for white meat [8], agmatine for Korean fermented soy-
bean paste [9] and tryptamine for tomato and tomato products
[10].

Several methods have been reported for the analyses of bio-
genic amines. Most of them have been chromatographic and
capillary electrophoresis techniques. Among these, high perfor-
mance liquid chromatography (HPLC) has been the mostly used
one. It is difficult to determine biogenic amines in foods due
to the matrix effect. Therefore, extraction and purification steps
must be undertaken prior to chromatographic analysis. These steps
are most critical in terms of obtaining an adequate recovery for
each amine. The aim of the extraction and purification steps is
to remove interfering compounds from the matrix, but during

these steps losses of biogenic amines must be as little as possi-
ble. Most of the times extraction of biogenic amines from a food
matrix can be carried out by hydrochloric acid, perchloric acid or
trichloroacetic acid (TCA). After extraction of biogenic amines from
the complex food matrix, purification is necessary to remove inter-
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ering compounds including amino acids. It can be performed by
iquid–liquid extraction or solid phase extraction by using C18 car-
ridges [3,11–14]. Several organic solvents such as diethyl ether,
-butanol, chloroform or mixtures of these solvents have been
pplied to extract biogenic amines in a quantitative way. Most
f the methods for biogenic amine determinations apply only
xtraction. Thus biogenic amine losses can be reduced and time
f analysis is shortened by omitting the purification step. But this
echnique has some disadvantages especially in the case of com-
lex food matrices such as cheese. Interfering substances may
emain in the medium and cause a decrease in recovery rates
or some biogenic amines, and formation of additional peaks at
he same retention times as biogenic amines. There is no need
or extraction and purification steps while studying with non-
omplex samples like wine, beer and fermented vegetable brine.
fter filtering and centrifugation steps derivatization can be real-

zed.
After extraction and purification steps, biogenic amines are con-

erted to their derivatives, since the majority of the biogenic amines
o not possess chromophoric or fluorogenic moieties. Biogenic
mines are determined by pre-column or post-column derivatiza-
ion using mainly benzoyl chloride, orto-phthaldialdehyde (OPA)
r dansyl chloride. Among these reagents, benzoyl chloride has
ome advantages, including short elution time, stability, being rel-
tively inexpensive and easily accessible. Benzoyl chloride reacts
ith both primary and secondary amines and forms stable deriva-

ives. It can derivatize most of the naturally occurring amines
ncluding spermidine, spermine and agmatine [2,7,9,15]. Benzoyl
erivatives of biogenic amines are not sensitive to light [16]. The
ost important advantage of OPA is that it reacts quickly with bio-

enic amines. However it has the drawbacks that it only reacts
ith primary amines and gives unstable derivatives. Spermidine

nd spermine are not detectable using pre-column derivatization
ith OPA [4,17–19]. Dansyl chloride was used as derivatization

eagent in most studies. Dansyl chloride is light sensitive and has
imited stability [16]. It is not possible to determine agmatine
y this reagent [8,10,19–21]. Redmond and Tseng [22] were the
rst to use benzoyl chloride for derivatization of biogenic amines.
hey realised the derivatization at room temperature in 20 min.
sotra et al. [23] described the application of benzoyl chloride
issolved in methanol thereby enhancing the reaction with bio-
enic amines. 2% benzoyl chloride in methanol was applied at
7 ◦C for 18–20 min. Hwang et al. [24] investigated the roles of
erivatization temperature and time and reported that deriva-
ization of biogenic amines with benzoyl chloride at 30 ◦C for
0 min was the optimum condition to eliminate interfering peaks.
he method of Hornero-Méndez and Garrido-Fernández [2] con-
isted basically of treating a sample with benzoyl chloride at
oom temperature for 45 min. Křížek and Pelikánová [25] mod-
fied the method of Redmond and Tseng [22] by shaking the
olution for 2.5 min following the benzoyl chloride addition. Then
he reaction mixture was allowed to stand in the water bath of

ultrasound cleaner for 15–20 min. Özoğul et al. [7] reported a
ethod by dissolving benzoyl chloride in acetonitrile. This was

ompared with benzoyl chloride dissolved in methanol and with
nly benzoyl chloride to find the optimum derivatization condi-
ions. Optimum times of derivatization at room temperature were
5 min, 20 min and 40 min for 2% benzoyl chloride in acetonitrile,
% benzoyl chloride in methanol and only benzoyl chloride, respec-
ively.

Due to the inconsistent or incorrect results in the literature rel-

tive to the extraction, purification and derivatization of biogenic
mines, it was necessary to improve the biogenic amines analysis.
irst of all benzoylation procedure of biogenic amines was inves-
igated in more detail, and a rapid, accurate, precise and reliable
enzoylation procedure was developed.
78 (2009) 1321–1326

2. Experimental

2.1. Materials

2.1.1. Wine samples
Two red wines and 2 white wines, produced in Aegean region of

Turkey in the year 2006 were purchased from local markets.

2.1.2. Chemicals
Cadaverine dihydrochloride, tryptamine, �-phenylethylamine,

spermidine trihydrochloride, spermine, histamine dihydrochlo-
ride, tyramine and agmatine sulphate were obtained from Sigma
(Steinheim, Germany). Methylamine hydrochloride, butylamine,
1,7-diaminoheptane (internal standard, IS) and ethanolamine were
obtained from Merck (Schuchardt, Germany). Putrescine dihy-
drochloride was obtained from Fluka (Steinheim, Germany) and
ethylamine hydrochloride from Acros Organics (Geel, Belgium). The
other reagents: sodium hydroxide, ammonium chloride, benzoyl
chloride, sodium chloride, anhydrous sodium sulphate, n-butanol,
chloroform, OPA, 2-mercaptoethanol and distilled water were
supplied from Merck (Darmstadt, Germany), tetrahydrofuran and
hydrochloric acid from J.T. Baker (Deventer, Holland), methanol,
acetonitrile and diethyl ether (all of them HPLC grade) from Lab-
Scan (Dublin, Ireland), boric acid and sodium acetate trihydrate
from Riedel (Germany), PVP from ISP England. Standard solutions
of biogenic amines were prepared by dissolving each of them in
0.1 M HCl separately. These standard solutions were stored in glass
containers at 4 ◦C and contained 1 mg of free base form of biogenic
amine in 1 ml. Internal standard solution contained 2 mg of 1,7-
diaminoheptane in 1 ml. To prepare mixture of standard biogenic
amines, suitable volumes of standard solutions were mixed and
diluted to 25 ml with distilled water just before used.

2.2. Methods

2.2.1. Derivatization with benzoyl chloride
To 0.5 ml aliquot of the mixture of standard biogenic amines in

a glass tube were added 2 ml of distilled water, 0.1 ml of internal
standard solution, 2 ml of 2 M NaOH solution and 30 �l of benzoyl
chloride. The mixture was shaken for 5 min using a vortex mixer
and after the addition of 1.5 ml of acetonitrile, allowed to stand
for 10 min at 25 ◦C. Total volume of the solution in the derivatiza-
tion tube was approximately 6.1 ml. Following the addition of 1.5 g
of solid sodium chloride and vortexing for 1 min resulting deriva-
tives were extracted 3 times with 4 ml aliquots of diethyl ether
in a separator funnel. The upper organic phases were combined
and dried with anhydrous sodium sulphate, decanted and evapo-
rated under a current of nitrogen. The solid residue was dissolved
in 1 ml of methanol, filtered through a 0.5 �m pore size filter and
10 �l of the solution was injected into HPLC. When determining the
recovery rates, 1 ml of wine sample was derivatized with the addi-
tion of 1.5 ml of distilled water, 0.1 ml of internal standard solution,
2 ml of 2 M NaOH solution and 50 �l of benzoyl chloride, and then
1 ml of wine sample was derivatized by adding 0.5 ml aliquot of
the mixture of standard biogenic amines, 1 ml of distilled water,
0.1 ml of internal standard solution, 2 ml of 2 M NaOH solution and
50 �l of benzoyl chloride. The volume of benzoyl chloride might
be increased up to 80 �l depending on the nature and amount of
food sample to be analysed. Throughout the present study chro-
matograms were obtained for three aliquots of the same solution
that underwent the whole analytical procedure.
To compare the new derivatization procedure with those in lit-
erature, 0.5 ml aliquot of the same mixture of standard biogenic
amines was derivatized following the methods of Hornero-Méndez
and Garrido-Fernández [2], Křížek and Pelikánová [25] and Özoğul
et al. [7]. Thirty microliters of benzoyl chloride was used when
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pplying the methods of Hornero-Méndez and Garrido-Fernández
2] and Křížek and Pelikánová [25], and 1.5 ml of 2% benzoyl chlo-
ide in acetonitrile was used for Özoğul et al. [7]. Total volume of
he derivatization medium was also 6.1 ml. The derivatization pro-
edure of Hornero-Méndez and Garrido-Fernández [2] was realised
t 20 ◦C, 25 ◦C and 30 ◦C, and the other two methods were achieved
t 25 ◦C.

.2.2. OPA derivatization
In the determination of biogenic amines in wine samples by

enzoyl or dansyl derivatization, phenolic compounds from wine
amples react with benzoyl chloride and dansyl chloride, thus
educe concentration of derivatization reagent. Consequently sig-
als of biogenic amine derivatives become less. Some authors
sed PVP to eliminate interfering phenolic compounds [26,27].
VP adsorbs phenolic compounds mainly by forming hydrogen
onding [28]. However, PVP may adsorb not only phenolic com-
ounds but also biogenic amines and causes a decrease in detector
esponses for biogenic amine derivatives. To examine this pos-
ibility, in the present study biogenic amines of wine samples
ere determined by pre-column OPA derivatization, since OPA
oes not react with phenolic compounds. OPA derivatization was
chieved following the method of Yıldırım et al. [29]. Wine sam-
les were derivatized with and without PVP treatment. In PVP
reatment 0.2 g of PVP was added into 5 ml of wine sample.
he resulting mixture was then stirred for 15 min and filtered
hrough a Whatman (41) filter paper. Filtrate was made up to
he initial volume of 5 ml with distilled water and derivatized
y OPA reagent. Quantifications were performed by the stan-
ard addition method. As spermine and spermidine were not
etectable by pre-column OPA derivatization, ethylamine and
thanolamine, widespread biogenic amines occurring in wine sam-
les were added into these experiments to acquire better statistical
esults.

.2.3. Chromatographic conditions
Chromatographic separations of benzoyl derivatives were real-

zed following the method of Yeğin and Üren [30] using a binary
radient elution consisting of methanol and acetate buffer. Mobile
hase was prepared as follows. Solvent A, 0.05 M acetate buffer:
ethanol 60:40; solvent B, methanol. The pH of solvent A was

djusted to pH 6, 7 or 8. The chromatographic column was ther-
ostated at 20 ◦C, 25 ◦C or 30 ◦C and detection was performed

t 254 nm. HPLC separation of OPA derivatives was carried out
ollowing the method of Yıldırım et al. [29]. Mobile phase was pre-
ared as follows. Solvent A [0.05 M acetate buffer–tetrahydrofuran
96–4)]:methanol, 60:40; solvent B, methanol. Detector response
as measured using a fluorescence detector operating at 340 nm

nd 420 nm as excitation and emission wavelengths, respectively.

.3. Apparatus

Chromatographic separations were performed by using
ewlett-Packard 1050 liquid chromatograph (Agilent, Santa Clara,
A) equipped with a Waters 486 variable wavelength UV–vis
etector, a Waters 470 scanning fluorescence detector (Waters Cor-
oration, Milford, MN), a gradient elution pump and a Rheodyne
125 injection loop of 20 �l (Rheodyne LLC., Rohnert Park, CA). The
hromatographic column was Hichrom C18 (10 �m particle size,
00 mm × 3.9 mm ID, Hichrom Ltd., Theale, UK).
.4. Statistical analysis

Significant differences between experimental means were cal-
ulated by t-test. Paired t-test was used for comparison of wine
78 (2009) 1321–1326 1323

samples in terms of biogenic amine contents. Evaluation of linearity
was achieved by applying Microsoft Excel.

3. Results and discussion

3.1. The effect of derivatization temperature

Due to the inconsistent results in the literature, benzoyla-
tion procedure of biogenic amines was investigated in terms
of reaction temperature in the present study. Mixture of
standard biogenic amines including methylamine, putrescine,
cadaverine, tryptamine, �-phenylethylamine, spermidine, sper-
mine, histamine, tyramine and agmatine was treated with benzoyl
chloride following the method of Hornero-Méndez and Garrido-
Fernández [2], at 20 ◦C, 25 ◦C and 30 ◦C separately. Areas of biogenic
amine derivatives obtained at different temperatures were com-
pared and derivatization at 25 ◦C was found to be optimum. The area
of histamine derivative at 25 ◦C was significantly greater than those
at 20 ◦C and 30 ◦C (P < 0.05). Histamine derivative decomposed
to ammonia derivative especially at 20 ◦C and 30 ◦C. Agmatine
area at 25 ◦C was greater significantly than the other two tem-
peratures (P < 0.05). Agmatine derivative partially decomposed,
especially at 20 ◦C and 30 ◦C and produced ammonia derivative,
putrescine derivative and a new peak which had the same retention
time as butylamine derivative. Order of spermine responses was
25 ◦C > 30 ◦C > 20 ◦C and there was a significant difference between
areas for 25 ◦C and 20 ◦C (P < 0.05). The remaining biogenic amines
did not show any significant differences in terms of derivatization
temperature. These results were different from that of Hwang et
al. [24] who reported that derivatization of biogenic amines with
benzoyl chloride at 30 ◦C for 40 min was the optimum condition to
eliminate interfering peaks.

3.2. The effects of pH of mobile phase and column temperature on
resolution of biogenic amines

To find the effect of mobile phase pH on resolution of biogenic
amines, mixture of standard biogenic amines derivatized at 25 ◦C
was separated on C18 column thermostated at 20 ◦C. Separations
were achieved using three different mobile phases with the pH val-
ues of 6, 7 and 8. Then for the examination of the effect of column
temperature on separation of biogenic amines, chromatographic
analyses were carried out at three different column temperatures
of 20 ◦C, 25 ◦C and 30 ◦C with the mobile phase of pH 8. In these
experiments 2 split peaks were established in the chromatograms,
one of them after histamine and the other following tyramine. Both
split peaks moved to the left hand side with increasing pH and
decreasing column temperature and combined with histamine and
tyramine. As a result, these split peaks disappeared when separa-
tions were realised at 20 ◦C of column temperature with the mobile
phase of pH 8.

3.3. Comparison of the new derivatization procedure with those
in literature

To compare the new derivatization procedure with those in
literature, the same volume of the mixture of standard biogenic
amines was derivatized following the new procedure and the meth-
ods of Hornero-Méndez and Garrido-Fernández [2], Křížek and
Pelikánová [25] and Özoğul et al. [7]. Fig. 1 illustrates HPLC traces
obtained for these methods. Detector responses of 10 biogenic

amines were given for these 4 procedures in Fig. 2. From the exam-
ination of Figs. 1 and 2 it can be observed that the new method is
much more reliable than the others in terms of peak resolution,
detector response, repeatability and reaction time. As it is seen
from Fig. 1, these 4 chromatograms have several additional peaks.
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Fig. 1. HPLC chromatograms of mixture of standard biogenic amines derivatized accor
and Özoğul et al. [7] (d). Peak identification: 1, ammonia; 2, methylamine; 3, ethylam
7, cadaverine; 8, tryptamine; 9, �-phenylethylamine; 10, decomposition product of hist
histamine; 15, ammonia; 16, ammonia; 17, tyramine; 18, agmatine; 19, dibenzoylated his

Fig. 2. Detector responses (peak areas), with standard deviations of 10 biogenic
amines and internal standard for the new method and the methods of Hornero-
Méndez et al. [2], Křížek et al. [25] and Özoğul et al. [7]. Detector responses were
obtained for 0.25 �g of each of biogenic amines in injected volume.
ding to the new method (a), Hornero-Méndez et al. [2] (b), Křížek et al. [25] (c)
ine (from decomposition of histamine); 4, ammonia; 5, ammonia; 6, putrescine;
amine derivative; 11, spermidine; 12, 1,7-diaminoheptane (IS); 13, spermine; 14,
tamine.

Peaks with the numbers 1, 4, 5, 15 and 16 arose from derivatiza-
tion of ammonia, peaks 3, 10 and 19 from histamine. Peaks 3 and
10 must be decomposition products of histamine derivative. Peak
3 has the same retention time as benzoyl derivative of ethylamine.
Peak 19 is possibly dibenzoylated histamine. Consequently peak 14
is mono-benzoylated histamine. Peak 15 is one of the disadvan-
tages of the procedure of Hornero-Méndez and Garrido-Fernández
[2], which co elutes with histamine. Most food products contain-
ing biogenic amines contain also ammonia. Peaks 10, 15 and 16
appear in some applications of the method of Hornero-Méndez
and Garrido-Fernández [2], but sometimes do not appear. More-
over, in the reports of Hornero-Méndez and Garrido-Fernández
[2] and García-García et al. [31] retention time of spermine was
smaller than that for spermidine, but all of the remaining studies
reported spermidine peak before spermine peak [15,22–24]. Cor-
rected order was used in Fig. 1(b). In the study of Özoğul et al.

[7], the order of biogenic amines on HPLC chromatogram was con-
siderably different than those in Fig. 1(d) and the other methods.
Spermidine and spermine were reported much before the expected
retention times in the study of Özoğul et al. [7]. Results of our study
are different from that of Hwang et al. [24], since they defined
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Table 1
Method performances.

Biogenic amine r LR (up to mg/l) DL (mg/l) R (%)

Methylamine 0.9991 133.6 0.2 93.1
Putrescine 0.9988 185.7 0.2 84.0
Cadaverine 0.9995 186.0 0.3 94.0
Tryptamine 0.9977 265.0 0.2 81.8
�-Phenylethylamine 0.9995 272.0 0.5 103.4
Spermidine 0.9991 268.4 0.2 72.8
Spermine 0.9881 226.6 0.5 103.4
Histamine 0.9924 995.3 0.4 86.1
Tyramine 0.9940 1433 2.5 101.9
Agmatine 0.9949 95.32 NQ NQ
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Table 2
Peak areas for benzoyl derivatives of biogenic amines dissolved in methanol and
stored at 4 ◦C (numbers in parentheses are standard deviations).

Storage time (days)

0 3

Methylamine 113.6 (4.3) 115.0 (4.1)
Putrescine 149.5 (12.7) 158.5 (6.8)
Cadaverine 118.2 (6.8) 117.8 (4.5)
Tryptamine 132.2 (10.7) 133.2 (15.0)
�-Phenylethylamine 483.7 (21.6) 487.9 (12.5)
Spermidine 128.8 (4.2) 130.3 (4.1)
Spermine 117.3 (3.1) 120.4 (28.6)

F

, correlation coefficient; LR, linear range in food extract derivatized; DL, detection
imit in wine sample; R, recovery in wine sample; NQ, not quantified due to the
nterfering compounds in wine sample.

he ammonia peak (peak 15) as a peak of excess benzoyl chloride
nd used this incorrect datum in determining optimum derivati-
ation conditions. In accordance with our study, diacyl derivatives
f histamine were reported in the literature. Kirschbaum et al. [32]
tudied liquid chromatographic determination of biogenic amines
fter derivatization with 3,5-dinitrobenzoyl chloride (DNBZ-Cl) and
eported the presence of (DNBZ)2histamine derivative. Loukou and
otou [27] determined the biogenic amines as dansyl (Dns) deriva-
ives in alcoholic beverages, characterized dansylated amines and
ound that histamine produced (Dns)2histamine. However, further
esearch on the characterization of dibenzoylated histamine by liq-
id chromatography-mass spectrometry may be useful.

.4. Performance characteristics of the method

Table 1 shows performance characteristics of the method. Cali-
ration graphs were constructed by plotting the amine to internal
tandard peak areas ratios against the amine concentrations as mg/l
n food extract derivatized. Data for calibration curves were col-
ected, using triplicate responses for 4 concentrations. Linearity was
bserved in the tabulated concentration range for each biogenic
mine with a good regression coefficient. The limits of detection
ere calculated to give a signal-to-noise ratio of 3 and found
etween 0.2 mg/l and 2.5 mg/l in wine sample, biogenic amines of
hich were removed completely by extracting with excess volume

f n-butanol–chloroform mixture (1/1, v/v) at pH 11.7. Recovery rate
as calculated for each biogenic amine in a wine sample. Fig. 3

llustrates HPLC chromatogram of a red wine sample. As seen from
able 1 recoveries varied from 72.8% to 103.4%. We obtained better
ecovery rates for other fermented foods.
.5. Stabilities of the benzoyl derivatives

Subsequent to evaporation of diethyl ether, derivatives of bio-
enic amines were dissolved in methanol containing 3 × 10−4 M
enzoyl chloride. Benzoyl chloride was added into methanol to pre-

ig. 3. HPLC chromatogram of a red wine. Peak identification: 1, ammonia; 3, ethylamine;
Histamine 150.1 (15.8) 145.9 (23.4)
Tyramine 125.9 (10.7) 130.1 (8.8)
Agmatine 99.8 (20.4) 106.4 (12.1)

vent decomposition of benzoyl derivatives. Part of this methanolic
solution was analysed immediately. The remaining part was stored
at 4 ◦C and analysed after 3 days (Table 2). Comparison of ini-
tial responses with those after 3 days indicated that there were
not any significant differences for methylamine, putrescine, cadav-
erine, tryptamine, �-phenylethylamine, spermidine, spermine,
histamine, tyramine and agmatine (P < 0.05). For further testing of
the stability, derivatives were stored at 4 ◦C for 1 month without
dissolving in methanol. Then biogenic amines were determined
and results were compared with initial values. It was established
that there were not any significant differences for cadaverine, �-
phenylethylamine, spermidine, spermine, histamine, tyramine and
agmatine (P < 0.05). Peak areas of methylamine, putrescine and
tryptamine decreased during the storage period as 11.6%, 10.8% and
13.9%, respectively. These results were in accordance with literature
data. Asotra et al. [23] studied with putrescine, cadaverine, spermi-
dine and spermine and found that benzoylated amines dissolved
in methanol could be stored up to 3 weeks at −20 ◦C. If samples
were not dissolved in methanol, they could be stored for more than
a month at −70 ◦C. Hornero-Méndez and Garrido-Fernández [2]
reported that derivatives of putrescine, cadaverine, tryptamine, �-
phenylethylamine, spermidine, spermine, histamine, tyramine and
agmatine could be stored at room temperature for at least 48 h
without appreciable decomposition.

3.6. Adsorption of biogenic amines by PVP

To examine the possibility of adsorption of biogenic amines by
PVP, biogenic amines of wine samples were determined by pre-
column OPA derivatization. Biogenic amine contents of two red
wines and two white wines with and without PVP treatment were
reported in Table 3. As seen from Table 3, PVP treatment caused

a considerable decrease in biogenic amine levels, especially in red
wines. PVP application caused 21.9%, 26.3%, 2.3% and 9.0% decreases
for red wine 1, red wine 2, white wine 1 and white wine 2, respec-
tively. The decrease for red wine 1 was found to be statistically
significant (P < 0.10). Our results are different than those of Busto et

4, ammonia; 6, putrescine; 12, 1,7-diaminoheptane (IS); 14, histamine; 17, tyramine.
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Table 3
Biogenic amine contents of red wines and white wines (mg/l) with and without PVP treatment.

Red wine 1 Red wine 2 White wine 1 White wine 2

Without PVP With PVP Without PVP With PVP Without PVP With PVP Without PVP With PVP

Methylamine 1.02 0.56 0.78 0.65 0.95 0.76 0.58 0.57
Ethylamine 3.46 2.49 2.33 1.30 3.13 2.92 0.50 0.55
Putrescine 7.42 6.70 9.25 6.98 2.10 2.91 1.21 1.09
Cadaverine 0.47 0.29 0.51 0.24 ND 0.49 0.39 0.23
Tryptamine ND ND ND ND ND ND 0.93 0.61
�-Phenylethylamine ND ND ND ND ND ND 0.31 ND
Histamine 6.67 5.07 2.39 2.04 ND ND 0.46 0.45
Tyramine 15.71 10.57 20.77 13.34 4.93 4.74 2.18 2.38
Agmatine ND ND ND ND ND ND ND ND
E 9.6
T 34
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thanolamine 12.29 11.06 10.44
otal concentration 47.04 36.74 46.47

D, not detected.

l. [26] who calculated percentage recoveries of biogenic amines in
red wine after PVP treatment and reported that PVP application
ad caused a 7% decrease or less.

. Conclusions

Benzoyl chloride derivatization is one of the most common
erivatization methods for HPLC determination of biogenic amines.

t can derivatize most of the naturally occurring amines including
permidine, spermine and agmatine. Agmatine is a useful biogenic
mine as a potential index for freshness or spoilage of various food
roducts. Spermidine is a major biogenic amine in various foods of
egetable origin.

A new rapid and reliable benzoylation procedure was devel-
ped which takes only 15 min. Repeatability, linearity, recovery
ates and detection limits were estimated for the most common
iogenic amines including methylamine, putrescine, cadaverine,
ryptamine, �-phenylethylamine, spermidine, spermine, his-
amine, tyramine and agmatine. Linearity for each biogenic amine
as observed with a good regression coefficient. The limits of detec-

ion were found between 0.2 mg/l and 2.5 mg/l for various biogenic
mines in a wine sample. Recovery rates of biogenic amines were
alculated in a wine sample, and varied from 72.8% to 103.4%.

hen compared with the most common benzoylation procedures
ncountered in the literature, the new method is much more reli-
ble than the others in terms of reaction time, peak resolution,
ensitivity and repeatability. Temperature and pH of mobile phase
ere studied and found to be critical in terms of repression of split
eaks. Application of 20 ◦C as a column temperature with a mobile
hase pH of 8 is preferable.
Stabilities of benzoyl derivatives were studied. Benzoyl deriva-
ives of biogenic amines dissolved in methanol containing benzoyl
hloride could be stored for 3 days at 4 ◦C without apprecia-
le decomposition. It was established that PVP adsorbed biogenic
mines. When applying the proposed method it is not necessary

[
[
[
[

[

8 12.64 11.38 7.45 6.87
.23 23.75 23.20 14.01 12.75

to use PVP, since it is possible to increase the amount of benzoyl
chloride. The effective mixing of derivatization medium prevents
appearance of interfering peaks or split peaks that might arise from
the excess benzoyl chloride.
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515.
[8] G. Vinci, M.L. Antonelli, Food Control 13 (2002) 519.
[9] J.H. Kim, H.S. Ahn, D.H. Kim, C. Jo, H.S. Yook, H.J. Park, M.W. Byun, J. Food Sci. 68

(2003) 80.
[10] E. Chiacchierini, D. Restuccia, G. Vinci, Talanta 69 (2006) 548.
[11] D. Hornero-Méndez, A. Garrido-Fernández, Analyst 119 (1994) 2037.
12] A.R. Shalaby, Food Chem. 52 (1995) 367.

[13] S. Moret, L.S. Conte, J. Chromatogr. A 729 (1996) 363.
[14] S.R. Vale, M.B.A. Glória, J. AOAC Int. 80 (1997) 1006.
[15] G. Yen, C. Hsieh, J. Food Sci. 56 (1991) 158.
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a b s t r a c t

A sensitive method for simultaneously determining eleven free and conjugated steroid estrogens
has been developed using liquid chromatography–(electrospray)triple quadrupole–mass spectrometry
(LC–(ESI)MS–MS) in negative mode with application to environmental aqueous matrices. Two selected
reaction monitoring (SRM) transitions per compound were used, one of which was used for quantifica-
tion and the second one for confirmation. The procedure includes a solid-phase extraction with an Oasis
HLB solid-phase cartridge. Recoveries in 500 mL of river water spiked at 50 ng/L for sulfate estrogens
and 100 ng/L for the rest of the compounds were 46–87%, except for E2, which had lower values (32%).
C–MS–MS
PE
astewaters

Recoveries in wastewater were higher than 49% and 30% for all the compounds, except E2-17A and E2-
17G (lower than 26% and 28%, respectively), in effluent (250 mL) and influent (100 mL), respectively. Ion
suppression is a well-known phenomenon when using ESI; thus its impact on method recovery made us
consider this effect when quantifying our samples. Limits of detection varied from 2 to 30 ng/L in river
water and 10 to 100 ng/L in sewage water. The method was used to determine the target compounds in
the Ebro river water where none of the analytes were found. In effluent and influent water samples, EE2,
E1-3S and E2-3S were determined at concentration levels ranging from 35 to 160 ng/L.
. Introduction

Recently, evidence has emerged that endocrine disrupting com-
ounds (EDCs) can have harmful effects on aquatic organisms.
ecent publications suggest that steroids may be the main source
f estrogenicity in many municipal sewage treatment plants (STPs)
1]. Since the sources of natural estrogens cannot be eliminated,
number of specific treatment processes in STPs have been opti-
ized and discussed with regard to estrogens removal [2,3]. Thus,

t is also important to determine the fate and distribution of steroid
onjugates in the environment since they are potential sources of
ctive estrogens as a result of dissociation in sewage treatment
lants or the input of treated wastewater directly into surface
aters [4,5]. Estrogens are largely excreted from humans as conju-

ates, mainly glucoronides [3]. Occasionally, these conjugates can
reakdown into other molecules in sewage treatment plants, result-

ng in the release of the active parent compound [6]. Several studies

ave identified the natural steroids E2 and E1 and the synthetic
strogen EE2 as the most potent estrogenic compounds in treated
unicipal sewage [6,7]. In a survey of effluents from German STPs,

E2 was detected above the quantification level of 1 ng/L [8] in

∗ Corresponding author. Tel.: +34 977558492; fax: +34 977558446.
E-mail address: eva.pocurull@urv.cat (E. Pocurull).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.02.005
© 2009 Elsevier B.V. All rights reserved.

all 20 STPs investigated. Kuch and Ballschmiter [9] reported lev-
els of estrone between 3 and 13 ng/L in several effluent samples in
Germany.

Studies of estrogens in river waters revealed a lower concen-
tration than in sewage waters. Research into 15 German rivers and
streams showed that only estrone was present at a maximum con-
centration of 1.6 ng/L [10]. In various Catalan studies, estrone and
estrone-3-sulfate were detected in the Llobregat river (0.68 and
0.33 ng/L, respectively) [11], and maximum levels of 0.13 �g/L of
EE2 were found in the Ebro river [12].

Highly sensitive techniques are needed to detect the low con-
tents of estrogenic compounds in the environmental samples. The
most commonly used analytical technique for estrogens in the
past has been gas chromatography coupled to mass spectrome-
try (GC–MS) [5,13,14] and tandem mass spectrometry (GC–MS–MS)
[7,15], preceding by derivatization steps. However, in recent years,
separation and determination with liquid chromatography coupled
to mass spectrometry (LC–MS) [14,16,17] and tandem mass spec-
trometry (LC–MS–MS) [4,5,18–20] has become a widely used tool
for determining estrogens in environmental samples because of its

sensitivity and specificity and the fact that it does not need the
derivatization step. For example, when Brossa et al. [12] used LC–MS
for determining free steroids in river waters they found limits of
detection (LODs) between 0.002 and 0.06 �g/L per 500 mL sample.
Nowadays, a triple quadrupole with multiple reaction monitoring
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MRM) and selected reaction monitoring (SRM) is the most suitable
ool for target analysis of high sensitivity. This is demonstrated in
everal papers, such as Reddy et al. [4], who used tandem MS–MS
o detect steroid conjugates in an MRM method in STP waters. They
eported minimum detection limits (MDL) lower than 0.16 ng/L in
00 mL of influent waters.

The most extensively used method of sample preconcentration
s solid-phase extraction (SPE), and the selection of the sorbent
epends basically on the nature of the matrix and the properties
f the analytes. For example, Kuch and Ballschmiter [9] studied
wo types of sorbent (Amberlite XAD 2 and a mixture of LiChrolut
N/Bondesil C-18) to determine estrogens in effluent STP waters.
owever, in several papers [4,21,22] Oasis HLB is the most com-
only used sorbent for this kind of analytes. SPE is one of the most

ommon techniques for preconcentrating estrogens in waters, but
ome authors have also used SPME as well [23,24]. For example,
itani et al. [24] used an on-line in tube SPME-LC–MS–MS sys-

em. They found recoveries of 86% (E3) in river water and levels of
5.7 pg/mL (E3) in the effluent sewage water.

The aim of this work was to develop a method to determine
ree estrogens and their conjugates which can be applied to a vari-
ty of water matrices and to determine the occurrence of these
ompounds in wastewater samples.

. Experimental

.1. Reagents and standards

The standards of estrone (E1), estrone 3-sulfate (E1-3S), estrone
-glucoronide (E1-3G), 17�-estradiol (E2), estradiol 3-sulfate (E2-
S), 17�-estradiol 17-acetate (E2-17A), estradiol 17-glucuronide
E2-17G), 17�-ethinylestradiol (EE2), 17�-estradiol (�-E2), estriol
E3) and diethylstilbestrol (DSB) were from Sigma (St. Louis, USA).
tock solutions of individual standards were prepared by dissolv-
ng each compound in methanol at a concentration of 1000 mg/L
nd storing it at −5 ◦C. Fresh stock solutions were prepared each
ix months. A mix of all compounds in methanol at a concentration
f 50 mg/L was prepared weekly. Working solutions were prepared
aily by diluting the previous solution with water.

Ultra-pure water was obtained with a Milli-Q water purifi-
ation system (Millipore, Bedford, MA, EEUU), acetonitrile and
ethanol were HPLC grade from SDS (Peypin, France), and nitro-

en was from Carburos Metálicos (Tarragona, Spain). Chlorhydric
cid (HCl), sodium hydroxide (NaOH) and acetic acid from Prolabo
Bois, France) were used to adjust the pH of the sample and the

obile phase.

.2. Sample collection

The river water samples were collected near to the mouth of the
iver Ebro. The wastewater samples were collected from the influ-
nt and effluent of two Catalan domestic sewage treatment plants
STPs) with an activated sludge system. They are located in two
ities, Reus and Tarragona, with populations of about 120,000 habi-
ants. All samples were collected using pre-cleaned amber glass
ottles, acidified to pH 2 (HCl) and stored at 4 ◦C until analysis.

.3. Sample extraction

Before the extraction, the sample was adjusted to pH 7 with
aOH and filtered using a 0.45-�m nylon filter (Whatman, Maid-
tone, UK). For each sample, a 12 mL, 500 mg Oasis HLB SPE cartridge
as preconditioned by washing with 5 mL of MeOH followed by
mL of Milli-Q water. Sample volumes of 100 and 250 mL were
xtracted for the influent and effluent of the STP, respectively,
nd 500 mL for river water samples. The samples were passed
78 (2009) 1327–1331

through the cartridge at a flow rate of 10–15 mL/min. The analytes
retained were eluted using 5 mL of MeOH (with 5% ACN). Extracts
were reduced to dryness under a gentle flow of N2 gas, using
an evaporation system and final extracts were redissolved with
1 mL of MeOH:H2O (80:20). After being filtered through 0.45 �m
syringe filters (Scharlab, Barcelona, Spain), 50 �L of this solution
was injected into the chromatographic system.

2.4. LC–(ESI)MS–MS

The target compounds were separated and identified using
liquid chromatography–(electrospray ionization)–tandem mass
spectrometry in negative mode. The chromatographic instrument
was an HP1200 series LC–triple quadrupole mass spectrometer
from Agilent Technologies (Waldbronn, Germany) with an ESI inter-
face, an automatic injector, a degasser, a quaternary pump and a
column oven. The chromatographic column was a Kromasil 100
C18 (25.0 cm × 0.46 cm) with a 5 �m particle size (Teknokroma,
Barcelona, Spain), and the volume injected was 50 �L. The mobile
phase flow-rate was 1 mL/min and the column temperature was
kept at 35 ◦C.

A binary mobile phase with a gradient elution was used to opti-
mize the extraction conditions. Solvent A was Milli-Q water with
acetic acid (pH 2.8) and solvent B was acetonitrile. The gradient
was performed as follows: 10% B, constant for 10 min, increased to
40%B for 5 min, to 60%B for 10 min, to 100%B for 5 min, and then
decreased to 10%B for 2 min. The system was re-equilibrated for
3 min between runs.

In order to sensitively and selectively determine the analytes,
the optimization of the MS–MS parameters was carried out by
flow injection analysis (FIA) for each estrogen. Experiments were
performed in triplicate to be sure the observed phenomena were
valid and not influenced by previous tests. Analysis was performed
in the negative ionization mode with an optimized spray poten-
tial of 3000 V, a nebulizer of 45 psi and a source temperature of
350 ◦C and 12 L/min of drying gas flow. Nitrogen was used as the
collision, nebulizing and desolvation gas. Selected reaction mon-
itoring (SRM) experiments in the negative ionization mode were
performed to detect ion transitions (Table 1). Product ions used for
monitoring were selected on the basis of their significance in the
MS–MS spectra.

3. Results and discussion

3.1. LC–MS–MS analysis

For the mobile phase we evaluated methanol and acetonitrile
since they are the most relevant organic solvents in reversed-phase
chromatography. We used the mobile phase with acetonitrile as an
organic modifier because it gave the best peak shape for the estro-
gens, as it was also reported by Benijts et al. [25]. The effect of the pH
of the mobile phase was investigated by injecting a working solu-
tion at various pH (3, 7 and 9). From the chromatographic point
of view, we saw that acidified mobile phase (pH 3) gave the best
peak shapes. Also, when pH was increased with ammonium hydrox-
ide no significant difference was observed in the signal intensities.
The SRM transitions, cone voltage and collision energy, were deter-
mined for each compound with direct injection of the standards in
the MS–MS. Upon ionization, all the compounds produced nega-
tive precursor ions that were fragmented into one or more product

ions. The cone voltage was 60 V for E2, �E2 and EE2, 100 V for
E2-17A and 150 V for the rest of the compounds. Collision energy
between 5 and 55 V was optimized for each analyte and the best
values are shown in Table 1. For each compound, two characteristic
fragmentations of the deprotonated molecular ion [M−H]− were
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Table 1
SRM settings for the studied compounds.

Compound (abbreviation) SRM ions Collision energy (V)

Diethylstilbestrol (DSB) 267 > 222 30
267 > 237 55

Estrone (E1) 269 > 145 45
269 > 143 45

17�-estradiol (E2) 271 > 145 30
271 > 183 45

17�-Estradiol (� E2) 271 > 145 30
271 > 183 45

Estriol (E3) 287 > 171 45
287 > 145 45

17�-Ethynilestradiol (EE2) 295 > 145 45
295 > 159 30

Estradiol 17-acetate (E2-17A) 313 > 253 30
313 > 145 55

Estrone 3-sulphate (E1-3S) 349 > 269 30
349 > 113 55

Estradiol 3-sulphate (E2-3S) 351 > 271 30
351 > 145 55

Estrone 3-glucoronide (E1-3G) 445 > 269 45
445 > 113 20
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Table 2
Recoveries and relative standard deviations (%RSD, n = 4) of selected compounds in
different kinds of water.

Compound Influent STP Effluent STP River water

%Ra %RSD %Rb %RSD %Rc %RSD

DSB 58 4 76 5 67 7
E1 60 2 51 6 49 5
E2 53 11 61 16 32 13
� E2 30 9 49 15 76 11
E3 56 15 59 12 49 5
EE2 37 11 52 9 68 14
E2-17A – – 26 15 46 17
E1-3S 57 6 74 8 84 2
E2-3S 57 9 78 4 87 3
E1-3G 66 7 65 2 67 2
E2-17G 23 5 28 2 59 5

a standard of Milli-Q water was compared with the same standard
stradiol 17-glucoronide (E2-17G) 447 > 271 30
447 > 113 20

n bold the SRM transition for quantification.

onitored, the first and most abundant one being used for quan-
ification, while the second one was used as a qualifier (Table 1).
uring the optimization experiments, eight of the eleven estro-
ens investigated (E1, E2, �-E2, E3, EE2, E2-17A, E1-3S and E2-3S)
ave intense fragments at m/z 145 corresponded to [C10H9O]−, as
eported in previous studies [13,15]. In the case of steroid sulfates,
roduct ion spectra were characterized by base peaks [M−H-80]−

orresponding to the loss of SO3. The glucoronides showed a loss of
lucoronide moiety [M−H-176]−.

Since the signal intensity of individual ions generally decreases
s the number of ions being simultaneous scanned increases, we
sed time segment monitoring so that only a few of the ions were
onitored within specific small time windows based on chro-
atographic separation. Three time windows were used: 0–17 min

E2-17G, E1-3G, E2-3S and E3), 17–22 min (E1-3S, EE, �-E2 and
-E2) and 22–36 min (E2-17A, E1 and DSB).

The compounds showed the following linear range by direct
njection: 0.01–1000 �g/L for E1-3S and E2-3S, 0.05–1000 �g/L for
1-3G and E2-17G, 0.75–250 �g/L for E1 and DSB, 3–1000 �g/L for
3, 10–250 �g/L for �-E2 and E2-17 and 10–500 �g/L for E2 and
E2.

.2. Optimization of the extraction procedure

Oasis HLB cartridges were selected because of their excellent
apture capabilities for acidic and neutral analytes across a wide
olarity range [26]. The effect of the sample pH on extraction effi-
iency was investigated using enrichment tests between pH 3 and
H 7 in 100 mL Milli-Q samples spiked at 200 ng/L. This revealed

hat the recoveries did not show any differences, except for E1-3S
nd E2-3S which were not recovered at pH 3, meaning that a neu-
ral pH was needed. Moreover, it is reported that under neutral pH
onditions, humic acids are not so well retained in the SPE sorbent,
a 100 mL spiked at 1000 ng/L.
b 250 mL spiked at 300 ng/L.
c 500 mL spiked at 50 ng/L (E1-3S and E2-3S) and 100 ng/L.

which means there are fewer interferences [11]. Another important
parameter to optimize is the elution solvent. Different solvents have
been used to elute these compounds such as ACN [12] or MeOH
[4,15]. We studied the recoveries when estrogens were eluted with
MeOH and acidified MeOH (with 5% acetic acid) from 100 mL of
milli-Q water. The results showed that acidified MeOH could not
effectively elute the sulfate estrogens. As the aim of this work was to
extract all target analytes in one single step and because the recov-
eries obtained were good, 5 mL of MeOH were selected to elute all
the compounds from the cartridge. However, from the experiments,
we added 5% of ACN to MeOH to improve the recoveries in the real
samples. We found that the recovery of E2-17A increased from 12%
to 26% when ACN was added to the eluent in the extraction with
the same volume of effluent samples.

When the volume of Milli-Q water was increased to 1000 mL the
recoveries were between 79% and 101%. Not only was the elution
solvent modified when real samples were analysed, but also the
sample volume decreased so that the recoveries were acceptable.
When 500 mL of river water was extracted, without evaporating
the elution solvent, the recoveries were 70–108%, except for E3
and E2-17G, which had recoveries lower than 55%. These recover-
ies were slightly lower when the extract was evaporated to dryness.
Thus, when we analysed 500 mL of river water spiked at 50 ng/L for
the sulfate estrogens, and 100 ng/L for the rest of the compounds,
recoveries decreased to 32–87% because of the concentration of the
interferences in the matrix. The sample matrix strongly affected
the recoveries in sewage water samples. As Table 2 shows, when
100 mL of influent water was spiked at 1000 ng/L, the recoveries
of the compounds were between 23% and 66%, except for E2-17A,
whose recovery was very low. When 250 mL of effluent samples was
spiked at 300 ng/L, the recoveries were between 28% and 76%. These
recoveries agree with the results in the bibliography for most of the
compounds [18,27]. For example, Gomes et al. [27] found recoveries
between 63% and 72% for E1, E2, E3 and E1-3G in 100 mL of influent
waters. As can be seen in Table 2, these recoveries were similar to
our results (53–66%) for the same compounds in 100 mL of influent
waters.

Ionization suppression can be a substantial drawback with ESI
[26,28] and this was evaluated when the method was developed.
The differences observed in MS–MS response could be attributed
to the effect of the sample matrix on the ionization efficiency. We
observed a reduction in the response in the range of 10–35% when
in an extract of river water, and a reduction of 10–43%, when the
extract was from influent sewage water. In other studies, deuterated
estrogens have been added as surrogate standard to minimise the
effect of the ionization suppression [13,22,29,30]. Unfortunately, it
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Table 3
Concentrations (ng/L) found in sewage samples from STP1 and STP2 (n = 3, RSD < 15%).

Compound STP2 March 07 STP2 May 07 STP1 Nov 07

Influent Effluent Influent Effluent Influent Effluent

E1 – – – – <LOQ –
E3 <LOQ – <LOQ – – –
EE2 154 – – – – –
E
E
E

i
v
q
p
s

3

e
w
o
w

70 ng/L for other compounds.
1-3S 160 35 64 <LOQ 52 <LOQ
2-3S 76 <LOQ – – <LOQ <LOQ
2-17G – – <LOQ – – –

s not easy to find the most suitable surrogate and they are generally
ery cost prohibitive. Thus, in order to select the best approach for
uantifying the real samples, different calibration curves were pre-
ared using three extracts (river, effluent sewage water and influent
ewage water).

.3. Method validation

The entire method was validated for river water and influent and

ffluent sewage water. In a blank of river water none of the analytes
as found. Linear range was tested following the procedure devel-
ped in the negative SIM mode and the range studied with river
ater was 15–1500 ng/L for sulfate estrogens and 75–1500 ng/L for

Fig. 1. SRM chromatograms of the compounds
78 (2009) 1327–1331

the rest. All the compounds showed r2 > 0.992 when this type of
water was used as the matrix. The repeatability and reproducibility
between days were determined by spiking 500 mL of river water at
50 and 100 ng/L. The results, expressed as relative standard devia-
tions (%RSD), were lower than 17% for repeatability (n = 3), and 21%
for reproducibility between days (n = 4). The limits of detection, cal-
culated as a signal-to-noise ratio of 3, were 1 ng/L for E1-3S and
E2-3S, 15 ng/L for DSB, E1, E1-3G, E2-17G and 30 ng/L for the rest of
the compounds. The LOQs were calculated as the concentration of
the lowest point of the calibration.

To quantify the sewage samples (both effluent and influent) two
calibration curves with both kinds of samples were constructed. A
blank of effluent sample did not show any of the estrogens stud-
ied. However, the chosen influent sample showed the presence of
E1-3S, and the signal was subtracted to the rest of the calibration
samples. The linear range for sulfate estrogens in the effluent sam-
ples was between 30 and 1500 ng/L while the rest of the compounds
gave linear ranges from 100 to 1500 ng/L. The limits of detection,
calculated as a signal-to-noise ratio of 3, were 10 ng/L for E1-3S and
E2-3S, between 10 and 35 ng/L for DSB, E1, E1-3G, E2-17G, E3 and
Sulfate estrogens showed linear range between 50 and 1000 ng/L
in 100 mL influent samples. The rest of the estrogens were tested
from 150 to 1000 ng/L. The LOD and LOQ values were higher than
those in pure and river water due to the complex matrices and the

found in a sample from an STP influent.
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ow sample volume stated above. The LODs were 15 ng/L (E1-3S and
2-3S), 35 ng/L (DSB, E1-3G and E2-17G), 50 ng/L (E1 and E3), and
00 ng/L for the rest of the compounds.

.4. Application to environmental samples

Although Brossa et al. [12] reported finding levels of 0.10 �g/L of
E2 in one sample of the Ebro river, in the present study no estro-
ens were detected in the same river. Other studies in different
atalan rivers found some estrogens (E1, E2, E3 and EE2) below

imit of detection (<3 ng/L) [31].
The method described was applied to wastewater samples to

nvestigate the occurrence of the estrogens in samples from two
unicipal STPs in Catalonia. In STP influents, DSB, E2-17A and E1-

G were never detected. As Table 3 shows, concentrations of E1,
2-17G and E3 were found below LOQ. However, EE2, E1-3S and
2-3S showed the highest concentrations in influents, with values
etween 52 and 160 ng/L. In effluent waters only E1-3S showed
he highest value (35 ng/L). The SRM chromatogram obtained for
he influent sample from STP2 (March 07) is shown in Fig. 1.
ree estrogens have been reported to have removal efficiencies of
5% (E3), 87% (E2), and 61% (E1) [19,32]. Chen et al. [33] agreed
ith these high values of removal at 100 ng/L, but they concluded

hat the removal rate was lower at higher concentrations of E3.
lthough we only found values <LOQ of E3 in our samples, higher

evels (470 ng/L) were detected in influents, which were reduced to
9 ng/L in effluents [18]. Servos et al. [32] showed maximum values
f 78 and 96 ng/L of E1 in influent and effluent samples, respectively,
rom Canadian municipal STPs.

EE2 is used in oral contraceptives and has been reported to have
high estrogenic potency [20]. Concentrations of EE2 in STPs have
aried significantly in reported investigations. The maximum value
or EE2 in the influents in our investigation was 154 ng/L. This is
omparable with the results found by Kolpin et al. [34], who pub-
ished a mean concentration of 73 ng/L. However, some authors
ave stated lower values, with Ternes et al. [35], for example, finding
.3 ng/L of EE2 in influent sewage water with a removal of 67%.

In our study of influents, the conjugate of the steroid hormones
1-3S and E2-3S were found at maximal concentrations of 160 and
6 ng/L respectively. Similar results were obtained by Schlüsener
nd Bester [18] and Reddy et al. [4] who found 37 ng/L of E2-3S
nd 34.1 ng/L of E1-3S, respectively. No glucoronides were detected
hen the STP wastewaters were analyzed. This is consistent with

he well-known pathway of the deconjugation of glucoronides
uring the wastewater treatment process and the consequent gen-
ration of the free compounds [20]. This study has demonstrated
he importance of simultaneously determining free and conjugated
strogens in very complex matrices like STP waters.

. Conclusions

The analytical method based on LC–(ESI)MS–MS allows the
imultaneous extraction, identification and quantification of eleven
strogens and their conjugates in water samples at low levels. Dif-

erent complex matrices have been studied (influent and effluent
TP waters and river water). They were enriched by SPE (Oasis HLB)
n volumes of 500, 250 and 100 mL, for river, effluent and influent
ater, respectively. To solve the problem of matrix effect, different

alibration curves were made according to each kind of sample. The

[

[

[

78 (2009) 1327–1331 1331

applicability of the method has been demonstrated in real samples
from river water and wastewater STPs. None of these compounds
were found in river water, however, in the STPs, E1-3S was the most
commonly found compound, with a maximum value of 160 ng/L in
an influent sample. EE2 was found at 154 ng/L and E1 and E3 were
found at values <LOQ in influent samples. Some compounds such
as DSB, E2, �E2 and E2-17G were not detected in any of the samples
studied.
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a b s t r a c t

This paper reports sulfur powder loaded with N-(2-chloro benzoyl)-N′-phenylthiourea as a new solid
phase extractor for determination of ultra trace amounts of mercury. The mercury ions were retained on
a mini-column filled with the solid phase at a flow rate of 16 mL min−1. The retained Hg(II) ions were
eluted with 3 mol L−1 solution of HCl and measured by cold vapor atomic absorption spectrometry (CV-
AAS). The mercury vapors were generated by a homemade Reaction Cell-Gas Liquid Separator (RC-GLS).
eywords:
ercury

ulfur
-(2-chloro benzoyl)-N′-Phenylthiourea
arine samples

old vapor atomic absorption spectrometry

The effect of different variables such as pH, sample flow rate, amounts of ligand loaded on sulfur and
SnCl2 concentration was investigated. Calibration curve was linear in the range of 0.02–1.20 �g L−1 with
r = 0.9991 (n = 8). The limit of detection (LOD) based on three times the standard deviation of the blank
was 0.012 and 0.003 �g L−1 when 250 and 1000 mL sample volumes were used, respectively. The relative
standard deviation (R.S.D.) for determination of 0.04 and 1.00 �g L−1 of Hg(II) was 3.9 and 1.2% (n = 8),
respectively. The method was successfully applied to determine Hg(II) in water and marine samples.
CV-AAS)

. Introduction

Mercury is one of the most toxic elements for plants and ani-
als. This metal is so volatile that it could be easily exposed to

uman environment. Industrial wastes and mineral deposits are the
ajor sources for mercury contaminations. Mercury hazards to liv-

ng organisms such as marine samples are due to the accumulation
nd biomagnification character of this toxic element that can influ-
nce the entire food chain and humans who consume marine food
1]. In waters, inorganic mercury is converted by bacteria to methyl

ercury, which is known to bioaccumulate in the fish tissue. This
rocess, additionally, increases the danger of mercury exposure
ven at ultra-trace levels of concentration because organo-mercury
pecies shows a larger potential threat to human life and exhibit
ore toxic effects than inorganic mercury species. Therefore, con-

entrations of mercury in natural water, sediments, soil, vegetation,
sh and human hair need to be measured in order to monitor the
ollution level of mercury in the environment.
There are several analytical techniques for mercury determi-
ation at sub-ppb levels such as electroanalytical [2], inductively
oupled plasma atomic emission spectrometry (ICP-AES) [3], induc-
ively coupled plasma mass spectrometry (ICP-MS) [4], atomic

∗ Corresponding author. Fax: +98 611 333 7009.
E-mail address: npourreza@yahoo.com (N. Pourreza).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.01.056
© 2009 Elsevier B.V. All rights reserved.

fluorescence spectrometry [5] and neutron activation analysis [6].
Cold vapor atomic absorption spectrometry is a very efficient, sim-
ple, low cost and widely used technique for accurate determination
of sub-micrograms per milliliters of mercury [7]. However, due
to its low concentrations in numerous samples and high levels of
non-toxic components that usually accompany analytes (especially
marine samples), a clean up and preconcentration step is often
necessary prior to its measurement [8].

Among many preconcentration techniques used in the process
of trace metal analysis, solid phase extraction (SPE) is one of the
versatile techniques that can be used for different samples. It has
several advantages over other techniques, including minimal waste
generation, reduction of sample matrix effects, less time consum-
ing, achievement of high enrichment factors and sorption of the
target species on the solid surface in a more stable chemical form
[8,9].

The selective solid phase extractors are derived from chem-
ically or physically immobilization of sulfur containing organic
compounds such as Dithizone [10], dithiocarbamate derivatives
[11], diphenylthiocarbazone [12], hexathio-18-Crown-6-tetraone
[13] and methylthymol Blue [14] on solid supports. Different

solid phases such as alumina [15], activated carbon [16], silica-
C18 [17], silica gel [18], naphthalene [19], chemically modified
chloromthylated polystyrene-PAN [20] and sol–gel sorbent doped
with Cyanex-301 [21] have been applied to the determination of
mercury.
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the mini-column by 3.0 mL of 3 mol L−1 of HCl at a flow rate of
6 mL min−1. The eluted mercury solution was placed in the RC-GLS
294 N. Pourreza et al. / Ta

Sulfur is a multivalent non-metal, abundant, tasteless, odorless
nd non-toxic element. In nature, it occurs as the pure element or as
ulfide and sulfate minerals. We have recently reported the use of
ulfur as a solid phase extractor for preconcentration and determi-
ation of lead and cadmium flame atomic absorption spectrometry
22].

At the present work, we applied sulfur as a new solid support
or column preparation used in solid phase extraction and pre-
oncentration of mercury ions. For improvement of the recovery,
electivity and sensitivity of the solid phase extraction and pre-
oncentration of mercury ions, a synthesized ligand, N-(2-chloro
enzoyl)-N′-phenylthiourea was loaded on sulfur and used as an
dsorbent for mercury ions. Moreover, for transformation of mer-
ury ions to elemental mercury and determination of produced
ercury cold vapor by atomic absorption spectrometry a home-
ade RC-GLS [23].

. Experimental

.1. Instrumentation

A Philips PU9100X (England) atomic absorption spectrometer
tted with a mercury hollow cathode lamp (Unicam, Franklin,
A) was used to perform atomic absorption measurements. The
avelength of 253.7 nm and spectral bandpass of 0.5 nm were
sed throughout. A T-cell quartz tube (120 mm length and 5 mm

.d.) was placed directly on the nitrous oxide/acetylene burner
quipped with T-cell tube holder. The nitrous oxide/acetylene flame
as turned off throughout the process. All measurements were

ecorded on the height mode of atomic signal.
The characteristics of homemade RC-GLS were as follows: length

50 mm, internal diameter 10 mm, an inlet for N2 gas and the out-
et for N2 and Hg gas mixture. In each experiment, Hg(II) sample
olution and reductant were introduced to the RC-GLS from the
emovable cap and placed directly on the frit glass that was fitted
o this glassware.

pH adjustments were carried out by model 632 pH-meter
Metrohm, Herisau, Switzerland). A Shimadzu rotary oil vacuum
ump type SA18 (Kyoto, Japan) was used for sample elutions.

.2. Reagents

All solutions were prepared with distilled deionized water and
ll chemicals were of analytical reagent grade.

The Hg(II) stock solution (1000 �g mL−1) was prepared by dis-
olving 0.1349 g of HgCl2 (Merck, Darmstadt, Germany) in 1 mL of
oncentrated HNO3 (Merck, d = 1.4, 70%) and diluting to 100 mL
ith water. The working solutions of Hg(II) were prepared daily

y appropriate dilution of the 10 �g mL−1 mercury solutions which
as prepared weekly by water. A 2%, w/v, SnCl2·2H2O (Merck) used

s reducing agent was prepared daily by dissolving appropriate
mounts of SnCl2·2H2O in HCl (Merck, d = 1.18, 37%) and diluting
ith water.

Sulfur (Merck) of mesh 60 size was used as solid phase sup-
ort. All containers were soaked in 20% of HCl and HNO3 and then
leaned thoroughly with water. A citrate–citric acid buffer solution
as prepared by adding 0.2 mol L−1 of NaOH to 50 mL of 0.2 mol L−1

itric acid solution and adjusting the pH to 2.5 using a pH meter.

.3. Synthesis of N-(2-chloro benzoyl)-N′-phenylthiourea
N-(2-chloro benzoyl)-N′-phenylthiourea reagent was syn-
hesized according to previously reported procedures [24,25].
mmonium thiocyanate (3.75 mmol, 0.285 g), 2-chloro benzoyl
hloride (2.5 mmol, 0.437 g), PEG-400 (0.25 mmol), DMF (2 drops)
nd CHCl3 (20 mL) were placed in a dried round-bottom flask and
8 (2009) 1293–1297

stirred at room temperature for 1 h. Then a mixture of aniline
(2.5 mmol, 0.232 g) and CHCl3 (5 mL) was added dropwise and the
mixture was stirred for 2 h. After cooling to room temperature,
water (15 mL) was added to the mixture. The organic layer was sepa-
rated and the aqueous phase was washed with CHCl3 (2 mL × 5 mL).
The combined CHCl3 layer was dried over anhydrous MgSO4. The
solvent was removed by evaporation under reduced pressure to
afford N-(2-chloro benzoyl)-N′-phenylthiourea. The product was
washed with water to remove inorganic salts. The resulting solid
was recrystallized from DMF-H2O to give product in 85% isolated
yield. The product was characterized by FT-IR and NMR spectra.

2.4. Preparation of the adsorbent

150 mg of N-(2-chloro benzoyl)-N′-phenylthiourea was dis-
solved in 50 mL of acetone (Merck) in a 100 mL beaker and heated
up to 45 ◦C. Then 40 g of sulfur powder was added gently to
the solution and mixed thoroughly. The mixture was placed at
40–45 ◦C for 20–30 min to evaporate the acetone and dry the adsor-
bent. 2.0 g of this dried adsorbent was packed in a mini-column
(7 mm i.d. and 80 mm length) for preconcentration procedure. The
dried adsorbent can be stored and used for several months after
preparation.

2.5. Sample pre-treatment

Persian Gulf water sample was collected in a 1 L glass bottle,
acidified by 5 mL of nitric acid, kept in a refrigerator and filtered
through a filter paper (Whatman No. 40) before use. 200 mL of water
sample was transferred to a round-bottom flask, 7.5 mL of H2SO4
(98%), 2.5 mL of HNO3 (70%), 8.0 mL of K2S2O8 (5%) and 15 mL of
KMnO4 (5%) were added and refluxed at 80 ◦C for 2 h [26]. This solu-
tion was cooled, neutralized with sodium hydroxide and diluted to
1000 mL in a volumetric flask. 200 mL of this solution was treated
under recommended procedure.

1.0 g of dried fish or oyster sample was placed in a round-bottom
flask and 10 mL of HNO3 (70%), 10 mL of H2SO4 (98%), 10 mL of
K2S2O8 (5%) and 8 mL of KMnO4 (5%) were added and refluxed at
250 ◦C for about 2 h. The digested fish sample was cooled to room
temperature [26]. Appropriate amounts of 2 mol L−1 of NaOH solu-
tion was added to neutralize the excess of HNO3 and diluted to
1000 mL in a volumetric flask. An aliquot of the solution was treated
under recommended procedure.

200 mg of certified reference material (DORM-3) was refluxed
with 10 mL of H2SO4 (98%) and 10 mL of HNO3 (70%) at 250 ◦C
for 2 h. Then 10 mL of K2S2O8 (5%) and 10 mL of KMnO4 (5%)
was added and refluxed for 2 h. It was cooled, filtered, neutral-
ized with sodium hydroxide and diluted to 500 mL in a volumetric
flask [26]. 50 mL of this solution was treated under the general
procedure.

2.6. Recommended procedure

250 mL solutions containing mercury in the range of
0.02–1.20 �g L−1 and 3.5 ml of citrate buffer (pH 2.5) was passed
through a mini-column packed with 2.0 g of the adsorbent at
a flow rate of 16 mL min−1. The mercury ions were eluted from
and 4 mL of 2% (w/v) of SnCl2 solution was added. After 1 min,
nitrogen gas at a flow rate of 350 mL min−1 was passed through
the RC-GLS to take the mercury vapors to the T-cell quartz tube.
The measurements were performed on the height mode of atomic
signal.
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Fig. 1. Structure of N-(2-chloro benzoyl)-N′-phenylthiourea.

. Results and discussion

N-(2-chloro benzoyl)-N′-phenylthiourea (Fig. 1) was synthe-
ized and used as a new reagent for solid phase extraction of Hg(II).
t was loaded on solid sulfur as a new solid support material and
acked in a mini-column. The effect of various parameters such as
H, the amount of ligand loaded, amount of adsorbent in the col-
mn, sample flow rate, sample volume and the effect of diverse ions
n the preconcentration of 250 mL solution containing 1.0 �g L−1 of
g(II) was studied in detail.

.1. Effect of pH

The influence of pH on the preconcentration of Hg(II) was inves-
igated. Fig. 2 shows that the recovery of Hg(II) ions increased with
ncreasing the pH of the solution up to 2 and remained constant
n the range of 2–3. Thus, the pH 2.5 was selected as the optimum
alue for the sorption of Hg(II) ions and 3.5 mL of citric acid–citrate
uffer solution with pH 2.5 was used to maintain this pH.

.2. Optimization of vapor generation conditions

Important parameters of the cold vapor generation that should
e optimized included the flow rate of the nitrogen carrier and con-
entration of the SnCl2 solution used as the reducing agent. It was
ound that a nitrogen flow rate of 350 mL min−1 was suitable for
his system.

The effect of the SnCl2 concentration on the cold-vapor gener-
tion was also evaluated within the range of 1.0–5.0% (w/v). The
esults showed that the maximum absorbance is obtained at con-
entrations between 2.0 and 3.5% (w/v). Thus, a concentration of
.0% (w/v) of SnCl2 was selected as optimum.

.3. Effect of ligand quantity

The quantity of ligand immobilized on the adsorbent is an
mportant chemical variable affecting the preconcentration of the

xamined analyte. Therefore, the effect of quantity of N-(2-chloro
enzoyl)-N′-phenylthiourea on the retention of Hg(II) was exam-

ned. Various amounts of N-(2-chloro benzoyl)-N′-phenylthiourea
10.0–250.0 mg) were added to 40 g of sulfur powder and the pro-

ig. 2. Effect of pH on the recovery of 1.0 �g L−1 of Hg (II); 2.0 g of sulfur adsorbent;
ow rate 16 mL min−1; sample volume 250 mL.
Fig. 3. Effect of amounts of ligand loaded on sulfur powder on the retention of
1.0 �g L−1 Hg(II), pH 2.5; flow rate 16 mL min−1; sample volume 250 mL.

cedure for preparation of the adsorbent was followed. 2.0 g of
the adsorbent was used in the mini-column for preconcentration
of the analyte. The results presented in Fig. 3 show that highest
recoveries are obtained when the amount of N-(2-chloro benzoyl)-
N′-phenylthiourea was in the range of 3.75–5.00 mg g−1 of solid
support.

A considerable increase in the recovery and therefore the
retention of Hg(II) by changing of N-(2-chloro benzoyl)-N′-
phenylthiourea concentration indicates that the use of N-(2-chloro
benzoyl)-N′-phenylthiourea is necessary for quantitative retention
of the analyte. Very low recoveries are obtained without adding
the ligand. Thus, 2.0 g of the adsorbent containing 3.75 mg g−1 of
the ligand was used for further investigations.

3.4. Effect of the adsorbent amount

The amount of adsorbent is another important parameter to
obtain quantitative recovery. In order to estimate the optimum
adsorbent quantity, the recoveries of Hg(II) were examined by using
the adsorbent quantities between 0.5 and 3.0 g. Quantitative recov-
eries were achieved when adsorbent amount was greater than 2.0 g.
Accordingly, 2.0 g of sulfur loaded with N-(2-chloro benzoyl)-N′-
phenylthiourea was used in all experiments.

3.5. Effect of eluent type, concentration and volume

In order to choose a proper eluent for the retained mercury
ions after preconcentration, various acids and organic solvents were
tested and the percentage recovery for each eluent type was deter-
mined. Among the eluents studied, hydrochloric acid provided
higher recoveries in comparison to the others (Table 1).

Then the experiments were carried out for selecting the con-
centration of hydrochloric acid solution. The hydrochloric acid

concentrations in the range of 0.5–4.0 mol L−1 were studied
for this purpose. The recovery values were almost quantitative
above 2.0 mol L−1 concentrations. Therefore, acid concentration of
3.0 mol L−1 was chosen as optimum in the subsequent experiments.

Table 1
Effect of different eluting solutions on the absorbance of 1 �g L−1 Hg(II).

Eluting solution Absorbancea

H2SO4 (3 mol L−1) 0.211
HNO3 (3 mol L−1) 0.379
HCl (3 mol L−1) 0.463
HCl (3 mol L−1) + Thiourea 0.050
HCl (3 mol L−1) + Ethanol 0.450

a Average of three determinations.
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Table 2
Effect of foreign species in the determination of 1 �g L−1 of Hg(II).

Species Tolerance limit (mg L−1)

Na+, K+, NO3
− 400

of each dried sample was initially digested as stated in the sam-
ple pre-treatment (Section 2.5) and then subjected to the proposed
procedure. The recovery of the spiked standard solutions as shown
in Table 4 was in the range of 95–103% which demonstrates that
good recoveries are obtained by the method.

Table 3
Determination of mercury in a certified reference material.

Certified reference material Certifieda Founda Relative error
(�g g−1) (�g g−1) (%)

DORM-3 0.409 (±0.027) 0.396 (±0.076) 3.18

a Values in parentheses are S.D. based on five replications.

Table 4
Determination of Hg(II) in Persian Gulf water and marine samples.

Sample Added (�g L−1) Found (�g L−1)a Recovery (%)

Persian Gulf water – 0.99 (±0.03)
0.04 1.04 (±0.01) 100.9
0.60 1.59 (±0.01) 100.0

Otolithesb – 0.35 (±0.01)
0.04 0.39 (±0.01) 100.0
0.60 0.92 (±0.02) 96.8

Platicephalusc – 0.05 (±0.01)
0.04 0.09 (±0.02) 100.0
0.60 0.64 (±0.01) 98.4

Oysterd – 0.35 (±0.05)
0.04 0.39 (±0.01) 100.0
0.60 0.93 (±0.01) 97.9
ig. 4. Effect of sample flow rate on the recovery of 1.0 �g L−1 of Hg(II), pH 2.5; 2.0 g
f sulfur adsorbent; sample volume 250 mL.

he effect of the volume of 3.0 mol L−1 hydrochloric acid solution
n the recovery was also investigated. The quantitative recoveries
ere found when 3.0 mL of eluent was used. Thus 3.0 mL of the

luent was selected as optimum in the subsequent experiments.

.6. The effect of flow rate

The flow rate of the Hg(II) solution through the column is a
ery important parameter for the time controls of adsorption and
nalysis. Using the column procedure, the effect of flow rate on
orption of 1.0 �g L−1 of Hg(II) in the range of 1–24 mL min−1 was
nvestigated. The results presented in Fig. 4 show that Hg(II) can be
etained on the column quantitatively (>95%) with flow rates in the
ange of 8–20 mL min−1. Therefore, to achieve higher speed of oper-
tion, a sample rate of 16 mL min−1 was selected as optimum value.
he effect of the flow rate of eluent solution was also studied in the
ange of 1–10 mL min−1 and it was found that up to flow rates of
mL min−1 the recovery remained constant. Therefore, a flow rate
f 6 mL min−1 was selected for eluting the retained mercury ions
rom the column.

.7. Effect of sample volume

The sample volume is also an important parameter to reach high
reconcentration factors. Therefore, the effect of sample volume
n the recoveries of the Hg(II) was investigated by using different
olumes of solutions in the volume range of 50–2000 mL containing
he same amount of Hg(II). These solutions were passed through
he column under optimum conditions. The recoveries were found
o be quantitative and constant up to 1000 mL. Therefore, 1000 mL
as chosen as the largest applicable sample volume.

.8. Analytical figures of merit

The analytical parameters were evaluated using the optimum
xperimental conditions. The calibration graph was linear in the
ange of 0.02–1.20 �g L−1of Hg (II) in the initial solution and obeyed
he equation A = 0.4344C + 0.0135 (r = 0.9991, n = 8), where A is the
bsorbance and C is the concentration of mercury in micrograms per
iter. The limit of detection (LOD) calculated from three times the
tandard deviation of ten blank signal measurements [27] was 0.012
nd 0.003 �g L−1 when using 250 and 1000 mL sample volumes,
espectively. The relative standard deviation (R.S.D.) for determi-

ations of 0.040 and 1.0 �g L−1 of Hg(II) were 3.9 and 1.2% (n = 8),
espectively. A preconcentration factor of 333 is achieved if 1000 mL
olutions are used and the retained ions are eluted by 3.0 mL of the
luent.
Cu2+, Pb2+, Ni2+, NH4
+, Ca2+, Fe3+, Mg2+, Zn2+, Co2+, Cd2+,

Al3+, Cr3+, Bi3+, Mn2+, SO4
2− , CO3

2−„ HCO3
− , Cl− , F− ,

I− Br− , C2O4
2−

80

Tartarate, EDTA, urea, Fe2+ 40

3.9. Interference studies

The selectivity of the proposed method was studied by determi-
nation of 1.0 �g L−1 Hg(II) in the presence of various species. Each
ion or organic substance was considered to be an interferent when
it caused an error greater than ±5% in the determination of mer-
cury. The relevant data is presented in Table 2. The result shows
that most common ions do not interfere in the determination and
the method is highly selective in the presence of different species.

4. Application

The validity of the proposed method was tested by applying it
to fish, oyster and seawater samples. Additionally, the method was
also applied for the analysis of mercury content in the certified ref-
erence material (DORM-3). It was found that there is no significant
difference between results obtained by the proposed method and
the certified value (Table 3).

4.1. Analysis of marine samples

The proposed method was applied to the determination of total
mercury in two fish samples, Otolithes and Platicephalus and oyster
(Macta aequisulcata) were purchased from local fish market. 1.0 g
a Values in parentheses are S.D. based on five replications.
b Amount of mercury in Otolithes was 1.75 �g g−1.
c Amount of mercury in Platicephalus was 0.25 �g g−1.
d Amount of mercury in oyster was 87.50 �g g−1.



anta 7

4

m
T
o
s

5

p
d
i
T
t
T
h
a
f
c
m
s
f
f

A

c

[
[
[
[
[

[
[
[
[
[
[
[

[

[
[24] Y.M. Zhang, T.B. Wei, L.M. Gao, Synth. Commun. 31 (2001) 3099.
[25] L. Bai, S. Li, J.X. Wang, M. Chen, Synth. Commun. 32 (2002) 127.
[26] K. Helrich, Official Methods of Analysis, vol. 1, 15th ed., Association of Official

Analytical Chemists (AOAC), Inc, Arlington, Virginia, USA, 1990.
N. Pourreza et al. / Tal

.2. Analysis of Persian Gulf water

The water sample was passed through the mini-column at opti-
um conditions, after the appropriate treatment described earlier.

he recovery test was also conducted to evaluate the feasibility
f the method. The water sample was spiked with two standard
olutions. The results are listed in Table 4.

. Conclusion

N-(2-chloro benzoyl)-N′-phenylthiourea immobilized on sulfur
owder was used as a new solid phase for preconcentraion and
etermination of mercury ions. To the best of our knowledge, this

s the first application of modified sulfur as a solid phase extractor.
he limit of detection of the method was comparable to or better
han some of the previously reported methods [7,12,15,19,21,24].
he selectivity of the method in terms of co-existing ions was quite
igh and most of the ions did not interfere at high concentrations
s seen in Table 2. The RC-GLS system used in this procedure is
aster and provides higher sensitivity than commercially available
ontinuous flow vapor system. The preconcentration factor of this
ethod is 333 for 1000 mL sample volumes, which is superior to

ome of the similar procedures. The proposed method can success-
ully be applied for separation and preconcentration of Hg(II) ions
rom water and marine samples.
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A simple, rapid, and sensitive identification method of fenamithion and acetamiprid is developed using
supramolecular nano-sensitizers combining of CdTe quantum dots (QDs) and p-sulfonatocalix[4]arene
as additive by fluorescent spectroscopic technique in water. Depending on p-sulfonatocalix[4]arene, the
selectivity of CdTe QDs is tuned between fenamithion and acetamiprid. The luminescence of free CdTe
QDs is quenched selectively to fenamithion. While in the presence of p-sulfonatocalix[4]arene, it shows
that the fluorescence intensity of QDs is enhanced selectively to acetamiprid due to the cooperation of
uantum dots
alixarene
esticides
enamithion
cetamiprid

QDs and p-sulfonatocalix[4]arene. Based on the response characteristics of the QDs, a fluorescent method
is performed for tuning selective determination of the pesticides. Under optimum conditions described,
it is found that the pesticides effect on the luminescence of the CdTe QDs in concentrations dependence
are described by a Stern–Volmer-type equation or a Langmuir binding isotherm equation in the range
of 0–10−4 M (fenamithion) and 0–10−3 M (acetamiprid), with the corresponding detection limits (3�)
of 1.2 × 10−8 M (fenamithion) and 3.4 × 10−8 M (acetamiprid), respectively. The possible mechanism is

discussed.

. Introduction

Pesticides are used widely for agriculture, vector control, and
omestic purposes. Despite the apparent benefits of these uses
cute, pesticide poisoning is an increasing worldwide problem, par-
icularly in rural areas. Pesticides are the most important cause of
evere toxicity and death from acute poisoning worldwide [1–3].
hus, analytical techniques with high sensitivity and selectiv-
ty are developed to monitor pesticide poisoning. Now, pesticide
etecting techniques mostly focus on chromatographic separa-
ion, such as high performance liquid chromatography (HPLC)
4], gas chromatography (GC) [5], solid phase microextraction-
PLC [6], immunoaffinity chromatography (coupled column liquid

hromatography/mass spectrophotometry) [7], and thin layer chro-
atography [8]. However, these methods are relatively time

onsuming and require a tedious sample pretreatment. Thus, the
evelopment of a simple and rapid pesticides detecting technique

till presents a challenge.

Luminescent semiconductor quantum dots (QDs), which have
nique electronic and optical properties such as high quantum
ields (QY), narrow emission bands, continuous broad absorption

∗ Corresponding author. Tel.: +86 27 67866423.
E-mail address: lhbing@mail.ccnu.edu.cn (H. Li).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.02.013
© 2009 Elsevier B.V. All rights reserved.

bands, and high resistance to photobleaching, receive more and
more attention in recent years [9–10]. QDs modified with macro-
cyclic host molecules, show excellent selective recognition abilities.
A number of papers about chemical sensing of neutral molecules
[11] and ions [12–15], with QDs via analyte-induced changes in
photoluminescence have been reported. Calixarenes have been
demonstrated outstanding complex ability towards ions, organic
molecules, etc., and are considered as the third host molecules
after crowns and cyclodextrin [16–20]. Of particular relevance are
the studies performed in water, where most of the biological pro-
cesses take place. Therefore, water soluble calixarenes [21] have
been well established and general procedures are available for the
selective preparation. As far as we know, calixarenes have also
been used to modify semiconductor QDs, recently. For example,
Jin and co-workers have found that the surface of CdSe/ZnS QDs
could be modified with amphiphilic calixarene derivatives to give
water soluble QDs [22–23]. We reported sulfur calix[4]arene mod-
ified QDs as mercuric ions probes [24]. These reports stimulate
us to establish a simple and rapid detection system combining p-
sulfonatocalix[4]arene as the specific detecting switch and CdTe

QDs as signal reporter.

Herein we develop a new strategy for the efficient recogni-
tion and determination of fenamithion and acetamiprid in aqueous
solution using a cooperation of p-sulfonatocalix[4]arene via the flu-
orescence (FL) response of CdTe QDs. In our proposed approach,
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he free CdTe QDs respond selectively to fenamithion. While in the
resence of p-sulfonatocalix[4]arene, CdTe QDs show remarkably
elective and sensitive to acetamiprid.

. Materials and methods

.1. Materials

All chemicals used were of analytical grade or of the highest
urity available. All solutions were prepared with double-
istilled, deionized water. Tellurium (reagentpowder, 99.999%,
bout 200 mesh), thioglycolic acid (TGA, 99%), CdCl2·2.5H2O (99%),
aBH4 (96%) were purchased from Aldrich (Milwaukee, WI).
-sulfonatocalix[4]arene (Scheme S1 in the supporting informa-
ion) was synthesized according to the reported method [25].
esticide standards (parathion–methyl, fenamithion, methomyl,
ptunal, and acetamiprid) studied were provided by the Key Lab-
ratory of Pesticide and Chemical Biology (CCNU), Ministry of
ducation, China. All pesticides tested were of 98–99% purity.
arathion–methyl and optunal were dissolved in the mixture of
ater and ethanol, and others were dissolved in water and stored

t room temperature. The garlic samples were prepared according
he standard extraction procedure (detailed extraction experiments
ere seen in supporting information).

.2. Apparatus

The UV–vis absorption spectra were acquired on a TU-1901
V–vis spectrometer (Beijing Purkinje General Instrument Co. Ltd.).
luorescence spectra were taken on a Fluoromax-P luminescence
pectrometer (HORIBA JOBIN YVON INC.). The transmission elec-
ron micrograph (TEM) was recorded with a JEOL-JEM 2010 electron

icroscope operating at 200 kV.

.3. Synthesis of CdTe QDs

CdTe QDs were prepared using the reaction between Cd2+ and
aHTe solution following the method described elsewhere [26]. The
olar ratio of Cd2+:TGA:HTe was fixed at 1:2.5:0.5. Briefly, 0.095 g

f CdCl2·2.5H2O was dissolved in 5 mL of Mill-Q water and 0.092 g
f TGA was added. Then the solution was adjusted to pH 11 with 1 M
aOH and deaerated with N2 for 30 min. Next, oxygen-free NaHTe

olution, which was freshly prepared from tellurium powder and
aBH4 in water, was injected into the above solution under vigorous

tirring. The solution was then heated at 95 ◦C and further refluxed
or 2 h. Finally, the stock solution of 10−5 M CdTe QDs was prepared
t pH 6 and kept at room temperature without light irradiation.

.4. Preparation of pesticides/p-sulfonatocalix[4]arene mixed
olution

The 1 mM stock solution of p-sulfonatocalix[4]arene was pre-
ared by dissolving the material in doubly distilled water. Stock
olutions of 10−3 M pesticides were prepared by dissolving the
ppropriate amount of each compound in doubly distilled water.

orking solutions were prepared by successively diluting the

tock solutions with doubly distilled water. The mixed solution of
esticides/p-sulfonatocalix[4]arene was prepared by adding 2 mL
f the stock solution of pesticides at a concentration of 10−5 M
dded to 1 mL of p-sulfonatocalix[4]arene at a concentration of
M × 10−4 M. Blank solution of pesticides/p-sulfonatocalix[4]arene
ere prepared under the same conditions but used 1 mL of water

o instead p-sulfonatocalix[4]arene solution.
2009) 1359–1363

2.5. Determination of pesticides.

The fluorescence measurements were carried out in a quartz
cell (1.0 cm × 1.0 cm cross-section). Before detection, added 1 mL
of CdTe QDs at a concentration of 10−5 M to the pesticides/p-
sulfonatocalix[4]arene mixed solution. And the mixed solution was
allowed to stand for a few minutes to allow complete formation of
stable solution.

3. Results and discussion

3.1. UV–vis spectra and TEM images.

Fig. S1 shows the UV–vis spectra of CdTe QDs (Fig. S1a) and CdTe
QDs solution after adding p-sulfonatocalix[4]arene (Fig. S1b). It is
found no distinct difference in the positions and peak widths of
them, which suggests that the p-sulfonatocalix[4]arene does not
change the optical property of original CdTe QDs. Fig. S2 shows the
TEM image of CdTe QDs used in the experiment, which indicates
that CdTe QDs are monodisperse and uniform.

3.2. Effect of the concentration of p-sulfonatocalix[4]arene on the
fluorescence intensity of CdTe QDs.

As shown in Fig. S3, the effects of p-sulfonatocalix[4]arene on the
fluorescent intensity of CdTe QDs were carried in the aqueous sys-
tem. The concentrations of p-sulfonatocalix[4]arene from 10−6 M
to 10−3 M were studied in the experiment. When the concentration
of p-sulfonatocalix[4]arene is 5 × 10−4 M, the fluorescence inten-
sity reaches to maximum. Here, p-sulfonatocalix[4]arene indeed
plays an important role in the fluorescence intensity of water sol-
uble CdTe QDs. When the amount of p-sulfonatocalix[4]arene is
small, the surface defects and dangling bonds on the surface of
QDs can not be passivated well. Thus, the CdTe QDs become unsta-
ble, showing a lower FL intensity. The FL intensity is increased
with the concentration increase of p-sulfonatocalix[4]arene when
less than 5 × 10−4 M. If the amount of p-sulfonatocalix[4]arene is
higher than 5 × 10−4 M, the excessive p-sulfonatocalix[4]arene gen-
erates an additional trap state, which is the center of nonradiative
recombination. The CdTe QDs trend the aggregation and the FL
intensity of quantum dots decreases, which may be attributed to
the self-quenching or re-absorption. In other words, once these
defect sites are saturated, the additional p-sulfonatocalix[4]arene
plays a role of hole traps, resulting in a lower FL emission [27,28].
According to the above experiments, the concentration of p-
sulfonatocalix[4]arene at 5 × 10−4 M was selected for the following
experiment.

3.3. Effect of the pesticides on the photochemical properties of
CdTe QDs in the presence/absence of p-sulfonatocalix[4]arene.

The effects of 10−5 M relevant pesticides on the photo-
chemical properties of CdTe QDs in the absence or presence
p-sulfonatocalix[4]arene were studied and the results were shown
as in Fig. 1. The structures of relevant pesticides are shown in Fig. 2,
including parathion–methyl, fenamithion, methomyl, optunal, and
acetamiprid. Fig. 1(A) and (B) showed the effects of pesticides
on the fluorescent intensity of CdTe QDs without and with p-
sulfonatocalix[4]arene, respectively. As can be seen from Fig. 1(A),
the FL intensity was quenched by fenamithion, which demonstrated

that CdTe QDs turned out to be sensitive to fenamithion in water.
However, when the same amounts of pesticide were added to
the CdTe QDs and p-sulfonatocalix[4]arene mixed solution, the FL
intensity of the CdTe QDs was increased gradually with acetamiprid.
These results demonstrated that the luminescent response of CdTe
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towards acetamiprid in the presence of p-sulfonatocalix[4]arene
was effectively described by a Langmuir-type binding isotherm
ig. 1. Effects of 10−5 M relevant pesticides on the fluorescence of CdTe QDs (A),
dTe QDs + p-sulfonatocalix[4]arene (B) (from 0 to 5: control, parathion–methyl,
ethomyl, fenamithion, optunal and acetamiprid).

Ds towards fenamithion and acetamiprid were highly depen-
ent on p-sulfonatocalix[4]arene, which could tune the fluorescent
ecognition of CdTe QDs between two pesticides.

.4. Fluorescence response and calibration curve.

Fig. S4 showed the fluorescence responses of CdTe QDs toward
ifferent concentration of pesticides in the presence/absence of p-
ulfonatocalix[4]arene. As shown in Fig.S4, the FL intensity of CdTe
Ds was progressively decreased with an increase in fenamithion.
owever, with an increase in acetamiprid, the FL intensity of CdTe
Ds in the presence of p-sulfonatocalix[4]arene was progressively

ncreased. It was clear that p-sulfonatocalix[4]arene has played an
mportant role for the selective recognition of acetamiprid. Further-

ore, it was found that the quenching effect of fenamithion on
he FL intensity of CdTe QDs could be used to develop a method
or the determination of the fenamithion in concentration depen-
ence. A good linear relationship was observed up to fenamithion

oncentration when to use a Stern–Volmer-type equation [12]:

Imax

I
= 1 + Ksv[Q ]

Fig. 2. The chemical structures of pesticides investigated.
Fig. 3. Stern–Volmer-type description of the fluorescence of CdTe QDs showing a
linear fit throughout the fenamithion concentration range, with a correlation coef-
ficient = 0.994.

where I and Imax are the FL intensity of the CdTe QD at a given fena-
mithion concentration and fenamithion free solution, respectively.
[Q] is the given fenamithion concentration and Ksv is Stern–Volmer
quenching constant. Fig. 3 shows the Stern–Volmer quenching
curve describing the Imax/I as a function of fenamithion concen-
tration, the coefficient of the linear fit is 0.994, and Ksv is found to
be 4.6 × 105 M and. The detection limit of 1.2 × 10−8 M is calculated
following the 3� IUPAC criteria.

For the observed luminescence emission quenching by fena-
mithion, we supposed that after adding fenamithion, the mixed
solution may result from the generation of a new and efficient
nonradiative path and/or from the suppression of a radiative pro-
cess. Accordingly to the typical Stern–Volmer quenching behavior,
when collisions is occurring between quencher and luminescent
molecules, a part of the energy is lost, which results in the fluores-
cence intensity quenching.

On the other hand, the enhanced FL intensity of CdTe QDs
Fig. 4. Langmuir binding isotherm description of the FL intensity of CdTe QDs in the
presence of p-sulfonatocalix[4]arene showing a linear fit throughout the acetamiprid
concentration range, with a correlation coefficient >0.998.
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Table 1
Results of the analysis of garlic samples.

Pesticides Amount in sample (ng mL−1) This method Amount found by HPLC (ng mL−1)

Amount found (ng mL−1) Average recovery (n = 5) (%) R.S.D. (%)

Fenamithion 20 19.2 96 3.4 19.5
30 29.2 97.3 4.6 30.3

Acetamiprid 75 76.5 102 3.9 77.3
120 117.6 98 4.5 124.2

CdTe
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Fig. 5. acetamiprid enhances the fluorescence of

29]. The equation could be linearized to take the form:

C

I
=

(
I

BImax

)
+

(
1

Imax

)
C

here I and Imax are the FL intensity of the CdTe QD at a
iven acetamiprid concentration and the maximum intensity. [C]
s the given acetamiprid concentration and B is Langmuir type
inding constant. Accordingly, if the Langmuir description of the
cetamiprid-binding on the surface of the CdTe QDs was correct, a
lot of C/I as a function of C should be linear, as shown in Fig. 4.
relative linearity was observed throughout the entire range of

cetamiprid concentration. The coefficient of the linear fit was
igher than 0.998. And the detection limit of 3.4 × 10−8 M was cal-
ulated following the 3� IUPAC criteria. The detection limit of the
ethod is sufficient for real food and environmental analysis. To

urther demonstrate the practicality of the proposed nanosensor,
he recovery test was studied by adding different amounts of some
ubstances into garlic samples of 0.1 M PBS (pH 7.0). As can be seen
n Table 1, the results are very close to those detected by HPLC. The
ecoveries were from 96.0% to 102.0%. The results indicated that the
roposed method was highly accurate, precise and reproducible. It
an be used for direct analysis of relevant samples.

Concerning the explanation for acetamiprid enhancement, the
ossible reasons was given. For the above experiment, it was
easonable to believe that p-sulfonatocalix[4]arene plays an impor-
ant role for CdTe QDs in selective luminescence response to
cetamiprid. It was known that the well-defined structure of
he p-sulfonatocalixarene cavities can be exploited for the inclu-

ion of positive charged ammonium group [21,30]. As shown in
ig. 5, under the experimental conditions (pH 6), acetamiprid
ould be ionized as positive charged ammonium salts, which
ould be embedded into p-sulfonatocalix[4]arene cavity to form
upramolecular complex [31,32]. According to literatures [33,34],
QDs in the presence of p-sulfonatocalix[4]arene.

water soluble p-sulfonatocalixarene can be modified on the sur-
face of quantum dots in aqueous solution via SO3

− group coupling.
Therefore, it is reasonable to believe that an inclusion complex p-
sulfonatocalix[4]arene/acetamiprid can be gradually adsorbed on
the surface of QDs, which resulted in restricting the disordered
orientation and so inducing a uniform arrangement. Such ordered
orientation may suppress the quenching path to the medium by
effective core protection and thus increase the luminescence inten-
sity [35].

It was also found that CdTe QDs exhibited fluorescence emis-
sion blue shifts after adding acetamiprid in the present of
p-sulfonatocalix[4]arene. The possible reason of the blue shift
may be due to environmental factors such as differences in
hydrophobicity, hydrophilicity, electric charge, etc. The blue shift
might also be due to physical deformation of the QDs when
they were near the acetamiprid/p-sulfonatocalix[4]arene inclusion
complex. Since QDs are quantum confined “boxes” for elec-
trons, the confined wavelength and emission wavelength can also
change when the size or shape of the “box” changes. Thus, if a
spherical QD became compressed (ovoid) near the acetamiprid/p-
sulfonatocalix[4]arene complex by even a nanometer or less,
it could dramatically influence the emission wavelength. The
similar phenomenon might be observed in the reported case
[36].

4. Conclusion

In conclusion, we have proposed a new method that allows

simple and efficient recognition and quantification of fenamithion
and acetamiprid in aqueous solution via fluorescence response of
CdTe QDs by adding p-sulfonatocalix[4]arene as additive. The selec-
tivity of luminescent QDs is switched between fenamithion and
acetamiprid, depending on p-sulfonatocalix[4]arene.
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a b s t r a c t

A novel matrix for enzyme immobilization was successfully developed by using Pt/Au bimetallic hierar-
chical structure with micro/nano-array to generate highly sensitive biosensors for glutamic oxaloacetic
transaminase (GOT, EC 2.6.1.1) and glutamic pyruvic transaminase (GPT, EC 2.6.1.2) determination. The
structures of the Pt/Au particles were confirmed with a dual-beam FIB image, transmission electron
microscopy (TEM), selected area electron diffraction (SAED) pattern, and X-ray diffraction (XRD) pattern.
eywords:
t/Au
imetallic hierarchical structure
OT and GPT biosensors

The morphologies of the Pt/Au bimetallic hierarchical structure before and after enzyme modification
were checked using scanning electron microscopy (SEM). The effects of Nafion membrane and enzyme
loading were established. Both GOT and GPT activities have been investigated singly and sequentially.
The sensing performances were recorded by employing cyclic voltammetric and chronoamperometry
(concentration variations of GOT and GPT) techniques. The interference of ascorbic acid and uric acid
was also included. We believe that this study will provide a good inspiration in the development of new

bios
generation amperometric

. Introduction

The effect of electrode surface structure on electroanalytical
erformance has been widely recognised. Researchers have since
ttempted to capture these properties in constructing a roughened
urface, which can provide more catalytic sites or accommodate
uch more biomolecules in a given region [1]. Significant advances

ave been made over the past few years through chemical self-
ssembly techniques or electrochemical deposition to introduce
anoparticles on the electrode surface [2,3]. Especially, recent
xperimental results reveal that nanoparticles having flower-like
orphology have significantly higher electrocatalytic activity than

he spherically shaped nanoparticle [4]. And the high electrocat-
lytic activity is ascribed to the flower-like morphology of the

anoparticles. However, some electrochemical difficulties were
lso encountered: nanoparticles might be dissociated from the
lectrode surface due to the nature of the contact, leading to an
nstable signal, etc.

∗ Corresponding author. Current address: Department of Chemistry, Physical and
heoretical Chemistry Laboratory, Oxford University, South Parks Road, Oxford OX1
QZ, UK. Tel.: +44 1865 275413/82 42 869 8077; fax: +82 505 869 8077.

E-mail addresses: xingjiuhuang@hotmail.com, xing-jiu.huang@chem.ox.ac.uk
X.-J. Huang).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.02.024
ensors.
© 2009 Elsevier B.V. All rights reserved.

Glutamic oxaloacetic transaminase (GOT, EC 2.6.1.1) and glu-
tamic pyruvic transaminase (GPT, EC 2.6.1.2) are enzymes found
mainly in the liver but are also found in red blood cells, heart cells,
muscle tissue, and other organs, such as the pancreas and kidneys.
When body tissue or an organ such as the liver or heart is diseased
or damaged, additional GOT and GPT are released into the blood-
stream, causing levels of the enzyme to rise, as the amount of GOT
and GPT in the blood is directly related to the extent of tissue dam-
age [5–7]. Therefore, it is significant to determine GOT and GPT
amounts due to the clinical importance of GOT and GPT in monitor-
ing patients with liver diseases. The assay of GOT and GPT activity
all based on the following enzyme reactions:

L-aspartate + �-ketoglutarate
GOT−→oxalacetate + L-glutamate (1)

L-alanine + �-ketoglutarate
GPT−→pyruvate + L-glutamate (2)

L-glutamate + O2
GLOX−→�-oxogluatrate + NH3 + H2O2 (3)

As can be seen from Eqs. (1) and (2), l-glutamate was produced
by GOT and GPT, so the electrochemistry was set to measure the

formation of hydrogen peroxide from the oxidation of l-glutamate
(Eq. (3)).

Bimetallic Pt based catalysts are widely used in industry and for
proton exchange membrane fuel cells. Reactivity studies show that
the catalytic behavior of Pt/Au bimetallic nanoparticles is signifi-
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Fig. 1. (a–e) Schematic diagrams outlining the fabrication process for creating
Pt/Au bimetallic hierarchical structure with micro/nano-array electrode using pho-
tolithography and electrodeposition. (a) Cr layer and Au film deposition; (b) positive
photoresist pattern by optical photolithography; (c) Au etching by KCN and Cr layer
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(FIB, Netherlands). TEM images were obtained from FEI Tecnai F20.
The samples for TEM examination were prepared by focused ion
tching using a CR-7 Cr etchant; (d) photoresist patterns were removed using ace-
one and AZ400T; (e) directed electrodeposition of Pt/Au bimetallic structure; (f) the
esign of Pt/Au bimetallic hierarchical structure array electrode with dimension of
cm × 2 cm (wide × length).

ant enhanced in comparison with the pure Au and Pt nanoparticle
ystem [8]. Therefore, Pt/Au bimetallic nanoparticles have been
xtensively synthesized and studied for a variety of catalytic appli-
ation [8–17]. Unfortunately, in electrochemistry, the preparations
f the electrode are often limited in terms of ‘bottom-up’ methods
nd no flowerlike micro-arrayed electrodes have been addressed
hus far. The signal from the arrays of sensors can be amplified

any times compared to that seen from a single electrode on the
ne hand. On the other hand, it is well-known that immobiliza-
ion of biomolecules in designer-made nano/microscale structures
an significantly improve the performance of biocatalytic processes
18], but the candidates of nano/microstructure materials should be
ith a high loading, high active surface area, and long-term stabil-

ty, as well as high electron transfer [1]. Here, we construct Pt/Au
imetallic hierarchical structure with micro/nano-array and immo-
ilize enzymes at these predefined positions to detect GOT and GPT
ctivity. The enzymes could be immobilized and stabilized onto the
ough surface. We show that the regular array of biofunctionalized
emplates provides a useful tool for elucidating recognition events,
ith the result of enhanced biosensor performance through the use

f these hierarchical structures with micro/nano-array.

. Experimental

.1. Fabrication of Pt/Au bimetallic hierarchical structure with
icro/nano-array electrode

The Au pattern was first prepared using a photolithography tech-
ique [11]. Fig. 1 shows the flow process diagram of the preparation.
s a starting substrate, a p-type 4 in. silicon wafer with a thickness
f 525 �m was used. After a standard cleaning of the silicon wafer
or 30 s using a 100:1 diluted HF solution, a 10 nm Cr layer and a
00 nm Au layer were deposited onto the silicon wafer by thermal
vaporation. The role of the Cr layer is to improve the adhesion of
he gold to the silicon. Following the formation of the Cr/Au layers,
ot-shaped mask patterns were made on the Au surface using opti-

al photolithography with a positive photoresist. This lithography
tep provided designed mask patterns with various sizes and den-
ities of a dot pattern array. Through the use of G-line lithography
ith a wavelength of 436 nm, an AZ6612KE positive photoresist was
(2009) 1371–1377

patterned. The photoresist patterns served as a mask for a subse-
quent Au/Cr wet etching. A 100:1 diluted KCN solution transferred
the photoresist patterns to the Au layer. This wet etching process
was performed at 25 ◦C for 60 s. After Au etching, the remaining Cr
layer was etched by a Cr etchant (CR-7) at 25 ◦C for 30 s. All photore-
sist patterns were then removed using acetone and a photoresist
remover (AZ400T) at 50 ◦C for 1 h. Finally, the Au-patterned sili-
con wafer was washed using deionized water (DIW) and dried in
nitrogen gas.

The Pt/Au bimetallic hierarchical structure with micro/nano-
array was then synthesized onto an Au patterned silicon wafer
in an aqueous solution containing H2PtCl6 (H2PtCl6·6H2O,
Sigma–Aldrich), HAuCl4 (HAuCl4·3H2O, Sigma–Aldrich), and
20 g l−1 polyvinylpyrrolidone (K30, Fluka) using a two-electrode
system. The cleaned Au pattern was employed as a working elec-
trode and a clean graphite sheet served as counter electrode. The
applied potential was controlled using a Triple Output DC power
supply (Agilent, E3631A).

2.2. Enzyme electrode preparation

The Pt/Au bimetallic hierarchical structure array electrode was
modified by l-glutamate oxidase (GLOX, 1.4.3.11, Sigma–Aldrich)
according to procedures available in the literature [19,20]. Prior to
enzyme immobilization, the Nafion (Fluka) membrane was placed
on the electrode by covering the working area with 2.0, 3.5, 5,
and 7.5 �l (this is for controlled experiments) of ethanolic solution
containing 5 wt.% of Nafion and dried for 8 h at room tempera-
ture, respectively. To immobilize the enzyme, 12 �l of the enzyme
solution (2.5 mg ml−1) was mixed with 2 �l of a 10 wt.% bovine
serum albumin (Fluka) solution. Then, 2 �l of a 10 wt.% glutaralde-
hyde solution (Sigma–Aldrich) was mixed for cross-linking. With a
micropipette, 1, 2.5, 3.5, 4.5 �l of the mixed solution was dropped
onto the working electrode to form the electrodes (coded as 1#,
2#, 3#, and 4#) with different enzyme contents, respectively. After
the reaction was allowed to proceed, the sensitive area was rinsed
with distilled-deionized water and was immersed in a 0.1 M glycine
solution.

2.3. Cyclic voltammetry (CV) measurements

CV measurements were performed with a CHI 600B electro-
chemical analyzer (CH Instruments, Inc.) in a phosphate-buffered
saline solution (PBS, pH 7.4) in a conventional three-electrode cell at
room temperature. Ag/AgCl was used as a reference and Pt wire as a
counter electrode (CH Instruments, Inc.). For the sequential deter-
mination of GOT and GPT, The solution was prepared with 100 mM
PBS, 1 mM �-ketoglutarate (Sigma–Aldrich), 25 mM l-aspartate
(Sigma), 100 U l−1 GOT (Sigma), and 100 U l−1 GPT (Sigma). After the
measurement of GOT activity was recorded, 100 mM l-alanine was
added into the system. All experiments were carried out at 35 ◦C
after consideration of normal body temperature and the activity of
the electrode at this temperature.

2.4. Materials characterization

Sample morphologies were analyzed using a Philips XL 30 AFEG
field-emission scanning electron microscope (FESEM, Eindhoven,
Netherlands) and a FEI NOVA 2000 dual-beam focused ion beam
beam (FIB) etching and then transferred to Cu grids coated with
thin carbon film. The X-ray diffraction (XRD) spectrum analysis was
carried out with a diffractometer (Philips X’pert PRO with Cu K�
radiation).
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ig. 2. Typical SEM images of Pt/Au bimetallic hierarchical structure with micro/na
iew of synthesized Pt/Au bimetallic array in high magnification; (c) and (d) shows
he edge and in the central part, respectively.

. Results and discussion

Electron microscopy images of the Pt/Au bimetallic hierarchical

tructure with micro/nano-array electrode directly grown onto the
old patterned silicon substrate are shown in Fig. 2. Fig. 2a shows
he status of the electrode containing a 10 × 10 Pt/Au bimetallic
rray, which clearly shows that Pt/Au bimetallic particles grew onto

ig. 3. Characterization of Pt/Au bimetallic hierarchical structures. (a) A dual-beam FIB
ponding to panel (b); (d) XRD analysis data.
ray. (a) Low magnification top view SEM image of Pt/Au bimetallic array. (b) A 40◦

rresponding enlarged SEM images of the Pt/Au bimetallic hierarchical structure at

the silicon substrate. A side view of synthesized Pt/Au bimetallic
array in high magnification is shown in Fig. 2b, indicating that the
synthesized Pt/Au bimetallic particles in the array exhibit hierarchi-

cal structure. From the high resolution SEM images shown in Fig. 2c
and d, we observed that each Pt/Au particle in the array presents a
natural flowerlike structure, and the physical attributes of the Pt/Au
flower carries many nanoscaled leaflike flakes with sharp edges

image of the cross-section. (b) Corresponding TEM image. (c) SEAD pattern corre-
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Fig. 4. Enhanced voltammetric responses of Pt/Au bimetallic hierarchical structure
array electrode. (a) Cyclic voltammograms of the Si substrate, a 10 × 10 Au pitch
array, Au microflower array (10 × 10), and Pt/Au bimetallic hierarchical structure
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trode radius, and i is the limiting current of each microelectrode.
rray (10 × 10, with spacing of 200 and 5 �m) electrodes in 0.125 mM Fe(CN)6 .
can rate: 0.005 V s−1. The inset shows the cyclic voltammograms of the Si substrate
nd a pure Au pitch array in high-resolution; (b) illustration of diffusion domain of
t/Au bimetallic hierarchical structure array electrode with different spacing.

nd corrugated surface. Some leaflike flakes are interdigitatedly
rranged around the flower and form a multilayer structure, which
manates from the cores to the outside. Numerous gaps between
he interdigitated flakes can be observed. It is expected that each
ierarchical structure provides a higher surface area, which can
ccommodate much more enzymes or other biomolecules in a
iven region. Furthermore, the signal from the arrays of sensors
an be amplified many times compared to that seen from a single
lectrode. Consequently, we can expect an enhanced voltammetric
esponse for biosensing.

The structures of the Pt/Au particles were confirmed with a dual-
eam FIB image, transmission electron microscopy (TEM), selected
rea electron diffraction (SAED) pattern, and X-ray diffraction (XRD)
attern. Fig. 3a shows a dual-beam FIB image of the Pt/Au bimetal-

ic particle. The image suggests that the particle is polycrystal. TEM
mage (Fig. 3b) and SAED (Fig. 3c) pattern shows that the Pt/Au
tructure includes many small grains that have independent orien-
ations, further demonstrating its polycrystalline structure. Fig. 3d
resents an XRD pattern of the sample shown in Fig. 2. Broad diffrac-
ion peaks corresponding to metallic Pt and Au are observed which
re indicative of the presence of nanosized Pt/Au particles [21].

The fabricated Pt/Au arrayed-electrode was firstly characterised
oltammetrically using redox couples, Fe(CN)6

4−/Fe(CN)6
3−, a

ell-defined and known metal complex that undergoes a fast,
eversible one-electron reduction in the following sections. Fig. 4a
hows the comparison results of cyclic voltammograms for the Si
ubstrate, a 10 × 10 Au pitch array, Au microflower array (10 × 10),

nd Pt/Au bimetallic array (10 × 10, with different spacing) elec-
rodes in 0.125 mM Fe(CN)6

3−. The electrochemical responses of
i substrate and a 10 × 10 Au pitch array are extremely weak and
ould be ignored in comparison with that of Au and Pt/Au bimetal-
(2009) 1371–1377

lic hierarchical structure array. Therefore, it is realistic to consider
that the signals at the latter two electrodes can be attributed
to the Au and Pt/Au bimetallic array. Considering that the sharp
edges or tips on the nano/micro-metal particles have been theo-
retically demonstrated to increase electric-field enhancement [22],
the voltammetric features of the Au microflower array electrode
are obviously due to the presence of a large surface area as well
as nanoscaled sharp edges or tips on the flower surface. The large
surface area can be confirmed by the high capacitance (C) which
was calculated from the cyclic voltammogram [23] with C = i/v,
where i is the current and v is the scan rate (V s−1). At a potential of
0.2 V, as an example, the effective capacitance is over 20 times larger
than that of the Au pitch array electrode. Directly, the surface area
can be calculated by Randles–Sevcik equation as 4.25 × 10−4 cm2.
However, at Pt/Au bimetallic microflower array electrode, it is inter-
esting that not only the response currents extremely increase but
also the potential window becomes wide. Meanwhile, the arrayed
electrode with spacing of 5 �m exhibits a similar macroelectrode
cyclic voltammetry, and the arrayed electrode with spacing of
200 �m shows a microelectrode voltammetric behavior. We sug-
gest that the addition of metal Pt has noticeable influence on the
electrochemical reactions.

What should be the reasons of the Pt/Au bimetallic hierarchical
structure array electrode be for it to result in a similar macroelec-
trode and microelectrode cyclic voltammetry? To answer this, we
analyzed the influence of non-linear diffusion on the cyclic voltam-
metric response of Pt/Au bimetallic microflower array electrode, as
illustrated in Fig. 4b. Compton et al has demonstrated the effect
of different domain radius of the plane electrodes on the cyclic
voltammograms by simulation [24]. For single plane microelec-
trode, the sigmoidal shape characteristic voltammetric responses
can be ascribed to the convergent diffusion. Based on these results,
we suggest the diffusion at an individual Pt/Au bimetallic array
electrode will be spherically convergent diffusion due to the high
roughened surface. As increasing the flower number to an array, two
modes should be considered here, one is that if the spacing between
the flowers (each flower can be considered as individual microelec-
trode) is narrow, the diffusion layers of adjacent microelectrodes
may start to overlap resulting in a situation where solution on
the “overlapping region” is similar to a macroelectrode [24]. The
extreme of this diffusion layer overlap is complete diffusion over
the whole surface, resulting in near linear concentration profiles
and therefore, the voltammetric response will no longer resemble
that of individual microelectrodes but rather display characteris-
tics similar to macroelectrode cyclic voltammetry. The array’s peak
current is therefore given below [25]:
∣∣Ip

∣∣ = 2.69 × 105�n3/2D1/2cv1/2N(rd
2 + �2)

where rd
2 is the mean electrode radius, � the standard deviation of

electrode radius, N the number of electrons transferred, v the poten-
tial scan rate, D the diffusion coefficient, n the electron number,
and c is the concentration. The other is that if the spacing between
the microflower is so wide that each with their own undisturbed
diffusion layer, the arrayed electrode still presents the behavior of
microelectrode. The total array current is the sum of the limiting
currents from each constituent electrode [25]:

∣∣Ilim
∣∣ = N

∫ ∞

0

∣∣ilim
∣∣ f (rd)drd,

where N is the total number of microelectrode present, rd the elec-

lim

Fig. 5 displays the result after the immobilization of l-glutamate
oxidase on Pt/Au bimetallic hierarchical surface. As can be seen,
l-glutamate oxidase was uniformly immobilized onto the surface.
After immobilization, hierarchical structure is still seen clearly.
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Fig. 7a) and 20–140 U l−1 (GPT, Fig. 7b). And thus suggests that the
Pt/Au bimetallic arrayed electrode may function as a biosensor.

Fig. 8 shows the studies of the sequential determination of GOT
and GPT activity (4# electrode) by adding l-alanine into the reac-
ig. 5. Typical SEM images of Nafion and l-glutamate oxidase immobilized Pt/Au
imetallic hierarchical structure. (a) Low magnification. (b) High magnification.

his highly roughened structure with enzyme immobilization pro-
ides a higher surface area, which can accommodate much more
iomolecules in a given region. Consequently, we can expect a
igher level of sensitivity, as will be further discussed by the
esponses of single and sequential determination of GOT and GPT
ctivity (Figs. 7 and 8).

To reduce the interfering response of some easily oxidized
pecies, such as ascorbic acid and uric acid, Nafion membrane was
sed in this study. Fig. 6 shows the effect of Nafion membranes
ith 2.0, 3.5, 5, and 7.5 �l of ethanolic solution containing 5 wt.%

f Nafion together with enzyme modification (4.5 �l of the mixed
nzyme solution, see Section 2 for the details). As can be seen, in
omparison with the case of 2.0 �l of Nafion solution modification,
he currents decrease 77.2% and 95.2%, respectively, when 3.5 and
�l of Nafion solution was used. For 7 �l of Nafion solution mod-

fication, the low response can be ignored. These observations are
xcellent in agreement with the previously reported [19,20], sug-
esting that the Nafion membrane would result in an additional
iffusion barrier or mass and electron transportation. 2.0 �l Nafion
olution was therefore used for the sensors fabrication in the fol-
owing experiment.

To investigate the biosensor performance of the Pt/Au bimetallic
ierarchical structure array, we immobilized l-glutamate oxidase
nto the hierarchical surfaces. We prepared a set of different l-
lutamate oxidase content electrodes coded as 1#, 2#, 3#, and 4#

or GOT and GPT single determinations. Fig. 7 shows the calibration
urves for GOT and GPT at different loading of l-glutamate oxidase.
he rates of the reaction (�A/min) were plotted against the GOT
nd GPT activity, respectively, over the range of 20–180 U l−1 (GOT,
Fig. 6. Effect of Nafion film (different Nafion/ethanol volumes) immobilized on the
surface of Pt/Au bimetallic hierarchical structure. Measurements were carried out
with 1 mM �-ketoglutarate, 25 mM l-aspartate, and 80 U l−1 GOT.
Fig. 7. Activity of (a) GOT and (b) GPT measured with different l-glutamate oxidase
contents. The initial potential was 0.3 V. GOT: 100 mM pH 7.0 PBS buffer contain-
ing 1 mM ketoglutarate and 25 mM l-aspartate. GPT: 100 mM PBS buffer (pH 7.0)
containing 1 mM ketoglutarate and 100 mM l-alanine as substrates.
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Fig. 8. Electrochemical responses of Pt/Au bimetallic hierarchical structure array
electrode (4# electrode) with spacing of 200 �m to GOT and GPT activity in PBS
(pH 7.0) containing 1 mM �-ketoglutarate, 25 mM l-aspartate, 100 U l−1 GOT, and
1
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00 U l−1 GPT before (GOT activity) and after (GPT activity) l-alanine addition. Scan
ate was 0.1 V s−1. (a) Cyclic voltammograms of the sequential determination of GOT
nd GPT activity; (b) response curve for the sequential determination of GOT and
PT activity as a function of time. The initial potential was 0.3 V.

ion cell before and after the addition of l-alanine. Fig. 8a reveals
he cyclic voltammograms of 100 U l−1 GOT and 100 U l−1 GPT activ-
ties. Before l-alanine addition, a significant increased current is
bserved. This implies that the reaction between ketoglutarate and
-aspartate was specifically catalyzed by GOT. As the addition of
-alanine was carried out, the current increased substantially, indi-
ating that the reaction between ketoglutarate and l-alanine was
atalyzed by GPT. The responses were 0.15 and 0.42 �A, respec-
ively. This value is higher than those of biosensors employing a
old film matrix [26]. To continue to probe the high sensitivity
f Pt/Au matrix biosensor, we investigated the real-time current
ehavior at a constant electrode potential of 0.3 V where the oxida-
ion current peak appears shown in Fig. 8a. The result is presented in
ig. 8b. The response is very fast in reaching a dynamic equilibrium
pon the addition of the sample solution and l-alanine, generating
steady-state current signal within several seconds. The current

eaches 0.08 �A at 40 U l−1 GOT and 0.22 �A after the addition of
5 U l−1 GPT. This fast and high response can be explained by the fact

hat the unique hierarchical structure and array lead to the effective
lectron transfer from the substrate to products through the Pt/Au
atrixes that contain enzymes.
The above studied shown in Figs. 7 and 8 demonstrate that Pt/Au

imetallic arrayed biosensors are capable of highly sensitive to real-
Fig. 9. Measurements of the l-glutamate electrode exposed to 0.2 mM ascorbic acid
and 0.2 mM uric acid followed by the determination of 40 U l−1 GOT and 35 U l−1 GPT
activity. 2.0 �l of Nafion solution was used in this measurement.

time detection of GOT and GPT, although other interferences such
as ascorbic acid and uric acid should be considered. To explore
this issue, we studied the performance of the presented biosen-
sor by the addition of ascorbic acid and uric acid before sequential
determination of GOT and GPT activity. Time-dependent current
measurements are presented in Fig. 9. Obviously, when 2.0 �l of
Nafion solution was used, Pt/Au bimetallic arrayed biosensors do
not exhibit a current change after adding ascorbic acid. Also, addi-
tion of uric acid does not result in a change in current, whereas
subsequent addition of �-ketoglutarate, l-aspartate, GOT, GPT, and
l-alanine addition produces a current increase. These controls show
that there is little influence of ascorbic acid and uric acid on the l-
glutamate biosensing, suggesting that the biosensors also exhibit
highly selective real-time detection of GOT and GPT activity.

Finally, we should point out that the reproducibility and sta-
bility of the present biosensors are excellent. We ultrasonicated
the substrate covered by Pt/Au bimetallic structure before enzyme
modification, no changes can be observed. This is because of the
use of photolithographic techniques. The Pt/Au bimetallic particles
tightly attach Au pitches.

4. Conclusions

A novel matrix for enzyme immobilization was successfully
developed by using Pt/Au bimetallic hierarchical structure with
micro/nano-array to generate highly sensitive biosensors for GOT
and GPT determination. The amount of Nafion membrane affects
the mass and electron transfer of the biosensors. The response is
dependent on the enzyme content. As increasing enzyme loading,
the current increases. The optimized Pt/Au bimetallic biosensors
are constituted by 2.0 �l of Nafion solution, 4.5 �l of enzyme solu-
tion. The biosensors exhibit high sensitivity. The linear range of
the sensor was 20–180 U l−1 GOT activity and 20–140 U l−1 GPT
activity, respectively. The current reaches 0.08 �A at 40 U l−1 GOT
and 0.22 �A after the addition of 35 U l−1 GPT. Also, the biosensors
exhibit high selectivity, there is little influence of ascorbic acid and
uric acid on the responses when real-time detecting GOT and GPT
activity. This Pt/Au bimetallic array based biosensor is capable of
generating enhanced responses an order of magnitude higher than

that reported in the recent literature [19,20,26] by accounting for
the “plugging into enzymes” effect [27] of hierarchical structures,
the prefect arrays, and Pt addition, even though more work will
have to be done to confirm their effects, such as Pt:Au ratios in
the structure and the size of the hierarchical structures. Therefore,
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e believe that this study will provide a good inspiration in the
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a b s t r a c t

A fluorimetric method for simultaneous determination of dissolved acenaphthylene (Ace) phenanthrene
(Ph) and pyrene (Py), mixed in an aqueous mineral salts medium (MSM), was developed. The linear
ranges for determination of Ace, Ph and Py dissolved in the mixture were 4.00 × 10−6 to 3.00 × 10−3g/L,
2.00 × 10−6 to 1.00 × 10−3 g/L and 7.00 × 10−7 to 1.00 × 10−4 g/L. The limits of detection for Ace, Ph and Py
vailable online 13 February 2009

eywords:
luorimetry
issolved
ulti-component polycyclic aromatic

were 8.53 × 10−7, 4.98 × 10−7 and 6.01 × 10−8 g/L and the relative standard deviations 1.05%, 1.62% and
1.16% (n = 8), respectively. Satisfactory results were obtained when this method was used to simultane-
ously study the biodegradation processes of mixtures of dissolved Ace, Ph and Py in an MSM aqueous
solution.

© 2009 Elsevier B.V. All rights reserved.
ydrocarbons
iodegradation

. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are organic contam-
nants of significant environmental concern, since they are well
nown teratogenic, carcinogenic and mutagenic agents [1]. The
ersistence of PAHs in the environment poses a potential threat
o human health through bioaccumulation and biomagnification
ia food chains [2]. Therefore, removal of PAHs from contaminated
nvironments is of significant concern.

At present, microbial degradation is believed to be one of
he principal and environmentally friendly means of successfully
emoving PAHs from contaminated environments [3–5]. In the
ast decades, PAH biodegradation processes and their mechanisms
ave been extensively studied using high performance liquid chro-
atography (HPLC), gas chromatography (GC) and GC with mass

pectrometric detection (GC–MS) [6–12]. However, the initial con-
entration of PAHs, used to carry out the biodegradation processes
n the laboratory, were usually as high as several milligrams per
iter, and sometimes even hundreds or thousands of milligrams
er liter, so as to meet the requirement of sample pretreatment

rocesses and the detection limits of these HPLC, GC or GC/MS
ethods [5,12]. The results obtained using these methods usu-

lly lead inevitably to a misunderstanding of PAH biodegradation
rocesses in the environment, due to the fact that concentrations

∗ Corresponding author. Tel.: +86 592 2188685; fax: +86 592 2184977.
E-mail address: yzhang@xmu.edu.cn (Y. Zhang).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.02.009
of PAHs in the environment are much lower than those used in
laboratory experiments. On the other hand, traditional research
methods for the determination of PAHs are time-consuming, ardu-
ous, and need a large amount of organic solvent, with separation
and extraction procedures which might cause secondary pollu-
tion problems [11,12]. In addition, utilization of entirely destructive
chemical extraction techniques during sample pretreatment for
traditional methods can destroy the originally existing forms and
eliminate the originally existing state of the PAHs in environmental
samples. Thus, the results derived from these traditional meth-
ods only reflect the total concentration of PAHs in the samples
and are difficult to use in order to comprehensively understand
the biodegradation processes of the bioavailable fractions of PAHs
in environmental samples. It is known that the fraction of PAHs
dissolved in the environment has a crucial relationship with their
bioavailability and toxicity, and the biodegradation rate of PAHs is
directly related to their solubility and mass transfer rates in the
aquatic environment [13,14]. Since we need to comprehensively
understand the environmental behavior of PAHs, it was necessary
for us to first study the biodegradation processes of dissolved PAHs
in the aquatic environment. The most important step was to develop
a rapid, accurate and user friendly method to quantify the varia-
tion of dissolved PAHs, especially of multi-component PAHs in a

mixture, during their biodegradation in aqueous solutions.

It is well known that PAHs are suitable for study using lumi-
nescence because of their high native fluorescence quantum yield.
Synchronous fluorimetry (SF) is already widely used for multi-
component PAH analysis, because of its high sensitivity and
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cceptable selectivity [15]. In 2004, a fluorimetric method for study-
ng the biodegradation process of dissolved pyrene (Py) in MSM
olution was proposed [5]. A method for simultaneous determi-
ation of 2-component PAHs by SF is also reported [16]. However,
pproaches to the simultaneous determination of three or more
ulti-component PAHs in aqueous solutions have rarely been

ublished, even though PAHs are not encountered alone in the
nvironment. To the best of our knowledge, the greatest difficulty
nvolves selecting a suitable synchronous wavelength interval (��)
or all of the target components in mixtures, for one SF scan. This is
ecause a non-optimized �� will possibly lead to a weakening of
he fluorescent signal of some components and damage the sensi-
ivity of the method. Moreover, PAHs with high molecular weight
tructures often have a stronger toxicity and so their biodegrada-
ion in aqueous solution is rarely studied [1]. Therefore, researches
n the biodegradation of these PAHs make practical sense.

In this work, acenaphthylene (Ace), phenanthrene (Ph) and Py,
ith 3, 3 and 4 rings in their molecular structure, were selected

s model PAH compounds. Based on the many advantages of 3-
imensional fluorimetry, and using the conventional excitation and
mission spectra of each target component in aqueous solution,
ptimized wavelengths were selected and a fluorescence method
or simultaneous determination of Ace, Ph and Py mixed in an
queous mineral salts medium (MSM) was developed. Satisfactory
esults were obtained when this type of fluorimetry was used for
he simultaneous study of the biodegradation processes of these
hree PAHs dissolved in MSM solution.

. Materials and methods

.1. Apparatus

All spectra were obtained using a Cary Eclipse fluorescence spec-
rophotometer (Varian, USA) equipped with a 150W Xenon flash
amp. The spectrofluorimeter was controlled by Cary Eclipse soft-
are for acquiring and processing the spectral data. With such

oftware, each fluorescence intensity of multi-component PAHs
ould be obtained in one scan, since optimized wavelengths for each
f them were set up before scanning. Fluorescence measurements
ere performed using a standard 1 cm × 1 cm quartz cell.

The fluorescence signals of the three PAHs were obtained simul-
aneously using the following instrumental parameters: excitation
nd emission slits were both set at 5 nm, the scan speed was
00 nm/min, and the PMT voltage set at 600 V.

.2. Chemicals and media

Stock solutions of Ace (Aldrich, USA, purity >99%), Ph (Aldrich,
SA, purity >99.5%) and Py (Aldrich, USA, purity >99%) were pre-
ared by dissolving the solutes in dichloromethane. They were
tored at 4 ◦C in brown volumetric flasks to avoid possible pho-
olysis. The concentration of the Ace, Ph and Py standard solutions
ere all 0.20 g/L.

Mineral salt solution was used as the MSM
(NH4)2SO4, 1000 mg; Na2HPO4, 800 mg; K2HPO4, 200 mg;

gSO4·7H2O, 200 mg; CaCl2·2H2O, 100 mg; FeCl3·H2O, 5 mg;
NH4)6Mo7O24·H2O, 1 mg; 1000 mL of Milli-Q water; pH 7.0].

illi-Q water was used throughout the experiment.
Individual aqueous solutions of Ace, Ph and Py, together with a

ixture of the three, were prepared by transferring small aliquots of

ach stock solution into several colorimetric tubes. After allowing
vaporation of the solvent by a gentle flow of high-purity nitro-
en gas (≥99.99%), the MSM solution was added to the mark in all
he colorimetric tubes in order to obtain their calibration curves.
o study the biodegradation processes, colorimetric tubes were
Fig. 1. Theoretical contour map of Ace, Ph and Py and their measurement points.
Concentrations of Ace, Ph and Py were 3.0, 1.0 and 0.1 mg/L respectively.

replaced by conical flasks. Working MSM solutions of the individual
Ace, Ph and Py, and the three of them in a mixture, were pre-
pared. All conical flasks were ultrasonicated in an ultrasonic water
bath (Model KQ-3200, power 150W) for 20 min at room tempera-
ture, kept in the dark for 8 h to ensure that the target PAHs were
sufficiently dissolved, as well as to avoid possible photolysis. The
concentration of each individual PAH, and the concentrations of
the PAHs in the mixture in the MSM aqueous solutions were within
their solubility to ensure that all of them were “truly dissolved”.

2.3. Microorganisms

The bacterial strains MEBIC5138 (Mycobacterium duvalii) and
MEBIC5139 (Mycobacterium flavescens) were used as degraders. The
culture medium (50 mL) for each bacterial strain, each bacterial
stain became turbid after 72 h incubation in two 150 mL conical
flasks, shaken at 150 rpm at 25 ◦C. Then the solution of the microor-
ganisms was equally divided and transferred into six centrifuge
tubes. After 15 min centrifugation, the liquid was discarded. This
procedure was repeated three times for each bacterial strain just
before use to ensure that all of the culture medium was clean.

3. Results and discussion

3.1. Theoretical contour map and fluorescence spectra of Ace, Ph
and Py

In developing a fluorescence method, one of the impor-
tant objects was to select optimized excitation and emission
wavelengths for each target component in the mixture. Three-
dimensional spectra of Ace, Ph and Py individually in MSM solution
were scanned. The data obtained were analyzed and processed
using Origin software and the theoretical contour map for each
component was superposed [17] as shown in Fig. 1. As can be
seen from Fig. 1, three “measurement points”, without fluorescence
interference each other for Ace, Ph and Py can be picked out respec-
tively. Based on the experimental results obtained by conventional
fluorimetry, as shown in Fig. 2, the accurate excitation and emission
wavelengths for Ace, Ph and Py, with which three of the PAHs in a
mixture in MSM solution can be simultaneously determined in one
scan using Cary Eclipse, were 225.00/321.07 nm, 249.06/347.07 nm

and 333.07/372.00 nm, respectively.

Considering these optimized excitation and emission wave-
lengths, excitation and emission spectra of each individual
component and the MSM solution mixture were scanned. The
fluorescence signal for the measured points of each component
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Fig. 2. Fluorescence excitation and emission spectra as individual component (dashed line) and in a mixture (solid line). (A) Ace (3.0 mg/L, �ex = 260.93 nm, �em = 304.00 nm).
(B) Ph (1.0 mg/L, �ex = 249.06 nm, �em = 347.07 nm). (C) Py (0.1 mg/L, �ex = 333.07 nm, �em = 372.00 nm).

Table 1
Calibration curves and their correlation coefficients.

Analytes Calibration equationa Linear range (g/L) Correlation coefficient (r) LOD (g/L) Apparent solubility in MSM solution (g/L)

Ace I = 223488C + 4.570 4.0 × l0−6 to 3.0 × l0−3 0.9975 8.53 × 10−7 3.50 × l0−3
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h I = 1332520C + 6.225 2.0 × l0−6 to 1.0 × l0−3 0.989
y I = 3771870C + 3.206 7.0 × l0−7 to 1.0 × l0−4 0.997

a The calibration equation relates the fluorescence intensity (I) and the concentra

ndividually and in the mixture (such as the excitation and emission
pectra presented in Fig. 2) showed little difference. The fluores-
ence intensity of the mixture of the three components was same
r a little less than that for the individual components.

.2. The apparent solubility of Ace, Ph and Py and analytical
gures of note

It has been reported that co-existing organic and inorganic
ompounds may alter the apparent solubility of PAHs in aqueous
olutions [18–20]. Furthermore, as an important factor that con-
rols the biodegradation kinetics of PAHs and their mobilization
ates, the apparent solubility of Ace, Ph and Py must be determined
efore carrying out a study of their biodegradation processes in an

SM aqueous solution mixture [14].
Three series of standard solutions were prepared for the mix-

ure of PAHs. In each series, the concentration of one component
as variable and the others were fixed. The fluorescence intensity
f each of the PAHs was determined using the developed method.

able 2
esults of interference experiments.

o. 1 2 3 4

ce Added 2.00 5.00 10.0 2
×10−4g/L) Found 1.98 5.04 9.88 2
h Added 5.00 5.00 5.00 1
×10−5g/L) Found 5.05 5.13 4.99 1
y Added 40.0 40.0 40.0 4
×10−6g/L) Found 40.2 40.0 40.0 4

o. 10 101 12 1

ce Added 5.00 5.00 5.00 5
×10−4g/L) Found 5.09 5.02 5.15 4
h Added 5.00 5.00 5.00 1
×10−5g/L) Found 5.11 5.00 5.01 1
y Added 5.00 40.0 80.0 5
×10−6g/L) Found 4.93 41.7 79.8 4

o. 19 20 21 2

ce Added 2.00 5.00 10.0 2
×10−4g/L) Found 1.95 4.93 10.1 2
h Added 10.0 10.0 10.0 1
×10−5g/L) Found 9.98 9.88 10.1 1
y Added 5.00 5.00 5.00 4
×10−6g/L) Found 4.93 5.09 4.86 4
4.98 × 10−7 3.00 × l0−3

6.01 × 10−8 1.50 × l0−4

f analyte (C g/L).

Results showed that a good linear relationship existed between the
fluorophore concentration and the fluorescence intensity, and the
apparent solubility of Ace, Ph and Py in the MSM solution mixture
was determined using the reported method [5,21], and the results
are shown in Table 1.

Similarly, the reproducibility of the proposed method was
examined by measuring eight replicates with concentrations of
1.50 × 10−3 g/L for Ace, 5.00 × 10−4 g/L for Ph and 5.00 × 10−5 g/L
for Py. The fluorescence intensity of the samples was measured
and the concentrations of Ace, Ph and Py were calculated together
with their calibration equations. The mean values of Ace, Ph
and Py were 1.51 × 10−3, 5.06 × 10−4 and 4.96 × 10−5 g/L with
relative standard deviations (RSDs) of 1.05%, 1.62%, and 1.16%,
respectively. Meanwhile, using MSM aqueous solution as a blank,

the limits of detection (LOD) values for Ace, Ph and Py, which
were calculated as the concentration corresponding to the sig-
nal multiplied by three times the standard deviation of the blank
measurements [16], were obtained as 8.87 × 10−7, 4.98 × 10−7 and
6.01 × 10−8 g/L.

5 6 7 8 9

.00 5.00 10.0 2.00 5.00 10.0

.01 4.97 9.94 2.16 5.10 10.2
0.0 10.0 10.0 20.0 20.0 20.0
0.1 10.2 9.93 20.3 19.8 20.0
0.0 40.0 40.0 40.0 40.0 40.0
1.2 40.9 40.4 41.5 41.8 40.2

3 14 15 16 17 18

.00 5.00 5.00 5.00 5.00 5.00

.90 4.99 5.16 5.05 5.01 5.14
0.0 10.0 10.0 20.0 20.0 20.0
0.0 10.2 9.94 19.9 20.1 19.9
.00 40.0 80.0 5.00 40.0 80.0
.99 41.7 79.3 4.93 40.4 80.4

2 23 24 25 26 27

.00 5.00 10.0 2.00 5.00 10.0

.02 5.05 10.5 1.88 5.13 10.6
0.0 10.0 10.0 10.0 10.0 10.0
0.1 10.2 9.70 10.2 10.0 10.0
0.0 40.0 40.0 80.0 80.0 80.0
0.8 39.5 41.0 79.3 80.5 80.2
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Table 3
Results of recovery experiments.

No. Ace Ph Py

Added (×10−4 g/L) Found (×10−4 g/L) Recovery (%) Added (×10−5 g/L) Found (×10−5 g/L) Recovery (%) Added (×10−6 g/L) Found (×10−6 g/L) Recovery (%)

1 5.00 5.11 102.2 9.00 9.60 106.7 9.00 9.29 103.2
2 4.50 4.76 105.8 7.00 6.76 96.50 7.00 6.65 95.00
3 4.00 3.93 98.30 5.00 4.97 99.30 5.00 5.21 104.2
4 3.50 3.37 96.20 3.00 3.11 103.8 3.00 2.83 94.20
5 3.00 2.93 97.80 1.00 0.96 95.70 1.00 0.99 98.80
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ig. 3. Biodegradation processes of the three PAHs by MEBIC5138. (A) Concentration

From Table 1, it can be seen that the determined apparent solu-
ilities of 3.50 × 10−3, 3.00 × 10−3 and 1.50 × 10−4 g/L for Ace, Ph
nd Py respectively in mixtures in MSM solution were slightly
igher than those of their individual component in the aque-
us solution, which were reported as 3.42 × 10−3, 4.35 × 10−4 and
.33 × 10−4 g/L, respectively [21]. The determined apparent solubil-
ty of 3.50 × 10−3, 2.50 × 10−3 and 2.50 × 10−4 g/L for Ace, Ph and Py
ndividually in MSM solution showed slightly different from that of
he three PAHs in mixtures in MSM solution. The reasons for this
henomenon will be explored elsewhere. Here, we focused mainly
n the biodegradation processes in a mixture of PAHs dissolved in
SM solution. On the other hand, fluorescence intensity is a rela-

ive value, and it is sensible to ignoring small changes in apparent
olubility caused by different co-existing compounds.

.3. Interference experiments

In order to ensure the tolerance of one target compound to the
ther two co-existing components, interference experiments were
erformed. Three series of standard solutions were prepared, in
ach of which the concentration of Ace, Ph and Py were fixed as
ow, middle and high concentrations, and the interference caused
y the co-existing components was determined (Table 2). As can

e seen from this table, when the concentration of Py was fixed
t the middle level (labeled as samples No. 1–9) with increasing
ce and Ph concentrations, there was no significant influence on

he fluorescence signal of Py caused by the two co-existing com-
onents. The RSD for determination of the Py concentration from

ig. 4. Biodegradation processes of the three PAHs by MEBIC5139. (A) Concentration of Ac
e is 3.0 mg/L. (B) Concentration of Ph is 1.0 mg/L. (C) Concentration of Py is 0.1 mg/L.

samples No. 1 to 9 was calculated as 1.71%. Similar conclusions can
be drawn from the results from samples No. 10 to 18 for Ace and
from samples No. 19 to 27 for Ph; and their RSD values were 1.61%
and 1.50%, respectively.

3.4. Recovery experiments

Recovery experiments were performed using the standard addi-
tion method. Five samples were prepared, each of them containing
the three PAHs in a mixture in the MSM solution. The concentrations
of Ace, Ph and Py were 1.50 × 10−3, 5.00 × 10−4 and 5.00 × 10−5 g/L.
Different amount of the three PAHs were added into each sample,
and the fluorescence intensity of all three PAHs was simultane-
ously measured using the developed method. The concentrations of
the added Ace, Ph and Py were calculated according to their corre-
sponding calibration equation. Results of the recovery experiments
are shown in Table 3, which shows that the recovery for Ace, Ph and
Py varied from 94.2% to 106.7%. This illustrated that the accuracy of
the method developed was satisfactory.

3.5. Biodegradation of the three PAHs in a mixture in MSM
solution
Ace, Ph and Py stock solutions were transferred into a series of
erlenmeyer flasks and working solutions of Ace, Ph and Py indi-
vidually and also in a mixture in MSM aqueous solution were
prepared with initial concentrations of 3.00 × 10−3, 1.00 × 10−3

and 1.00 × 10−4 g/L respectively. After sterilization, MEBIC5138 and

e is 3.0 mg/L. (B) Concentration of Ph is 1.0 mg/L. (C) Concentration of Py is 0.1 mg/L.
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Table 4
Biodegradation results of the three PAHs by MEBIC 5138 and MEBIC 5139.

Biodegradation rate (%)

Ace Ph Py

Time (h) Single Mixture Time (h) Single Mixture Time (h) Single Mixture

MEBIC 5138

4.08 29.2 26.1 4.05 2.90 14.8 6.67 31.6 1.20
8.80 60.2 53.5 6.50 13.3 33.5 8.60 62.7 14.4

10.6 79.6 69.9 8.60 41.0 62.8 10.6 80.0 75.5
13.0 93.9 82.3 10.4 82.7 84.9 13.0 95.6 95.3

M

3.38 25.9 26.3 3.28 4.02 12.8 3.34 6.85 2.42
6.04 40.5 38.8 6.00 7.61 22.2 5.97 24.5 7.15
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EBIC 5139
8.62 56.4 52.1 8.56
9.90 66.5 61.1 9.86

11.1 75.1 68.6 11.1
14.1 92.5 90.9 14.1

EBIC5139 were incubated with both the individual PAHs and the
ixture solution. The initial biomass of MEBIC5138 and MEBIC5139,

epresented by their OD values, were 0.009 and 0.013. Blank sam-
les without the microbes were also prepared; and all the solutions
ere incubated at 25 ◦C and 150 rpm, in the dark. During the
iodegradation processes, the variation of Ace, Ph and Py concentra-
ion with time in all of the samples was directly measured using the
eveloped method, and the results are shown in Figs. 3 and 4. The
iodegradation processes of Ace, Ph and Py, both individually and
s a mixture in MSM solution were successfully monitored using
he developed method.

It is evident that it took about 10–16 h for both the MEBIC5138
nd the MEBIC5139 to completely biodegrade the three PAHs
ither individually or in the MSM solution mixtures. The total
ime which the biodegradation processes took was slightly differ-
nt for MEBIC5138 and MEBIC5139. The total time for Ace and Py
o be degraded by MEBIC5139 was 2–2.5 h shorter than that by

EBIC5138. On the other hand, the time taken by MEBIC5139 to
egrade Ph was almost 2 h longer than that by MEBIC5138. Fur-
hermore, the biodegradation processes of Ace, Ph and Py showed
bvious differences. A relatively longer time was taken at the
eginning for MEBIC5138 and MEBIC5139 to degrade Ph and Py.
n the contrary, almost no time was taken for MEBIC5138 and
EBIC5139 to start degrading Ace. The fluorescence intensity of

he blank samples remained almost at the same level during the
hole biodegradation period.

From the results shown in Fig. 3, for MEBIC5138, the biodegra-
ation rate of Ace individually was a little higher than that of

n a mixture in MSM solution (Fig. 3A). The biodegradation pro-
esses of Ph individually in MSM solution had a nearly 4 h lag
hase, which was longer than that of in mixtures (Fig. 3B). How-
ver, the lag phase of the biodegradation process of individual Py
as shortened by nearly 3 h than that of in a mixture (Fig. 3C). A

ommon phenomenon observed was that the biodegradation rate
as obviously expedited in both individual PAH and in the mixture

fter the lag phases finished. A comparison of the biodegradation
ates of the PAHs either individually or in a mixture is shown in
able 4.

From Fig. 4, it can be seen that the biodegradation processes
f the three PAHs by MEBIC5139 for each component, or for their
ixture, showed a similar tendency to that of the MEBIC5138.

his result indicated that their biodegradation processes might be
elated to the decomposition path or the biodegradation interme-
iates produced in the processes. As reported in previous work,
ariation of apparent solubility [14] and co-metabolic degradation

22] are considered to be the main factors that affect the biodegra-
ation rate of PAHs, since the biodegradation processes of PAHs

ndividually or in a mixture each have their own different mecha-
ism [23,24]. Further studies to detect the intermediates produced

n the biodegradation processes should be carried out.
8.48 47.4 8.53 59.8 32.0
63.2 81.9 9.83 95.2 70.2
97.7 97.4 11.0 97.2 93.3
98.8 98.7 14.0 97.7 96.0

4. Conclusions

The results presented in this paper showed that the developed
fluorescence method could not only be used successfully for the
simultaneous analysis of dissolved Ace, Ph and Py in mixtures
in MSM aqueous solution, but also can be conveniently used to
simultaneously investigate biodegradation processes of individual
dissolved PAHs or a mixture of these in MSM solution, as well as to
investigate the capacity difference between the strains used. Com-
pared with the conventional methods, such as HPLC, GC and GC/MS,
the method developed was simple, rapid and easy to operate, and
no organic solvents were needed for complicated pretreatment.
Furthermore, originally existing states of dissolved PAHs both indi-
vidually or as mixtures in MSM aqueous solution were successfully
determined, and their biodegradation processes directly investi-
gated. This, therefore, provides us with a potentially powerful tool
for in situ analysis, and to study the environmental behavior of dis-
solved multi-component PAHs in the lab, especially for real sample
analysis and study in the aqueous environment [9–14].

However, only the residual quantities of the target compounds
during the biodegradation processes were determined using this
method and an analysis of the intermediates (which is also required
and even more important for the understanding of into the mecha-
nisms of biodegradation processes) was not achieved in this work.
Thus, further studies combining this fluorescence method with
other possible methods are needed in the future.
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a b s t r a c t

Fullerenes, and in particular the C60, have been intensively investigated in the last decades mainly because
of their vast range of potential applications in biomedicine and materials science. These molecules are
inherently hydrophobic, tending thus to form clusters and aggregates in polar solvents resulting in col-
loidal suspensions. In this work was developed a quantification method for C60 nanoparticles (nano-C60)
eywords:
ullerene
anoparticles
ephelometry

in colloidal aqueous suspensions based on optical light scattering (nephelometry). This method can be
done in a conventional spectrofluorimeter either on the excitation wavelengths or on the second-order
satellite lines that arise from the diffraction gratings. The detection limit of the proposed method was
about (0.0090 ± 0.0008) mg L−1, in a linear concentration range from 0.007 to 0.360 mg L−1. A comparison
of this scattering technique with spectrophotometry based on molecular absorption shows that for the
former, even at the second-order lines, the threshold concentrations detected are about 20 times lower
pectrophotometry
that the latter.

. Introduction

Fullerenes are three-dimensional cage-like molecules shaped as
losed polyhedra with pentagonal and hexagonal faces. They are
ssentially composed of a large number of carbon atoms, from 42
p to about 1000. The most common fullerenes, the C60 and the
70 were discovered in 1985 [1]. The C60 in particular, known as

Buckyminsterfullerene’ is the most abundant, and it has a structure
hat resembles a soccer ball, a truncated icosahedra of Ih symmetry
ith 12 pentagons and 20 hexagons.

Due to its unique electronic and structural properties [2], the
ullerenes have several potential applications in materials science,
lectronics and biomedicine. Since their synthesis in macroscopic
uantities [3], they have been intensively investigated in differ-
nt forms: in solutions and colloidal suspensions, as nano-crystals
known as fullerites) or thin-films, bonded or immersed in poly-

ers, incorporated in an inorganic phase, or modified with a vast
ange of functional groups. This of course, depends on the specific
pplication intended.

In biomedicine, the fullerenes can be used in several ways [4]: as

nzymatic inhibitors, for DNA photo-cleaving, as radio-isotope car-
iers for radio-diagnostics and radio-therapy, as photosensitizers
n photodynamic therapy, as radical sponges against free-radicals
nd as drug carrier, for example, for osteoporosis. When modified

∗ Corresponding author. Tel.: +55 3134095767; fax: +55 3134096650.
E-mail address: barbeira@ufmg.br (P.J.S. Barbeira).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.02.029
© 2009 Elsevier B.V. All rights reserved.

with functional groups for specific applications the fullerenes tend
to conserve their physical and chemical properties, therefore, for
most of their applications in biomedicine, fullerene derivatives are
investigated, instead of pristine C60.

The major drawback for biomedical applications of C60 is their
negligible solubility in water [5,6]. Several works have attempted
to overcome this difficulty, from attaching polar groups like–OH on
the carbon cage as in the case of fullerols [7,8] or micelleating with
hydrophilic polymers [9]. In their pure C60 phase, fullerene form
aggregates in water yielding naturally nanoparticles in suspension.

Such suspensions can also be prepared in different controlled
ways for obtaining a monodispersion of different particle sizes
[10–12], known as nano-C60. One way to prepare them is by stir-
ring a solution of C60 in tetrahydrofurane and water, under argon
atmosphere at room temperature for 24 h [12]. In other method,
the C60 solution with a mixture of organic solvent (toluene or ben-
zene) and water undergoes an ultrasonic treatment. The organic
phase evaporates while the C60 is incorporated in the aqueous phase
[10,11].

The detection and quantification of fullerene traces in water is
another problem when dealing with biological applications. It has
also impact in environmental sciences, since the effects of fullerene
nanoparticles for human health are still controversial [13]. With

the drastic enhancement in the production of fullerenes because
of their applications, novel analytic methods are required for their
quantification with high sensitivity, and although the fullerenes are
not water-soluble, colloidal suspensions of stable C60 nanoparti-
cles can be formed in high concentrations and transported in water
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etween biological networks [10]. The high chemical stability of
60, even in the presence of acids or bases [14], indicates that its
iodegradation is difficult in biological and environmental systems,
hough their functional groups, in case of fullerene derivatives, may
e lost.

Most methods of fullerene analysis described in the litera-
ure involve extraction of fullerenes by organic solvents combined
ith ultraviolet–visible (UV–vis) spectrophotometry [15] and other

echniques, which are highly expensive, like high-performance liq-
id chromatography (HPLC) [16–20] and high-performance thin

ayer chromatography [21], both using either mass spectrometer
MS) or UV–vis spectrometer as detectors.

For biological samples, the quantitative extraction of fullerenes
s arduous involving several stages and accumulating great losses

hich reduce the efficiency in small concentration [17]. Direct
xtraction of C60 nanoparticles from water, to organic solvents,
s also difficult since the particles are negatively charged. Using
oluene as organic solvent such extraction, for 1 h, results in a small
fficiency of 1.1% [19]. Moussa et al. [17] developed an analytical
ethod for quantification of C60 in blood and tissues of male Swiss
ice by HPLC–MS and HPLC–UV–vis using carefully prepared sus-

ensions of C60 nanoparticles in water and using C70 as internal
tandard. RP-18 (5 �m) was used as stationary phase and a mixture
f acetonitrile and toluene (40:60, v/v) as mobile phase. Linear ana-

ytical curves of 0.05 up to 5% of C60 per tissue mass, and 0.05 up
o 200 mg L−1 for blood samples were obtained. The detection limit
as about 0.1 ng per injection. With a simplified extraction method
ia et al. [19] obtained a detection limit of 0.34 mg L−1.

For the quantification by UV–vis spectrophotometry, the direct
bsorbance of the C60 in solution (or C60 nanoparticles in suspen-
ion) is measured at the peak of the molecular absorption bands,
ollowed by the calculation, using the Beer–Lambert Law and the

olar absorptivity (ε) for the specific solvent [17]. The C60 presents
OMO–LUMO absorption bands when in n-hexane at 208, 252 and
80 nm, the latter with ε = 51,000 L mol−1 cm−1 [11]. In toluene,
ands are observed at 332, 399, 515 and 507 nm with ε values
f 52,443, 2578, 866 and 774 L mol−1 cm−1 respectively. A super-
osition of the C60 lines with the toluene UV bands for lower
avelengths occurs [22].

The optical absorption spectrum of C60 nanoparticles in water
s very similar to the one of the C60 in n-hexane. In this case the
ands are broadened and slightly red-shifted. The strongest bands
re observed at 217, 260, 340 nm (with ε = 68,000 L mol−1 cm−1),
ith a weaker one at 450 nm (ε = 21,000 L mol−1 cm−1) [11,23]. The
irect quantification of fullerene in water by spectrophotometry

s however limited for higher concentrations of nanoparticles in
uspension. A natural alternative for direct quantification of C60
n water would be scattering techniques like nephelometry or
urbidimetry, extensively used for quantification of solids in sus-
ension [24], or spectrofluorimetry, which unfortunately is limited
y the lack of strong fluorescence bands from the C60 molecules and
ts nanoparticles [2].

In nephelometry, scattered radiation is measured at an angle
f 90◦ to the radiation source while in turbidimetry is measured
he decrease in the radiation transmitted power. When the con-
entration of the scattering particles in the solution is small, the
ntensity of the transmitted radiation is very similar to the intensity
f the radiation source. Thus, nephelometry is a more appropri-
ted choice for samples containing few scattering particles while
urbidimetry is more appropriated for samples with high scatter-
ng particle concentration. Another important factor in choosing

etween turbidimetry and nephelometry is the size of scattering
article. For nephelometry the intensity of the scattered radiation

s greatest if the particles are small enough that Rayleigh scattering
ccurs. For larger particles the scattering intensity decreases at 90◦

o turbidimetry is more suitable [24].
(2009) 1503–1507

Nephelometry is widely used to determine the turbidity of water
samples, drinks and foodstuffs. The turbidity of water can be deter-
mined by comparison to the scattered light by the suspended
particles in sample and standard formazin solutions in nephelomet-
ric turbidity units (NTU). In similar form, the turbidity of samples
of orange juice, beer and syrups can be analysed [24].

Several cations and anions also can be determined by neph-
elometry, after reacting with a specific reagent in appropriate
conditions to maintain the solids formed in suspension. Besides
the applications in environmental and food areas, the light scatter-
ing technique has become an interesting method for determination
of micro-amounts of biomacromolecules as immunoglobulins,
nucleic acids, specific proteins, coagulation factors and therapeutic
drugs [25].

Light scattering techniques have been used for the characteri-
zation of nanoparticles, giving information on particle structure or
aggregation behavior [26,27] and nephelometry, specifically, was
used as particle concentration detector in chromatographic analy-
sis [28]. Although light scattering has been used before, for studying
the aggregation dynamics and other properties of C60 in solutions
[29–32], but no work on the quantification of such particles by using
these techniques has been published yet.

The purpose of this work was to develop a simple analytical
methodology for quantification of C60 in aqueous solutions with
high sensitivity. The proposed method uses a standard nephelo-
metric experimental setup and is based on optical incoherent light
scattering, which depends linearly on the concentration of the scat-
ter centers, if they are sufficiently spaced from each other [33]. In
this case, the scatter centers are the C60 nanoparticles in water.

2. Experimental

2.1. Materials and techniques

Fullerene C60 from MER Corporation with 99.5% purity was used
without further purification. Toluene (F. Maia), with 99.5% purity,
was previously distilled. Deionized water (DI water) was obtained
from a Simplicity 185 system (Millipore).

For the preparation of the C60 colloidal suspensions a Maxiclean
1450 ultrasound, a rota-evaporator Fisatom 802 and a Millipore WP
6111560 vacuum pump were used.

For the characterization of the C60 nanoparticles the following
equipments were employed: an Atomic Force Microscope (AFM)
Nanoscopy® IV from Veeco Metrology Group for imaging the
nanoparticles in the tapping mode, and a BI 9000AT Photon Cor-
relation System from Brookhaven Instruments Corporation.

The spectrophotometric experiments were done with a HP
8451A diode array UV–vis spectrophotometer with 1 cm thick
quartz cuvette. For the nephelometric experiments we used a
Shimadzu RF-5301PC spectrofluorimeter and an appropriate 1 cm
thick quartz cuvette. No low-pass or high-pass optical filters were
used to suppress second order satellite lines from the diffraction
gratings of the spectrofluorimeter.

2.2. Sample preparation

The first solution prepared was a standard C60/toluene solu-
tion (FTS) with 10.94 mg of C60 (99.5%) in 50.00 mL of toluene,
resulting in a concentration of 217.71 mg L−1. For the preparation
of C60 nanoparticle aqueous suspension (FAS), 2.00 mL of the FTS

solution was transferred to a 100 mL round flask adapted for the
rota-evaporator, with a size compatible to the ultrasound bath.

About 30 mL of deionized water were then added to the flask
and it was gently rotated by the rota-evaporator, without vacuum,
inside the ultrasound bath for 1 h. After that, 30 mL of water was
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(insert in Fig. 2), because of the enhanced sensitivity at these wave-
lengths and also because these bands were not strongly influenced
by the UV bands due to traces of solvent. A slight influence of
the solvent was however observed in the 264 nm band. The molar
absorptivity, the detection and quantification limits are shown in
J.A. Sene et al. / Tala

dded and the process continued for one more hour. An emulsion
as then formed. More 20 mL of water were added to the flask and

he mixture was left turning in the ultrasound bath for more 28 h
ntil the emulsion turbidity disappeared.

In order to remove all residual toluene, the solution was left in
he ultrasound bath for more 5 h under vacuum. In the sonification
rocess the temperature did not exceed 50 ◦C and the pressure at
he flask was reduced by a mechanical vacuum pump adapted at
he vapor output of the rota-evaporator. The obtained suspensions
ere transparent with a slightly pink hue. They were transferred

hen to a 100 mL volumetric flask and deionized water was added
o complete the volume. A blank solution without C60 (FBS) was
repared in the same way.

Four FAS and FBS were prepared to evaluate the reproducibility
f the process and the influence of toluene residues on the spec-
rophotometric and nephelometric measurements.

.3. Analytical curves

For the construction of the spectrophotometric analytical
urves, both the C60 nanoparticle suspensions (FAS) and blank
olutions (FBS) were diluted in various concentrations. The optical
bsorption spectra of the four FAS suspensions in different con-
entration ranges, as well as the respective blank solutions, were
one in quintuplicate in the spectral range between 190 and 800 nm
sing deionized water as reference.

The nephelometric quantification of the C60 nanoparticles in
he water suspensions were done, as mentioned above, in a spec-
rofluorimeter by fixing the excitation wavelength and scanning
he scattered light spectrum at 90◦ from the excitation beam in
ntervals of 10 nm, from 220 up to 900 nm. The excitation was also
ncremented in 10 nm steps from 220 up to 700 nm. The four FAS

ith different concentrations and FBS were also measured in quin-
uplicate.

.4. Statistical analysis

The absorbance and the intensity of the scattered light as a func-
ion of the C60 concentration were averaged for the determination
f the linear range (LR) and, the detection (DL) and quantification
QL) limits. The detection limits of both methods were calculated
y the following equation [34]:

L = X̄ + t(n−1,1−∞)s

here X̄ denotes the average value for the control samples (with-
ut C60), t the value of the Student parameter for n − 1 degrees of
reedom within an interval of 95% confidence, and s the standard
eviation for the five replicates. The quantification limits, on the
ther hand, were determined from the following equation [34]:

L = X̄ + 10s

here X̄ is the average value for the control samples and s the
tandard deviation for the five replicates. These two values were
nterpolated in the analytical curves in order to obtain the values
n terms of C60 concentration (mg L−1).

. Results and discussion

.1. Characterization of the nanoparticles suspensions
After synthesis, the C60 nanoparticle size was characterized by
FM and dynamic light scattering (photon-correlation). The AFM

mages of a suspension deposited on SiO2 substrate showed dots
ith nanometer sizes indicating the presence of C60 nanoparticles,

s can be seen in Fig. 1. For the same sample, photon-correlation
Fig. 1. AFM image obtained for C60 aqueous suspension deposited on SiO2 substrate.

using He-Ne LASER (632.8 nm) has allowed to determine the aver-
age size of the nanoparticles in water, 17 ± 2 nm, which is in
accordance with the AFM results and other data previously pub-
lished by other groups (10–50 nm) [10,11].

3.2. Quantification by optical absorption

Optical absorption in the UV–vis range confirmed the pres-
ence of fullerene nanoparticles in water as it can be seen in
Fig. 2, for the mother solutions as well as their dilutions, after
subtraction of the spectra of the blank. The spectra are typi-
cal for C60 suspensions [10–12,22], and clearly show a decrease
of the absorbance at the main bands at 264 and 340 nm with
the dilution. The fullerene concentration of the four FAS was
calculated by using the molar absorptivity at 344 nm, given by
Andrievsky et al. [11] (ε = 68,000 L mol−1 cm−1), and the average of
the absorbance at this wavelength. This calculation yielded solu-
tions with 2.30–2.95 mg L−1 instead of 4.35 mg L−1 as expected from
the initial fullerene mass.

The analytical curves were built for the bands at 264 and 340 nm
Fig. 2. Optical absorption spectra for different concentrations of C60 aqueous sus-
pensions (FAS). The insert shows the two analytical curves, absorbance as function
of C60 concentration, obtained for 264 and 340 nm.
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Table 1
Detection (DL) and quantification (QL) limits, linear range (LR), linear determination
coefficient (R2) and molar absorptivity (ε), obtained from the two analytical curves
(at 264 and 340 nm) for the C60 aqueous suspension measured by optical absorption.

Parameter Values

264 nm 340 nm

DL (mg L−1) 0.184 0.259
QL (mg L−1) 0.283 0.371
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Fig. 3. Contour plot showing the scattered light intensity for several excitations. The
lighter the color, the more intense is the scattering. The central line is the original
excitation beam, the two other side-lines are the scattered light at the wavelengths

centrations in the suspensions diluted from a FAS, after subtracting
the spectra of the control samples (FBS and its respective dilutions).
The analytical curve from these data is shown in the insert. Note
the linearity of the points indicating that the assumption of non-
coherent optical light scattering is true [33]. Therefore, this linear
R (mg L−1) 0.180–3.000 0.180–3.000
2 >0.9996
(L mol−1 cm−1) 128,079 ± 125 69,489 ± 80

he Table 1, as well as the linear range (LR) as calculated from the
wo analytical curves at 264 and 340 nm.

It can be noted from Table 1 that both wavelengths have sim-
lar linear quantification ranges, between 0.180 and 3.000 mg L−1.
his concentration range was slightly lower than that obtained by
oussa et al. [17] for HPLC quantification of C60 in blood after

n extraction process, i.e. 0.05 to 200 mg L−1. The obtained linear
etermination coefficient (R2) was high for both curves indicating
n improved linearity. The non-zero intercept lines are due to the
irect influence of the C60 nanoparticles on the transmittance beam.

The detection limit was even lower than previous values from
iterature like, for example, the value of 0.34 mg L−1 obtained by Xia
t al. [19] for a HPLC method. Even though the DL and QL values for
he analytical curve measured at 264 nm (0.280 and 0.370 mg L−1,
espectively) are still lower than for 340 nm. However, the quantifi-
ation of C60 at this wavelength may not be error-free, depending on
he solvent residuals in the samples. In addition the obtained ε for
he 340 nm curve is very similar to the one obtained by Andrievsky
t al. [11].

Finally, the absorbance results combined to already published
ata show that although the spectrophotometric method is simple
nd precise, it has a low sensitivity. It can only be applied in sus-
ensions with concentrations higher than 0.370 mg L−1 at 340 nm.

.3. Quantification by light scattering

For this method, a spectrofluorimeter was used to monitor the
pectrum of the light scattered by the C60 nanoparticles. The inci-
ent illumination was selected by the excitation diffraction grating.
s usual, without optical spectral filters, the second-order satellite

ines of the diffraction grating, at wavelengths which are double and
alf of the excitation light, also incidence on the sample together
ith the original excitation beam. All these excitation wavelengths

re scattered by the nanoparticles and pass through the second
rating, at 90◦ from the first, known as the detector grating, which
s used commonly for scanning the fluorescence spectra.

For the measurements, the excitation wavelengths were incre-
ented each by 10 nm, from about 220 up to 700 nm, and for all

xcitation wavelengths was measured the intensity of the scattered
pectrum. With that the contour plot shown in the Fig. 3 was built.
he more intense peaks indicate high intensity in the scattered
ight. It is clear from the Fig. 3, the unambiguous identification of
he scattered light due to the more intense excitation beam as well
s the second order satellite peaks.

Fig. 4 shows the maximum intensity of the scattered light as a
unction of wavelengths for the first order peak (curve a), together
ith the second order (curve b) at the higher wavelength (curves a

nd b of Fig. 3). Although these two curves carry information about
he light source and detector spectral properties, they also show,

t least qualitatively, the nephelometric behavior of the nanopar-
icles in water [33], since the scattering is more noticed for lower
avelengths (290 and 350 nm) than for higher wavelengths (480

nd 550 nm). For this explanation, it is assumed that both the light-
of the second-order beams. The quantification of the C60 in water suspensions can
be done in each spot showed in this contour plot. Lines (a) and (c) are scattered light
at the wavelengths of the second-order lines of the excitation diffraction grating.
Line (b) is the scattered light at the excitation wavelength (first-order).

source as well as the detector spectral bands vary monotonously in
the range between the near UV to the near IR range. The scattered
light intensity at the second-order wavelengths is by far, weaker
than the first-order, as expected. Despite this, as it can be seen
below, it was still possible to quantify the C60 nanoparticles using
also the light scattered at the second-order wavelengths.

The analytical curves for the scattered light were calculated for
several pairs of excitation/scattered light wavelengths in the first
and second order scattered light peaks. All curves were linear for
the four C60 suspensions in the different used concentrations. One
typical example of how these analytical curves were built is shown
in the Fig. 5.

Fig. 5 shows the intensity of the second-order scattered light
peaks at 580 nm (excitation at 290 nm) as a function of the C60 con-
Fig. 4. Scattering intensities for different incident wavelength beams obtained for a
C60 aqueous suspensions (FAS): (a) 1st order (290 nm) and (b) 2nd order (580 nm).
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Fig. 5. Scattering spectra for different concentrations of C60 aqueous suspensions
(FAS). The insert shows the two analytical curves, scattering intensity as function of
C60 concentration, obtained for 290 and 580 nm.

Table 2
Mean values for detection (DL) and quantification (QL) limits, linear range (LR) and
linear determination coefficient (R2), obtained from the analytical curves built by
the scattered light intensity, for 1st and 2nd orders, as function of the C60 aqueous
suspension concentration.

Parameter Values
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R (mg L ) 0.007–0.360
L (mg L−1) 0.0090 ± 0.0008
L (mg L−1) 0.017 ± 0.004
2 >0.9995

ange can be used to determine C60 nanoparticle concentrations in
ater. Table 2 shows LR, DL, QL and R2 values obtained from the

nalytical curve shown in Fig. 5.
The linear range obtained by this method, as seen in Table 2,

emonstrated concentration values lower than the optical absorp-
ion method and also the results by Moussa et al. [17]. The DL and
L were also lower, even though the scattered light was measured

n the second order excitation wavelengths. The linearity was very
igh R2 > 0.999. These results show clearly an improved sensitiv-

ty compared to the optical absorption method. The sensitivity gain
s about 20 times higher than the quantification method based on
ptical absorption spectrophotometry.

. Conclusions

C60 nanoparticles with diameters of (17 ± 2) nm in water were
repared by a modified ultrasonification and solvent evaporation
oute. Different dilutions were quantified by optical absorption

pectrophotometry. The linear range obtained was between 0.180
nd 0.300 mg L−1 whereas the detection and quantification limits
ere 0.184 and 0.283 mg L−1, respectively.

A simple quantification method for C60 in water was devel-
ped by measuring the intensity of the light scattered by the C60

[
[
[

[
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nanoparticles using a standard spectrofluorimeter without optical
filters. This method works well at first and second-order excitation
wavelengths, with a linear range from 0.007 to 0.360 mg L−1, and a
quantification limit of about 0.017 mg L−1. These results show that
the quantification by light scattering can be at least 20 times more
sensitive than standard optical absorption.
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a b s t r a c t

Bicalutamide is a non-steroidal antiandrogen and is an oral medication that is used for treating
prostate cancer. To evaluate the bioavailability of bicalutamide from bicalutamide self-microemulsifying
drug delivery systems (SMEDDS) and bicalutamide suspension formulations, a sensitive, specific
reversed-phase high performance liquid chromatographic (HPLC) method using ultraviolet detection was
developed and validated for the analysis of bicalutamide (BCT) in rat blood plasma.

Letrozole (LZ) was used as the internal standard. The chromatographic separation was achieved on
C18 column at 35 ◦C, with a mobile phase consisting of water: acetonitrile (adjusted to pH 3.0 with 20%
o-phosphoric acid) (60:40), at a flow rate of 1.0 mL min−1. Bicalutamide and letrozole were well separated
harmacokinetic study
elf micro-emulsifying drug delivery
SMEDDS)

with retention times of 10.9 ± 0.2 and 5.7 ± 0.2 min, respectively. The method was successfully used to
determine pharmacokinetics of bicalutamide, following oral administration of bicalutamide suspension
and bicalutamide SMEDDS to wistar rats.

Significant difference was observed in main pharmacokinetic parameters of tmax, Cmax and AUC0→∞
between SMEDDS and suspension, and a two fold increase in the relative bioavailability of bicalutamide
was observed with the SMEDDS compared with suspension formulation. It was concluded that the

e fro
absorption of bicalutamid

. Introduction

Bicalutamide (BCT), N-[4-cyano-3-(trifluoromethyl) phenyl]-3-
(4-fluorophenyl) sulfonyl]-2-hydroxy-2-methyl-propanamide, is
n orally active, non-steroidal anti-androgens used for the treat-
ent of prostate cancer [1,2]. BCT (Fig. 1a) is used as mono-therapy

or the treatment of earlier stages of the disease by competitively

locking the growth-stimulating effects of androgens (testosterone
nd 5�-dihydrotestosterone) on prostate and other androgen-
ensitive tissues. It binds preferentially to receptors located outside
he central nervous system and causes little increase in testosterone
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039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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m SMEDDS was enhanced.
© 2009 Elsevier B.V. All rights reserved.

levels with little agonist activity [3–5]. BCT is well tolerated and has
high in vitro potency, however, its absolute bioavailability and phar-
macokinetics after oral administration are markedly variable due
to poor absorption, which is related to the high lipophilicity (log P:
2.92) and poor aqueous solubility (5 mg L−1) [6–8]. As a result, there
is a need to develop strategies to enhance the oral bioavailability
of BCT. To evaluate the efficacy of the novel formulations of BCT,
in vivo pharmacokinetic studies are the prime requirement. Such
pre-clinical pharmacokinetic investigations require the support of
a fast and reliable bio-analytical methodology for the measurement
of the drug involved. A review of literature reveals limited reports
since the drug is not yet official in any pharmacopoeia. To best of
our knowledge, no validated analytical method for the quantifica-
tion of BCT in biological fluids, has been published in the literature,

although methods for the enantiomeric separation of BCT and its
related compounds has been published [9]. Methods reported for
determination of enantiomers of BCT are mainly based on chiral
HPLC [10–13]. A stability indicating HPLC methods and isolation of
process related impurities and degradation products of BCT have
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Fig. 1. (a) Molecular structure of bicalutami

een described in the literature in recent years [14,15]. The present
ork comes up from the lack of analytical methods that permit to
etermine BCT in plasma, which is an essential tool in pre-clinical
nd clinical studies. A non-time consuming, simple and sensitive,
socratic reversed-phase high performance liquid chromatographic

ethod has been developed and validated for determination of BCT
n rat plasma with a quantification limit sufficiently low to support
harmacokinetic studies. The proposed method is also applied to
onitor pharmacokinetic profile following oral administration of

CT suspension and BCT SMEDDS formulations to wistar rats.

. Experimental

.1. Chemical and reagents

BCT and Letrozole (LZ, internal standard) were obtained from
abur Research Foundation (Ghaziabad, India). Purity analysis sug-
ested that their purities were all above 99% by HPLC method.
PLC-grade acetonitrile was purchased from Qualigens fine chem-

cals (Mumbai, India) and HPLC-grade water was produced in the
aboratory by a Milli-Q purification system (Millipore, Billerica, MA,
SA). All other chemicals and reagents used were of analytical grade
nd were purchased from Merck Ltd. (Worli, Mumbai, India).

.2. Chromatography

Chromatography was performed using a Shimadzu LC-2010CHT
eries chromatographic system (Shimadzu, Nakagyo-ku, Kyoto,
apan) with a Model LC-10 ATVP binary pump and a SPD-
0 AVP UV–vis detection system. The injector was a Rheodyne
anual injection valve Model 7725, fitted with a 50 �L sam-

le loop. The chromatographic system operation and recording
f data were performed with the use of LC solutions software
ersion 1.21 SP1. Chromatographic separations were achieved on
emini C-18 column (250 mm × 4.6 mm I.D.; particle size 5 �m)
sing the mobile phase formed by water: acetonitrile (60:40)
adjusted to pH 3.0 with 20% o-phosphoric acid). Before deliv-
ring the mobile phase into the system, it was degassed for
5 min by sonication and filtered through 0.45 �m filter (Sarto-
ius, Germany) using vacuum. The HPLC system was operated
socratically at a flow rate of 1.0 mL min−1 and elution was per-
ormed at a controlled temperature of 35 ◦C. The samples of 50 �L
ere injected into HPLC system and the UV detection was per-

ormed at 270 nm. Letrozole (LZ) (Fig. 1b) was used as an internal
tandard.
.3. Standard solutions and spiked samples

Standard solutions of BCT and LZ were prepared with mobile
hase at concentrations of 1000 �g mL−1. Working solutions of BCT
nd LZ were prepared daily from the standard solution by diluting
T). (b) Molecular structure of letrozole (LZ).

the appropriate aliquot with mobile phase. All solutions were stored
at 4 ◦C and were identified as being stable for at least 1 month.

Plasma standards were prepared by spiking blank rat plasma
with an adequate aliquot of stock standard solutions of BCT and
LZ. Calibration standards from 0.1 to 20 �g mL−1 in plasma samples
were prepared by spiking blank rat plasma with 10 �L of work-
ing stock solutions of BCT. Quality control (QC) samples at three
different levels were independently prepared at concentrations of
0.3 �g mL−1 (LQC, low QC), 7.5 �g mL−1 (MQC, medium QC) and
15.0 �g mL−1 (HQC, high QC) of BCT in the same manner. The spiked
samples were then treated following the sample preparation pro-
cedure as indicated in Section 2.4.

2.4. Plasma sample preparation

10 �L of internal standard (LZ concentration; 100 �g mL−1) solu-
tion was added to 100 �L plasma standard or sample followed
by 1000 �L of dichloromethane: diethyl ether (7:3) (extraction
solvent). The sample was vortexed for 5 min followed by 5 min
centrifugation at 10,000 rpm. The supernatant was collected and
evaporated to dryness in DNA speed oven (Sawant DNA speedvac,
NJ, USA) at 40 ◦C under vacuum. The dried residue was reconstituted
with 150 �L of diluent (mobile phase) and vortexed for 2 min. The
supernatant was sonicated for 5 min and a volume of 50 �L was
injected into the HPLC system.

2.5. Preparation of SMEDDS formulation of BCT

Capryol PGMC (55%), Polyethylene glycol 300 (7.5%) and
Cremophore RH 40 (37.5%) were accurately weighted into screw-
capped glass vials. BCT was added into the mixture and heated at
40 ◦C in a water bath to facilitate solubilization and then vortex
mixed. The formulation was equilibrated at 37 ◦C for 24 h and then
stored at room temperature.

2.6. Validation procedures

The chromatographic method was further validated for linear-
ity, specificity, sensitivity, precision and accuracy according to ICH
guidelines [16].

2.6.1. Linearity
The linearity of an analytical method is its ability within a

definite range to obtain results directly proportional to the concen-
trations of the analyte in the sample. The linearity of the detector
response for the test compounds was evaluated by injecting a total
of eight calibration (working) standard solutions (0.1–20 �g mL−1)

covering the working range of the assay. The calibration curves were
constructed by plotting peak area ratios of BCT to LZ against cor-
responding concentrations. The linearity of the calibration curve
was tested and evaluated using linear regression model of internal
standard calibration curve.
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.6.2. Specificity and sensitivity
Specificity of the method was determined by analyzing six dif-

erent batches of blank plasma obtained from healthy rats.

.6.3. Precision and accuracy
The reproducibility of the analytical procedure was determined

y calculating intra- and inter-day precision and accuracy. Preci-
ion and accuracy was performed by six replicate analysis of spiked
lasma quality control samples at the concentration ranges of LQC
0.3 �g mL−1), MQC (7.5 �g mL−1) and HQC (15.0 �g mL−1) followed
y their comparison with the calibration curves prepared on the
ame day and on three different days. Precision was expressed as
he percentage coefficient variation (CV) (%), of measured concen-
rations for each calibration level whereas, accuracy was calculated
s the percentage difference between the mean concentration of
rug measured from calibration curve and the concentration of
rug added to the blank plasma.

.6.4. Extraction efficiency
The mean recovery of BCT and LZ from spiked rat plasma was

valuated to test the efficiency and reproducibility of the extraction
rocedure. The determination of the extraction efficiency in plasma
as made by injecting replicates at the concentration ranges of

QC, MQC and HQC. The extraction was conducted as described
n Section 2.4, after addition of 10 �L of LZ working solution. The
esponses of these standards, taken by means of the extraction pro-
edures, have been compared with those of standard solution at
he same concentration injected directly into the liquid chromato-
raphic apparatus. The peak area ratios were compared to the ratio
f the standard aqueous samples without extraction.

.7. Stability studies

The stability of the BCT in plasma at room temperature (25 ◦C)
nd at −20 ◦C was assessed by analyzing 500 �L stability sample
t a concentrations of 7.5 �g mL−1. Three repeated determinations
ere made in each case and at each stipulated time period. The con-

entration of BCT measured in the stability samples were compared
o the theoretical spiked concentration.

.8. Pharmacokinetic study

Eight healthy female wistar rats (supplied by the Animal Facility,
abur Research Foundation, Sahibabad, Ghaziabad, India) weigh-

ng 200 ± 10 g were used in the study. The rats were housed under
tandard conditions. All rats were dosed following an overnight
ast; food was returned after 4 h after dosing. Rats were divided in
wo groups at random. First group was administered exemestane
uspension (0.25% CMC Na) because bicalutamide was virtually
nsoluble in water and the second group was administered bicalu-
amide SMEDDS formulation. The amount of bicalutamide in each
ne of these formulations was adjusted to contain 25 mg/kg body
eights.

Blood samples (approx. 0.5 mL) was collected from retro-orbital
lexus of rat in tube containing saturated solution of di-sodium
DTA at pre-dose, and 0.5, 1.0, 2.0, 4.0, 6.0, 8.0, 10.0, 12.0, 24.0, 32.0,
8.0, 56.0, 72.0, 80.0 and 144.0 h, respectively post dose. During col-

ection, blood sample has been mixed thoroughly with di-sodium
DTA solution in order to prevent blood clotting. Samples were cen-
rifuged at 5000 rpm for 5 mins at room temperature. Separated

lasma sample was transferred into pre-labeled tubes and stored
t −20 ◦C until the completion of analysis. The experimental proce-
ures were approved by the intuitional animal ethical committee
nd were in compliance with the National Institutes of health Guide
or Care and Use of Laboratory Animals.
8 (2009) 1310–1314

Pharmacokinetic parameters (PK) were calculated by noncom-
partmental analysis also called as model independent analysis
using WinNonLin version 4.0 (Pharsight Corp., Mountain View, CA).
Peak plasma concentration (Cmax) and time of its occurrence (tmax)
were read directly from the individual plasma concentration–time
profiles. Area under concentration time curve AUC→t was calculated
according to linear trapezoidal method whereas mean residence
time (MRT) was calculated by dividing the AUMC→t by AUC0→t.

2.9. Statistical analysis

Data of in vivo analysis was expressed as mean ± SD (n = 8).
The data was compared for statistical significance by the one-way
analysis of variance (ANOVA) followed by Tukey–Kramer multiple
comparisons test using GraphPad Instat software (GraphPad Soft-
ware Inc., CA, USA).

3. Results and discussion

3.1. Method development

The HPLC method proposed provides a simple procedure for the
determination of BCT in biological samples. A straightforward and
accurate HPLC method to determine BCT in rat plasma was initially
developed. Chromatographic condition, based on the isocratic sep-
aration, gave a good profile in plasma using a reverse phase C18
column. Different ratios of the mobile phase were studied in order
to shorten retention times of the analyte and to improve peak sym-
metry. Best results in terms of peak symmetry and retention time
were obtained using water: acetonitrile (60:40), as mobile phase.
The pH of the mobile phase was adjusted with 20% o-phosphoric
acid to pH 3.0, due to stability problems of BCT at basic condi-
tions, as reported earlier [14,15]. The BCT detection was carried
out at 270 nm, since at this wavelength maximum response is
achieved along with the absence of endogenous interfering peaks
occurring from blank matrix. The samples of BCT were successfully
extracted from interfering plasma using dichloromethane: diethyl
ether (7:3) (extraction solvent) with excellent recoveries. In the
present study, LZ was selected as internal standard because of its
similar physico-chemical characteristics as that of BCT. Both drugs
possess poor aqueous solubility, nearly similar log P values and a
cyanophenyl moiety in their structure. Furthermore, with proposed
HPLC method, LZ demonstrated high recovery, less retention time
and good validation results.

3.2. Linearity

The calibration curve was obtained by plotting the area ratios
ABCT−/−ALZ against the concentration of BCT. The equation for the
calibration curve is Ar = 0.3214C − 0.0009 (n = 6) where, C is the con-
centration of bicalutamide in plasma, and Ar is the ratio of peak
area of BCT to that of LZ. The linearity of the calibration graphs
and adherence of the system to Beer’s law was validated by high
value of correlation coefficient (r2 ± SD = 0.9999 ± 0.0003) over a
concentration range of 0.1–20 �g mL−1.

3.3. Specificity and sensitivity

Specificity was demonstrated by the absence of any endogenous
interference at retention times of peaks of interest as evaluated by

chromatograms of blank rat plasma (Fig. 2a) against those spiked
with LZ alone (Fig. 2b) and with LZ and BCT (Fig. 2c). Compounds LZ
and BCT were well separated and were identified by their relative
retention time i.e. 5.7 ± 0.2 and 10.9 ± 0.2 min, respectively. Limit of
quantification (LOQ) of the method is 0.1 �g mL−1.
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Table 1
Precision and accuracy of HPLC method for BCT in plasma (n = 6).

Concentration spiked (�g mL−1) Mean concentration found (�g mL−1) Precisiona Accuracyb (%)

SD. CV (%)

Intra-day
0.3 (LOQ) 0.294 0.002 2.04 98.00
7.5 (MOQ) 7.430 0.270 3.64 99.06
15.0 (HOQ) 15.131 0.241 1.61 100.87

Inter-day
0.3 (LOQ) 0.288 0.003 3.32 96.00
7.5 (MOQ) 7.390 0.304 4.11 98.53

conc

3

r
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t
a
r
i
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a
o
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m
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15.0 (HOQ) 14.484

a Precision as coefficient of variation (CV, %) = standard deviation divided by mean
b Accuracy = mean concentration found/concentration spiked × 100.

.4. Precision and accuracy

Table 1 summarizes the intra- and inter-day precision and accu-
acy of the BCT assay in plasma. Quality control (QC) samples for
CT were prepared in replicates (n = 6) at three different concentra-
ions viz. low (LQC), medium (MQC) and high (HQC). The intra-day
nd inter-day precisions determined as coefficient of variation (CV)

anged between 1.61–3.64 and 2.29–4.11%, respectively. Intra- and
nter-day accuracy calculated as percent recovery was in the range
f 96.0–100.87 %. Both precision and accuracy was found to be suit-
ble and do not depend on the concentration assayed or on the day
f the assay.

ig. 2. (a) Chromatogram of extracted blank rat plasma at 270 nm. (b) Chromatogram
f extracted rat plasma spiked with LZ (internal standard) at 270 nm. (c) Chro-
atogram of extracted rat plasma spiked with BCT (retention time, 10.9 min) and

Z (retention time, 5.7 min) at 270 nm.
0.331 2.29 96.56

entration found × 100.

3.5. Extraction efficiency

Various extraction procedures including protein precipitation
methods and liquid–liquid extraction was investigated. Direct pro-
tein precipitation with acetonitrile gave low recovery with high
background noise. For liquid–liquid extraction procedure selection
of suitable solvent is a critical parameter. Ideally, the selected sol-
vent should be compatible, immiscible with water, stable enough
over the extraction time and have high solubility for the target
analyte. A series of organic solvents and their mixtures of vary-
ing polarity (viz. ethyl acetate, dichloromethane, tert-butyl methyl
ether, diethyl ether, n-hexane) were evaluated for extraction of BCT
from plasma. Finally, a combination of dichloromethane and diethyl
ether (7:3) effectively eliminates the interfering material and gave
the best recovery for BCT. The extraction efficiency (CV), expressed
as mean recovery of BCT from rat plasma, was determined at LOQ,
MOQ and HOQ and was found to be 98.0% (1.8%), 99.2% (1.4%) and
97.8% (1.1%), respectively (Table 2).

3.6. Stability

Fig. 3 demonstrates the effect of time of storage on stability
of BCT in plasma stored at room temperature and at −20 ◦C. The
studied compound was shown to be stable in plasma at room
temperature for up to 24 h, and for up to 60 days at −20 ◦C. The
percentage recovery of drug in plasma samples ranged from 94.30%
to 99.32 %. Date of percentage recovery of BCT is presented in the
Fig. 3.
3.7. Pharmacokinetic analysis

BCT suspension and BCT SMEDDS (BCT dose; 25 mg kg−1 body
weight) were administered orally to wistar rats and the developed
HPLC method is applied to determine their in vivo pharmacoki-

Fig. 3. Stability profile of BCT in rat plasma.
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Table 2
Extraction efficiency of BCT from plasma at different concentration levels (n = 6).

Concentration spiked (�g mL−1) Mean concentration found (�g mL−1) Extraction efficiency (%) Coefficient of variation (%)

Bicalutamide
0.3 (LOQ) 0.294 98.0 1.8
7.5 (MOQ) 7.440 99.2 1.4
15.0 (HOQ) 14.670 97.8 1.1

Letrozole (internal standard)
1.0 (HOQ) 0.998 99.8 0.8

Table 3
Mean pharmacokinetic parameters of bicalutamide SMEDDS and suspension formulation after single dose administration (25 mg kg−1; n = 8).

Pharmacokinetic parameters Bicalutamide suspension BCTME2 Ratio (SMEDDS/suspension)

AUC (0 to t) �g h mL−1 221.74 ± 26.10 462.04 ± 68.09** 2.08
AUC (0 to ∞) �g h mL−1 229.33 ± 27.03 464.62 ± 69.22** 2.03
MRT (h) 38.23 37.4811** –
Cmax (�g mL−1) 4.21 ± 2.09 12.04 ± 1.57** 2.86
Tmax (h) 8
Relative bioavailability (%) –

** P < 0.001 when compared with suspension formulation using one-way ANOVA follow

Fig. 4. Mean Pharmacokinetic parameters of bicalutamide SMEDDS and suspension
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ormulation after single dose administration (25 mg kg−1; n = 8) BCT suspension (�)
nd BCT SMEDDS (�-)

etics. Plasma profiles of BCT in rats following oral administration
f the BCT suspension and BCT SMEDDS are shown in Fig. 4,
hereas, pharmacokinetic parameters in plasma obtained from

he pooled concentration–time data are listed in Table 3. As
etermined by HPLC method, the AUC0→t of BCT SMEDDS was
62.04 ± 68.09 �g h mL−1, while AUC0→t of orally administered
CT suspension was 221.74 ± 26.10 �g h mL−1. The AUC0→∞ of BCT
MEDDS was 464.62 ± 69.22 �g h mL−1, while AUC0→∞ of orally
dministered BCT suspension was 229.33 ± 27.03 �g h mL−1 This
esulted into 2.03 fold increased relative bioavailability (Fig. 4).
esults (Table 3) also demonstrated that Cmax values of BCT SMEDDS
12.04 ± 1.57 �g mL−1) are about 2.9 times higher as compared to
CT suspension (4.21 ± 2.09 �g mL−1). The evidence (as determined
hrough HPLC) suggests the protective role of SMEDDS as a car-

ier system to deliver BCT to the systemic circulation in the body.
he results were in accordance with previous findings, where drugs
dministered through SMEDDS showed higher plasma concentra-
ion [17–19]. Accordingly, through the developed HPLC method,
t can be identified that the bioavailability of the BCT SMEDDS

[

[
[
[

10 NA
– 208.37

ed by Tukey–Kramer multiple comparison test.

formulation is significantly higher (P < 0.001) compared to BCT sus-
pension.

4. Conclusion

A simple, rapid and sensitive HPLC method was developed and
validated for the determination of BCT in rat plasma. The sensi-
tivity of the method allowed the pharmacokinetic study of BCT
in plasma after oral administration of BCT SMEDDS and BCT sus-
pension formulations to wistar rats. BCT formulated in SMEDDS
formulation significantly improved the pharmacokinetic profile of
the drug administered to rats. Furthermore, the sensitivity of the
established method provides a reliable bio-analytical methodology
to carry out tissue-distribution and pharmacokinetics of BCT.
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a b s t r a c t

An amperometric biosensor was fabricated for the quantitative determination of urea in aqueous medium
using hematein, a pH-sensitive natural dye. The urease (Urs) was covalently immobilized onto an electrode
made of gold nanoparticles functionalized with hyperbranched polyester-Boltron® H40 (H40–Au) coated
onto an indium–tin oxide (ITO) covered glass substrate. The covalent linkage between the Urs enzyme
eywords:
rea biosensor
mperometric detection
ovalent immobilization
oltron® H40
old nanoparticles

and H40–Au nanoparticles provided the resulting enzyme electrode (Urs/H40–Au/ITO) with a high level
of enzyme immobilization and excellent lifetime stability. The response studies were carried out as a
function of urea concentration with amperometric and photometric measurements. The biosensor based
on Urs/H40–Au/ITO as the working electrode showed a linear current response to the urea concentration
ranging from 0.01 to 35 mM. The urea biosensor exhibited a sensitivity of 7.48 nA/mM with a response time
of 3 s. The Michaelis–Menten constant for the Urs/H40–Au/ITO biosensor was calculated to be 0.96 mM,
indicating the Urs enzyme immobilized on the electrode surface had a high affinity to urea.
. Introduction

Kidneys perform key roles in various body functions, includ-
ng excreting metabolic waste products such as urea from the
loodstream, regulating the hydrolytic balance of the body, and
aintaining the pH of body fluids [1]. The level of urea in blood

erum is the best measurement of kidney function and staging of
idney diseases [2]. The normal urea level in serum ranges from
5 to 40 mg/dL (i.e., 2.5–7.5 mM). An increase in urea concentration
auses renal failure such as acute or chronic urinary tract obstruc-
ion with shock, burns, dehydration, and gastrointestinal bleeding,
hereas a decrease in urea concentration causes hepatic failure,
ephritic syndrome, and cachexia [3]. Therefore, there is an urgent
eed to develop a device that rapidly monitors urea concentration

n the body.
Most existing urea biosensors utilize urease (Urs) as the sens-

ng element. The available Urs on the electrode surface hydrolyzes

rea into NH4

+ and HCO3
− ions [4]. The concentration of urea is

easured by monitoring the librated ions using a transducer such
s amperometric, potentiometric, optical, thermal, or piezoelectric
5–11]. Although various urea biosensors that use a range of trans-
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039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.02.038
© 2009 Elsevier B.V. All rights reserved.

ducers have been studied extensively, the Urs-based amperometric
urea biosensor is considered one of the most promising approaches
because it offers fast, simple, and low-cost detection. The response
time of such a biosensor is directly associated with the hydrolysis
rate of urea on the electrode surface; therefore, rapid production of
NH4

+ ions on the electrode will lead to a highly sensitive biosen-
sor.

It is well established that the performance of biosensors greatly
depends on the physicochemical properties of the electrode materi-
als, enzyme immobilization procedure, and enzyme concentration
on the electrode surface [12]. Many electrode materials have been
used to fabricate urea biosensors such as bovine serum albumin
embedded polypyrrole [13]; polyvinyl alcohol–polyacrylamide
composite [14]; amine functionalized glassy carbon [15]; polyvinyl-
ferrocenium [16]; poly(N-3-aminopropylpyrrole)-co-pyrrole [17];
polyaniline–Nafion®/Au composite [18]; polyethylenimine [19];
poly(N-vinyl carbazole)/stearic acid [20]; polyaniline–poly(n-
butyl methacrylate) composites [21]; chitosan [22]; and
polyaniline–perfluorosulfonated ionomer composite [5]. However,
there is an ongoing demand for new types of electrode mate-
rials that can provide the Urs enzyme with better stability and
performance for in vitro urea measurement.
In this context, the use of nanomaterials to fabricate biosen-
sors is one of the most exciting approaches because nanomaterials
have a unique structure and high surface-to-volume ratio [23]. The
surfaces of nanomaterials can also be tailored in the molecular
scale in order to achieve various desirable properties [24]. Many
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ttempts have been made to fabricate a third-generation biosensor
ith self-assembly technology [25–31]; however, these approaches
ere based on planar self-assembly that may only offer limited

vailable surface area on the electrode, which can compromise the
erformance of the biosensor.

Meanwhile, gold nanoparticles have played an increasingly
mportant role for biosensor applications over the last decade
29,30]. Gold nanoparticles can (1) provide a stable surface for
he immobilization of biomolecules without compromising their
iological activities and (2) permit direct electron transfer from
he redox biomolecules to the bulk electrode materials, thereby
nhancing the electrochemical sensing ability [29]. For example,
hipway et al. systematically studied the new electronic, pho-
oelectronic, and sensoring systems that used gold nanoparticle
uperstructures on the electrode surface [30]. In addition, pre-
ious studies indicated that biological macromolecules such as
nzymes can generally retain their enzymatic and electrochem-
cal activity after being immobilized onto the gold nanoparticles
32,33].

This study investigates the feasibility of using gold nanoparti-
les functionalized with hyperbranched polyester, Boltorn® H40
H40–Au), for a potential urea biosensing application. H40–Au
anoparticles are particularly attractive for biosensor fabrication
ecause they can be prepared under ambient conditions and they
xhibit tunable porosity, high thermal stability and chemical inert-
ess while experiencing negligible swelling in aqueous solution. In
his work, successful attempts have been made toward the fabri-
ation of an efficient urea biosensor using H40–Au nanoparticles.
his novel urea biosensor offers a relatively long shelf life, a broad
etection range, a high sensitivity, and a short response time.

. Experimental

.1. Materials

Boltorn® H40 (64 hydroxyl groups per molecule and Mn of 2833)
as provided by Perstorp Polyols, Inc. and used after purification.

he following materials were used without further purifica-
ion: 3-mercaptopropionic acid (Aldrich, 99%), sodium borohy-
ride (Aldrich, 99%), hydrogen tetrachloroaurate (III) hydrate
Aldrich, 99.99%), 1-ethyl-3-(3-dimethylaminopropyl) carbodi-
mide hydrochloride (Aldrich, 99%), N,N′-dicyclohexylcarbodiimide
Aldrich, 99%), N-hydroxysuccinimide (Aldrich, 99%), hematein
Fluka, 98%), l-serine (Acros, 99%), l-threonine (Acros, 98%),
-ketoglutaric acid (Fluka, 98%), l-alanine (Acros, 99%), l-
henylalanine (Acros, 98.5%), uric acid (Acros, 99%), l-cystine
Acros, 99%), l (+)-glutamic acid (Acros, 99%) sodium pyruvate
Fisher, 99%), l-glutamine (Fisher, 98.5%), l-ascorbic acid (Fisher,
9.8%), urea (Acros, 99%) and urease (Aldrich, from Canavalia ensi-

ormis). All supplementary chemicals were of analytical grades and
olutions were prepared with 18.2 M� deionized water. Indium–tin
xide (ITO) coated glass sheets (Balzers) with a resistance of
5 �/cm2 were used as substrates for the deposition of electrodes.

.2. Functionalization of gold nanoparticles with hyperbranched
olyester

Functionalization of gold nanoparticles with hyperbranched
olyester was conducted via a two-step procedure. First, the

old nanoparticle was functionalized with mercapto propi-
nic acid (Au–COOH). Next, amine functionalized hyperbranched
oltorn® H40 (H40–NH2) was covalently grafted onto Au–COOH
anoparticles using N,N′-dicyclohexylcarbodiimide (DCC) and N-
ydroxysuccinimide (NHS) mediated reaction [34].
(2009) 1401–1407

2.2.1. Preparation of carboxyl functionalized gold (Au–COOH)
nanoparticles

To prepare the Au–COOH nanoparticles, concentrated solutions
of tetrachloroauric acid (HAuCl4) and 3-mercaptopropionic acid
(MPA) were first prepared in ethanolic acetic acid, 0.001 M. Next,
10 mL of a solution containing 6 mM HAuCl4 and 12 mM MPA was
prepared by diluting the concentrated stock solutions with ethanol.
All solutions were prepared fresh prior to reduction. Reduction was
carried out by adding 65 �L of a 1.4 M aqueous solution of sodium
borohydride (NaBH4) in 5 �L portions under constant stirring. To
form stable thiol monolayers on the gold nanoparticles, the sus-
pension was allowed to stir slowly overnight in a dark at room
temperature for 24 h. After that, the gold suspension was placed
into an eppendorf tube and washed three times (centrifugation at
5000 rpm for 25 min) with ethanol to remove excess alkanethiol
from the suspension.

2.2.2. Preparation of amine functionalized Boltorn® H40
(H40–NH2)

First, 1.5 mL hydrazoic acid (1 M) was added into 20 mL Boltorn®

H40 solution (5%, w/v in THF) and then mixed at room temperature.
In this mixture, 0.3 mL diisopropyl azodicarboxylate (1.5 mM) and
5 mL triphenylphosphine (3.0 mM) were added under continuous
stirring. After 1 h, the reaction mixture was heated to 50 ◦C and kept
for 3 h; after which 1 mL HCl (1N) was added drop wise. The reac-
tion then continued for additional 3 h. Finally, the reaction products
were cooled to room temperature, filtered, and dried under vacuum.

2.2.3. Grafting H40–NH2 onto the Au–COOH nanoparticles
H40–NH2 was grafted onto Au–COOH using DCC and NHS as

the condensing agents at room temperature (Fig. 1A). In a typical
experiment, 50 mg of Au–COOH was dissolved in 10 mL DMSO and
activated with 0.3 mM of DCC and NHS at room temperature. Next,
1 g of H40–NH2 dissolved in 40 mL THF was added to the solution
and the resulting solution mixture was stirred for 24 h. After that,
the solution mixture was filtered to remove any insoluble byprod-
ucts, residual impurities, and aggregates. The final product was
recovered by precipitation with cold diethylether and dried under
vacuum.

2.3. Preparation of the Au–H40/ITO electrode

Ten microlitres of 2% (w/v) H40–Au nanoparticle solution in
CHCl3 was uniformly spread on the ITO substrate by drop coating
technique at room temperature (Fig. 1B). The H40–Au/ITO electrode
was dried under vacuum.

2.4. Fabrication of the urea bioactive electrode

The urea bioactive electrode was prepared by covalent immobi-
lization of the urea-specific enzyme, urease, over the H40–Au/ITO
electrode. In order to immobilize Urs, the H40–Au/ITO elec-
trode was immersed in a phosphate buffer solution (1 M, pH
7.0) containing previously activated Urs enzyme (50 mg/mL) with
0.02 M 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)
and 0.02 M NHS for 3 h. The enzyme immobilized electrode was
rinsed with phosphate buffer solution (pH 7.0) to remove the excess
unbound enzyme (Fig. 1B). All experiments were carried out at
room temperature. The enzyme immobilized electrode was stored
under dry conditions at 4 ◦C in a refrigerator.
2.5. Characterization

Electrochemical measurements of the electrodes were carried
out on a Potentiostat/Glavanostat (Princeton Applied Research,
Versa Stat3) unit with three electrodes in a 50 mM phosphate buffer
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Fig. 1. Schematic presentation of the [A] preparation of hyperbranched gold (H40

olution (pH 7.0, 0.9% NaCl) containing 0.5 mM hematein. The work-
ng electrode was either H40–Au/ITO or Urs/H40–Au/ITO. Platinum
oil and Ag/AgCl were used as the counter and reference electrodes,
espectively.

Photometric study was performed using a Varian Cary 100 Bio
V-visible spectrophotometer. For photometric measurements, a
rs/H40–Au/ITO electrode was dipped in a 5 mL phosphate buffer
olution (50 mM, pH 7.0), which contained 200 �L of Nessler’s solu-
ion and 1 mL of urea solution with varying concentrations. After
min of Urs/H40–Au/ITO electrode incubation, the absorbance of

he colored product (i.e., NH2Hg2I3, a complex formed between
he Nessler’s reagent and ammonia produced by the enzymatic
ydrolysis of urea) in the solution at �max 385 nm, was measured
o monitor the Urs enzyme kinetics.

FTIR spectra were recorded on a Perkin Elmer, Spectrum BX-II
pectrophotometer. The surface morphology of the electrodes was
xamined with a Hitachi S-4800 field emission scanning electron
icroscope (SEM) operated at 5 kV. The specimens were sputter-

oated with a thin layer of iridium (∼5 nm) prior to examination.
he morphology of H40–Au nanoparticles was further studied by
ransmission electron microscopy (TEM, Hitachi H-600) operated

t 75 kV. A TEM sample was prepared by depositing 6 �L solution
f H40–Au (ultrasonically dispersed in THF) on a copper grid coated
ith formbar and a carbon film using phosphotungstic acid (PTA)

s a negative staining agent. All measurements were carried out at
0 ◦C.
nanoparticles and [B] fabrication of H40–Au/ITO and Urs/H40–Au/ITO electrodes.

3. Results and discussion

3.1. Electrode fabrication and characterization

The H40–NH2 grafted Au–COOH nanoparticles were prepared
via the formation of amide bonds between the amine groups of
H40–NH2 and the carboxylic acid group of Au–COOH. The resulting
H40–Au nanoparticles were deposited onto an ITO coated glass sub-
strate to form a uniform film. The free amino groups still present in
the H40–Au nanoparticles were further used for covalent immobi-
lization of Urs using NHS and EDC as the coupling agents during
the bioelectrode preparation process [9]. Fig. 1 shows the over-
all steps for preparing H40–Au nanoparticles and fabricating the
H40–Au/ITO and Urs/H40–Au/ITO electrodes.

The resultant enzyme immobilized electrode was character-
ized by FTIR spectroscopy. Fig. 2 shows the FTIR spectra of the
H40–Au/ITO and Urs/H40–Au/ITO electrodes. The FTIR spectrum of
the H40–Au/ITO electrode (Fig. 2A) showed the characteristic peaks
at: (1) 3117–3281 cm−1 (O–H and N–H stretching); (2) 2946 and
2881 cm−1 (C–H stretching of –CH2 groups); (3) 1731 cm−1 (C O
stretching of ester group); and (4) 1639 cm−1 (C O stretching of

amide group). The C O characteristic peaks at 1639 cm−1 confirms
the formation of amide bonds between H40–NH2 and Au–COOH
nanoparticles. In addition, the absorption band at 3117–3281 cm−1

indicates the presence of residual amino groups on the H40–Au
nanoparticles that are used to immobilize the Urs.
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might have contributed to the decrease in current when using the
ig. 2. FTIR spectra of the [A] H40–Au/ITO and [B] Urs/H40–Au/ITO electrodes.

The FTIR spectrum of the Urs/H40–Au/ITO electrode (Fig. 2B)
howed peaks broadening at (1) 3067–3330 cm−1 (N–H stretching
ibration); (2) 2930–2872 cm−1 (C–H stretching of –CH2 groups);
nd (3) 1633 cm−1 (C O stretching of amide group) due to the
ttachment of Urs enzyme through the peptide linkage on the elec-
rode. Hence, FTIR spectra confirm the covalent immobilization of
rs onto the H40–Au/ITO electrode.

A typical SEM picture of H40–Au/ITO (Fig. 3A) exhibited tiny
40–Au particles with a porous surface. The nanoporous surface of

he H40–Au/ITO electrode provided a very high surface-to-volume
atio, which can enhance the interaction between Urs and the
40–Au film of the electrode. Consequently, this will lead to a
uch higher level of enzyme stability and much better enzyme
eproducibility for the Urs/H40–Au/ITO electrode. Immobilization
f the Urs enzyme over the H40–Au/ITO electrode surface produced
homogeneous dentritic surface morphology (Fig. 3B). The uni-

orm dentritic-like enzyme electrode surface may be formed due

Fig. 3. Electron microscopic study of the [A] H40–Au/ITO using SEM, [B] Urs/H40–
(2009) 1401–1407

to the covalent binding of Urs molecules over the gold nanoparti-
cles functionalized with hyperbranched polyester, i.e., the H40–Au
nanoparticles.

To further understand the morphology of the H40–Au nanopar-
ticles, TEM analysis was conducted using PTA as a staining agent
(Fig. 3C). As demonstrated in Fig. 1A, multiple hyperbranched
H40–NH2 polyester molecules may be grafted onto one Au–COOH
nanoparticle by amide bonds. The average size of the result-
ing H40–Au nanoparticles was 16 nm according to the TEM
analysis. The PTA stain clearly showed the light contrast of hyper-
branched H40–NH2 molecules/nanoparticles and the dark contrast
of Au–COOH nanoparticles with an average size of 3 and 12 nm,
respectively. The size of the H40–NH2 molecules/nanoparticles
detected here is consistent with the average size of Boltron®

H40 molecules/nanoparticles (i.e., 3 nm) reported in the litera-
ture [35]. The TEM image of the H40–Au nanoparticles clearly
showed the formation of hyperbranched H40–NH2 functionalized
gold nanoparticles.

3.2. Amperometric measurements

Fig. 4 shows the CVs of the electrochemical cells using either
H40–Au/ITO or Urs/H40–Au/ITO electrode at a constant 50 mV s−1

scan rate in 50 mM phosphate buffer solution (pH 7.0, 0.9% NaCl)
containing 0.5 mM hematein. The current of the electrochemical
cell using the Urs/H40–Au/ITO electrode (2.1 × 10−4 A) was about
one-half of that using the H40–Au/ITO electrode (3.9 × 10−4 A).
Thus, immobilizing Urs onto the electrode reduced the current.
A decrease in current after the immobilization of Urs may be
attributed to a slower redox behavior when compared with the
bare H40–Au/ITO electrode. The covalent binding of Urs on the
H40–Au/ITO electrode controls the moment of the supporting elec-
trolytes [36]. Also, the non-conducting nature of the Urs molecules
Urs/H40–Au/ITO electrode.
Amperometric measurements were carried out with the

Urs/H40–Au/ITO electrode for quantitative determination of urea
in an aqueous medium using hematein, a pH-sensitive natural dye

Au/ITO using SEM, and [C] hyperbranched H40–Au nanoparticles using TEM.



A. Tiwari et al. / Talanta 78 (2009) 1401–1407 1405

Fig. 4. Cyclic voltammograms of the [A] H40–Au/ITO and [B] Urs/H40–Au/ITO elec-
trodes in 50 mM phosphate buffer solution at pH 7.0 containing 0.9% NaCl and
0.5 mM hematein.
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ig. 5. Amperometric response of Urs/H40–Au/ITO bioelectrode with the urea
oncentration ranging from 0.01 to 35 mM at working potential of 0 mV vs.
g/AgCl using 50 mM phosphate buffer solution containing 0.9% NaCl and 0.5 mM
ematein.

37]. Cyclic voltammetric studies were carried out in 50 mM phos-
hate buffer solution containing 0.5 mM hematein and 0.9% NaCl.

t was observed that the cathodic peak shifted to a more positive
otential as the pH value decreased. The shift in the cathodic peak
otential was approximately 29 mV per pH unit. Previous studies

ndicated the stability of hematein in electrochemical cells using Pt
nd graphite composite electrodes depended on both pH and the
pplied voltage [37,38]. Thus, to avoid electrochemical interference
n the stability of hematein, an amperometric measurement of urea
hould be conducted at a working potential of 0 mV [37].

Fig. 5 shows the steady-state current dependence calibration
urve for the urea concentration ranging from 0.01 to 35 mM. An
mperometric linear response (r2 = 0.997) was observed with the
uccessive addition of urea to the phosphate buffer solution con-

aining 0.9% NaCl as the electrolyte and 0.5 mM hematein as the
edox indicator under a constant stirring of 100 rpm at 2-min inter-
als. The electrode responded within 3 s to the change of urea
oncentration. The current sensitivity of the enzyme electrode
oward urea concentrations was 7.48 nA/mM. This new type of urea
Fig. 6. Photometric response as a function of urea concentration ranging from 0.01 to
35 mM using a Urs/H40–Au/ITO electrode exposed with an equal amount of Nessler’s
reagent.

biosensor demonstrated a shorter response time and a broader
detection range compared with those reported previously, as shown
in Table 1. Table 1 provides the comparison of the performance of
this new type of urea biosensor with those reported previously and
will be further discussed later.

The affinity of Urs to the urea was estimated using the Hanes
plot [39]. The Michaelis–Menten kinetic parameter (Kapp

m ) was cal-
culated to be 0.96 mM for the Urs/H40–Au/ITO electrode. Kapp

m

usually depends on the electrode material as well as the enzyme
immobilization process [40]. The Kapp

m of the biosensor using
Urs/H40–Au/ITO as the electrode is much less than that of these
previously reported biosensors (typically 2–7 mM) [41,6]. The small
Kapp

m value indicates a high affinity of Urs to the urea over the
Urs/H40–Au/ITO electrode surface, which may be attributed to
(1) the advantageous nanoporous surface of the H40–Au/ITO elec-
trode for the enzyme immobilization that can favor conformational
changes of the enzyme and (2) the high surface-to-volume ratio,
which can help to effectively immobilize Urs onto the H40–Au/ITO
electrode. In addition, functionalized H40–Au nanoparticles can
provide efficient electron transfer between the active site of the
enzyme and the electrode, thereby enhancing the urea sensing
activity.

3.3. Photometric study

A photometric response study was performed to calculate the
apparent enzyme activity of the Urs/H40–Au/ITO electrode. Urs
catalyzes the hydrolysis of urea to produce ammonia, which in
turn reacts with the Nessler’s reagent to form a colored product,
NH2Hg2I3 [42]. By following the absorbance of NH2Hg2I3 at 385 nm,
urea can be quantified and the analytical performance of the biosen-
sor can be determined. The difference between the initial and final
absorbance value at 385 nm were plotted as a function of urea con-
centration, as shown in Fig. 6. The enzyme electrode responded
to the urea concentration within the range of 0.01–35 mM. The
apparent enzyme activity (enzaapp) was calculated using equation
enzaapp = AV/εts, where A is the difference in absorbance before and
after incubation, V is the total volume of the solution, ε is the mil-

limolar extinction coefficient, t is the reaction time and s is the
surface area of the electrode. The apparent enzyme activity was cal-
culated to be 71.59 mg/cm2, indicating 71.59 mg of Urs was actively
working per unit area of electrode surface.
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Table 2
Evaluation of the present method with the spectrophotometric method for the deter-
mination of urea from human blood serum and urine.

Sample no. Urea concentration % Error

Present method Standard spec-
trophotometric
method
Blood serum sample-1 2.8 ± 0.01 mM 2.6 ± 0.015 mM 7.14
Blood serum sample-2 3.4 ± 0.01 mM 3.1 ± 0.015 mM 8.82
Urine sample-1 316.2 ± 0.01 mM 309.4 ± 0.015 mM 2.19
Urine sample-2 274.9 ± 0.01 mM 262.7 ± 0.015 mM 4.64

3.4. Reproducibility and accuracy

The lowest detection limit of the urea electrode was 0.01 mM.
The reproducibility of the response of the enzyme electrode was
investigated at a 5 mM urea concentration. No significant decrease
in current response was observed after at least 10 uses in testing;
thus, the enzyme electrode displayed good reproducibility. The rel-
ative standard deviation was found to be about 8% determined by
five successive measurements of a 5 mM urea standard using a sin-
gle biosensor with the same Urs/H40–Au/ITO electrode. In a series
of 10 biosensors using 10 different Urs/H40–Au/ITO electrodes, a
relative standard deviation of about 6% was obtained for the indi-
vidual current response of the same sample (5 mM urea). The good
reproducibility observed with the biosensor may be attributed
to the efficient bonding of the enzyme with the functionalized
H40–Au nanoparticles.

3.5. Thermal stability

The thermal stability of the Urs/H40–Au/ITO electrode was stud-
ied by measuring the current at different temperatures ranging
from 20 to 45 ◦C in the presence of 5 mM urea. It was observed that
the reaction rate increased with the temperature up to 30 ◦C and
the optimum temperature range was between 28 and 30 ◦C due to
the increased kinetic energy of the reacting molecules. The storage
stability of the Urs/H40–Au/ITO electrode was amperometrically
measured and a similar current response was found after storing
for 18 weeks at 4 ◦C.

3.6. Interference study

The effect of interferents was studied on the amperomet-
ric responses of the biosensor employing the Urs/H40–Au/ITO
electrode in the presence of 5 mM urea. The interference effects of l-
serine, l-threonine, �-ketoglutaric acid, l-alanine, l-phenylalanine,
uric acid, l-cystine, l (+)-glutamic acid, sodium pyruvate, l-
glutamine, and l-ascorbic acid was investigated by measuring the
amperometric response of the Urs/H40–Au/ITO electrode. These
substances were added into the reaction mixture at their normal
physical concentration, i.e., 0.2 mM. It was found that the presence
of interferents had a relative error of less than 4% in the current mea-
sured by the amperometric method; therefore, this bioelectrode
can detect urea with negligible interference.

3.7. Performance of biosensor with biological samples

To demonstrate the feasibility of the Urs/H40–Au/ITO biosensor
for urea analysis, samples of fresh blood serum and urine from a
healthy person were analyzed. The analyses were performed with-

out any sample pretreatment and results were compared with those
obtained from the standard spectrophotometric method [43]. As
shown in Table 2, the value of urea concentration in blood serum
and urine obtained with Urs/H40–Au/ITO biosensor was ∼2–9%
higher than those obtained from the standard method [43], most
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ikely due to the interferences of the electroactive species present
n blood plasma and urine. Overall, a good agreement of the urea
oncentration in both cases was observed.

Table 1 compares the characteristics of the new amperometric
rea biosensor based on the Urs/H40–Au/ITO electrode with those
eported in the literature. It is apparent that the Urs/H40–Au/ITO
ased urea biosensor exhibited a longer shelf life, higher sen-
itivity, wider range of detection limit, and shorter response
ime.

. Conclusion

A new type of urea biosensor based on a Urs/H40–Au/ITO
ioelectrode was successfully fabricated and evaluated. Urs was
ovalently immobilized onto the nanoporous film formed by gold
anoparticles functionalized with hyperbranched Boltron® H40
olyester on the ITO coated glass (H40–Au/ITO). The H40–Au/ITO
lectrode surface offered a high level of enzyme immobiliza-
ion leading to a highly stable Urs/H40–Au/ITO bioelectrode. The
rea biosensor showed a linear current response to the urea
oncentration ranging from 0.01 to 35 mM and it exhibited a
ensitivity of 7.48 nA/mM with a response time of 3 s. The rela-
ively low Michaelis–Menten constant of 0.96 mM indicates that
he H40–Au/ITO electrode surface had a high affinity for the
rs enzyme. This new type of urea biosensor has demonstrated
uperior performance compared with those reported previously,
ncluding a longer shelf life, higher sensitivity, wider range of detec-
ion limit, and shorter response time.
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a b s t r a c t

In the current study, organophosphate and pyrethroid insecticides including diazinon, chlorpyri-
fos, bifenthrin, fenpropathrin, permethrin, �-cyhalothrin, cyfluthrin, cypermethrin, esfenvalerate and
deltamethrin were analyzed in laboratory and field-collected water samples. Water samples were
extracted and analyzed by gas chromatography/electron capture detector (GC/ECD) and gas chromato-
graphy/nitrogen–phosphorous detector (GC/NPD). Comparison of results from liquid–liquid extraction
and subsequent normal phase solid-phase extraction cleanup (LLE–NPSPE), and reversed phase solid-
phase extraction (RPSPE) showed that LLE–NPSPE was the better choice to extract trace amounts of
pesticides from water. Pesticide recoveries from four spiked water samples using LLE–NPSPE ranged from
iquid–liquid extraction
olid-phase extraction

63.2 to 148.8% at four spiking concentrations. Method detection limits were 0.72–1.69 ng/L using four dif-
ferent water sources. The stability of the target pesticides in lake water was investigated at 4 ◦C for 1 h,
1 d, 4 d, and 7 d under three conditions: (1) water samples only; (2) with 20 mL hexane used as a keeper
solvent; and (3) with acidification to pH 2 with HCl. Results showed that water storage without treatment
resulted in slow degradation of some pesticides with storage time, storage using water acidification led
to significant degradation and loss of diazinon and chlorpyrifos, while water storage with hexane as a

od st
keeper solvent showed go

. Introduction

Some of the most widely used organophosphate pesticides
OPs) were recently withdrawn from residential use by both
rofessional pest control applicators and homeowners. The rela-
ively high water solubility of OPs has led to their detection in
rban-dominated waters following rain events, frequently at con-
entrations toxic to aquatic life [1,2]. Chlorpyrifos has often been
etected in surface waters and appears to be rather persistent [3,4].
he potential toxicity of OPs to aquatic life and humans, especially
hildren, has led to their replacement with pyrethroid insecticides,
hich have assumed many roles formerly held by organophos-
hates. Pyrethroids are synthetic derivatives of pyrethrins, which
re natural insecticides that are produced from chrysanthemum
lants [5], and act as neurotoxins [6]. Pyrethroids are exten-
ively used by professional pest control applicators, with about

25,000 kg used for nonagricultural purposes in California in 2005,
rimarily for structural pest control and landscape maintenance
http://www.cdpr.ca.gov/docs/pur/purmain.htm). They also domi-
ate retail insecticide sales to homeowners, although the amounts

∗ Corresponding author.
E-mail address: mlydy@siu.edu (M.J. Lydy).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.02.012
ability for all of the target pesticides over the 7 d storage period.
© 2009 Elsevier B.V. All rights reserved.

used are not publicly reported. Pyrethroids are transported into sur-
face waters by agricultural and urban runoff from rainstorms [7,8],
drift from aerial or ground-based spraying [9], urban landscape
irrigation [10], and release of agricultural tailwaters [11]. Once in
receiving waters, these insecticides can potentially induce toxicity
in aquatic organisms [12,13].

Pyrethroids are strongly adsorbed onto soil and sediment, which
leads to the relatively low concentrations of these pesticides in
surface water. In addition, toxicological studies performed in water-
only systems have found that these pesticides cause lethal and
sublethal effects at extremely low concentrations, with LC50s
being generally less than 1 ng/mL [14]. For example, cyperme-
thrin has LC50 values of 1.2, 0.9 and 0.5 ng/mL for brown trout,
carp and rainbow trout, respectively [15]. When mosquito and
midge larvae were tested, 24 h LC50 values for deltamethrin,
cypermethrin, fenvalerate and permethrin ranged from 0.02 to
13 ng/mL [16]. Deltamethrin and cypermethrin have 96 h LC50s
of about 0.01 ng/mL in lobster (Homarus americanus) and shrimp
(Crangon septemspinosa) [17,18]. Toxicity to the amphipod Hyalella

azteca occurs at concentrations as low as 0.002 and 0.005 ng/mL
for �-cyhalothrin and cypermethrin, respectively [19,20]. There-
fore, there is a need to employ sensitive trace analysis methods
for the measurement and positive identification of these pesti-
cides at the low nanogram per liter level. Solid-phase extraction
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SPE) [21–27], solid-phase micro-extraction (SPME) [24,28,29], stir
ar sorption extraction (SBSE) [30–32] and liquid-phase micro-
xtraction (LPME) [33,34] have attracted increasing attention as
ovel sample pretreatment techniques. The need for strict exper-

mental control and long equilibrium times, however limits the
pplication of SPME, SBSE and LPME in large-scale analysis of
eld-collected water samples. Moreover, the strong tendency of
yrethroids to adsorb to glass containers can cause decreased
PE recoveries and substantial underestimation of pyrethroid
oncentrations [27] and can significantly affect the observed out-
ome in toxicological testing [35]. Thus, liquid–liquid extraction
LLE) still ranks as one of the most conventional and effec-
ive isolation techniques, which is particularly suitable for direct
xtraction of field-collected water samples to exclude possible
nalyte loss during sample collection, shipment, and storage
27].

Instrumental analysis of pesticides in water samples tends
o be performed on high-resolution gas chromatography/high-
esolution mass spectrometry (HRGC/HRMS) [36] and liquid
hromatography/electrospray ionization mass spectroscopy [26].
hese instruments provide high selectivity and mass resolu-
ion to reduce potential interference and enable the method to
outinely achieve low levels of chemical detection, but higher
osts of instrumental maintenance have limited their application
n most environmental laboratories. A less expensive alterna-
ive is the use of gas chromatography/electron capture detection
GC-ECD) and gas chromatography/nitrogen–phosphorous detec-
ion (GC-NPD) with a dual column system which could provide
he necessary sensitivity and selectivity for pesticides analysis
37,38].

In the current study, three extraction methods were tested to
ptimize extraction efficiencies of the pesticides from water. These
ethods included liquid–liquid extraction with normal phase

olid-phase extraction (LLE–NPSPE) cleanup, and the use of two dif-
erent C18 reversed phase solid-phase extraction (RPSPE) cartridges.
dditional method development was then conducted on the best
f the extraction efficiency techniques. The stability of the pesti-
ides during storage was also examined in lake water using different
tabilization agents including hexane and acidification. Finally,
he optimized method was tested using field-collected water
amples.

. Materials and method

.1. Chemicals and reagents

Two type-I pyrethroids, bifenthrin and permethrin, six type-II
yrethroids, �-cyhalothrin, cyfluthrin, cypermethrin, deltamethrin,
sfenvalerate and fenpropathrin, and two organophosphate pesti-
ides, diazinon and chlorpyrifos, were purchased from ChemService
nc. (West Chester, PA, USA). All of the insecticides had certi-
ed purities >95%. A working standard solution was prepared
ith a concentration of 2000 ng/mL in hexane and stored in the

reezer. The surrogates 4,4′-dibromooctafluoro-biphenyl (DBOFB)
nd decachlorobiphenyl (DCBP) were purchased from Supelco
Bellefonte, PA, USA).

Acetone, hexane, dichloromethane (DCM), and methanol were
urchased from Fisher Scientific (Pittsburgh, PA, USA). Hydrochlo-
ic acid (1 M HCl) was obtained from Supelco. Anhydrous Na2SO4

as baked in a muffle furnace at 450 ◦C for 4 h prior to use.

olid-phase extraction cartridges included dual layer Supelclean
NVITM-Carb II (GCB)/SupelcleanTM primary/secondary amine
PSA) (3.0 mg/600 mg, 6.0 mL, ResPrep, Bellefonte, PA, USA) and
onded-phase silica C18 cartridges (1000 mg, 8.0 mL, Alltech Asso-
iates Inc, Deerfield, IL; or Agilent Technologies, Palo Alto, CA).
(2009) 1345–1351

2.2. Sample collection and storage

Deionized water was obtained from our research laboratory,
while lake water was collected from Campus Lake at Southern Illi-
nois University in Carbondale, Illinois. A sample from a publicly
owned treatment works (POTW) facility was obtained from the
final treated effluent of the Sacramento Regional County Sanitation
District, Sacramento, California. A sample of runoff from the city
of Vacaville and surrounding farmlands was obtained from Alamo
Creek (Vacaville, California) following heavy rains. Finally, an addi-
tional 14 field-collected water samples were taken from Roseville,
CA, north of Sacramento to test the newly developed analytical
methods. Water samples were taken either by immersing a 2-L
solvent-cleaned glass bottle just below the water surface, or when
depths were too shallow to allow this, then by dipping a stainless
steel container into the water repeatedly and transferring its con-
tents to the glass bottle. The water sample bottles were held on
ice until return to the laboratory where they were refrigerated at
4 ◦C.

2.3. Method development

Three extraction methods were tested to optimize extraction
efficiencies of the pesticides from water. These methods included
LLE–NPSPE cleanup, and the use of two different C18 RPSPE
cartridges, one from Alltech and one from Agilent. This initial
comparison study was conducted using four replicate lake water
samples spiked with the target pesticides at 20 ng/L.

After the water samples were shipped to the laboratory, they
were stored at 4 ◦C in the dark. A 500 mL water sample was mea-
sured using a graduated cylinder and transferred to a 1-L glass
separatory funnel after the original sample container was vigor-
ously shaken to reduce the container adsorption of the analytes
[27]. Each sample was spiked with 50 ng of the DBOFB and DCBP
surrogates. Liquid–liquid extraction was performed using a slightly
modified version of EPA Method 3510 [39]. Samples were allowed
to sit for 1 h prior to LLE when spiked with the target analytes. Fifty
millilitres of DCM was used to rinse the graduated cylinder and
then added to the separatory funnel, and shaken for 2.0 min. The
DCM layer was drained into a 200 mL Turbovap vial after the solu-
tion separated into two defined layers. This procedure was repeated
two additional times. The combined extracts were concentrated to
1.0 mL in hexane and then added to a GCB/PSA cartridge, which
was preconditioned using 3.0 mL of hexane. The GCB/PSA cartridge
was used to effectively remove plant pigments such as chlorophyll,
and plant sterols from the final extracts without the loss of pla-
nar compounds [40]. Analytes were eluted from the cartridges with
7.0 mL of a 30% DCM in hexane solution. Eluates were concentrated
to 0.5 mL in a 0.1% acetic acid in hexane solution for subsequent
GC analysis. Analyte recoveries ranged from 95 to 110% using the
clean-up step with this cartridge.

The RPSPE method was performed using 500 mL water samples,
which were spiked with 50 ng of the two surrogates DBOFB and
DCBP. Two commercially available C18 SPE cartridges were tested
(one from Alltech and one from Agilent) and each was conditioned
with 3.0 mL of a solution of hexane and acetone (1:1, v/v), 3.0 mL
methanol, and 6.0 mL distilled water with a flow rate of one drop
per second. The water sample was introduced into the cartridge
using the same flow rate, and then the cartridge was vacuum-dried
for 10 min to remove any excess water. The beaker that contained
the original sample was rinsed twice with 4.0 mL of a mixture of

hexane and acetone (1:1, v/v), and the solvent pumped through
the cartridge. The solvent elution (8.0 mL) was collected and con-
centrated to 0.5 mL in 0.1% acetic acid in hexane under a gentle
stream of nitrogen prior to GC analysis. Excess water was removed
by adding baked anhydrous Na2SO4.
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ig. 1. Percent recoveries and standard deviations from four replicate analyses of lak
xtraction normal phase solid-phase extraction method, and RPSPE refers to the tw

The stability study was initiated by spiking the target pesticides
t a concentration of 20 ng/L into 500 mL of lake water, and storing
he sample at 4 ◦C in the dark for 1 h, 1 d, 4 d and 7 d. A separate
atch of water samples was spiked at the same concentration and
as treated with 1N HCl to adjust the pH of the water to 2.0, while
0 mL of hexane was added to a third batch of water samples to act
s a keeper solvent. These treated water samples were also stored
t 4 ◦C in the dark for 1 h, 1 d, 4 d and 7 d to compare results with
hose without acidification or hexane addition.

The best storage method for the water samples was selected
nd applied to the field-collected samples. After the field-collected
ater samples (at least 2 L) were shipped to the analytical labo-

atory, 500 mL aliquots were filled into separate bottles prior to
nalysis, and stored at 4 ◦C with the addition of 20 mL of hexane as
keeper solvent.

.4. Instrumental analysis

The final extracts were analyzed on two Agilent 6890 series
as chromatographs (GC), both equipped with an Agilent 7683
utosampler, a micro-electron capture detector (GC-�ECD), and
nitrogen–phosphorous detector (GC/NPD) (Agilent Technologies,
alo Alto, CA). Diazinon was quantified by GC/NPD, and the remain-
ng compounds were quantified by GC/ECD. The ECD temperature
as set at 320 ◦C, and the NPD temperature was set at 290 ◦C. Two

olumns, a HP-5 ms (30 m × 0.25 mm × 0.25 �m film thickness) and
DB-608 (30 m × 0.32 mm × 0.50 �m film thickness) (Agilent Tech-
ologies, Palo Alto, CA) were used to confirm the analytical results.
elium and nitrogen were employed as the carrier and makeup gas,

espectively. The flow rates of carrier gas were 3.5 and 1.8 mL/min
or the HP-5 ms and DB-608 columns, respectively. A 2.0 �L sam-
le was injected into the GC using a pulsed split-less mode. For the
P-5 ms column, the oven was set at 100 ◦C, heated to 180 ◦C at
0 ◦C/min, then to 205 ◦C at 3 ◦C/min, and held at 205 ◦C for 4 min,
hen heated to 280 ◦C at 20 ◦C/min and held at this temperature for
0 min. For the DB-608 column, the oven was set at 100 ◦C, heated to
50 ◦C at 10 ◦C/min, then to 280 ◦C at 3 ◦C/min, and held at 280 ◦C for
5 min. Instrumental calibration was performed using the external
tandard method with seven sets of the calibration standard solu-
ions with 2.5, 5, 10, 50, 100, 250, 500 ng/mL of each pesticide and
urrogates in hexane. Qualitative identity was established using a
etention window of 0.5% with confirmation on a second column.
ata analysis was performed using Microsoft Office Excel 2003, and
AS 9.1.3 service pack 4 (SAS Institute Inc., Cary, NC, USA).
.5. Quality assurance–quality control

A method blank was included with each batch of spiked, aged,
nd field-collected water samples by analyzing 500 mL of deionized
er spiked at 20 ng/L with the target pesticides. LLE–NPSPE refers to the liquid–liquid
rent commercial reversed phase solid-phase extraction cartridges.

water only. A matrix spike and matrix spike duplicate were per-
formed with every batch. Surrogates were added to each sample
prior to extraction to check method performance. Method detec-
tion limits (MDLs) were evaluated using three times the standard
deviation of seven replicates of extractions of spiked water at a con-
centration of 1.0 ng/L. The GC was calibrated on a daily basis, and
the calibration curve had good linearity (R2, 0.995). A mid stan-
dard (50 ng/mL) was run every 10 samples to assure less than 20%
variation from the calibration standards.

3. Results and discussion

3.1. Comparison of LLE–NPSPE and RPSPE

The LLE–NPSPE method effectively extracted the target pesti-
cides spiked into campus lake water at a concentration of 20 ng/L;
however, other interfering compounds (such as pigments and
sterols) were also extracted. Therefore, the extracts required sub-
sequent NPSPE cleanup to remove the interfering compounds prior
to the final GC analysis and a dual layer Superclean GCB/PSA car-
tridge was used. Recoveries of the target pesticides from the lake
water samples were very good for the LLE–NPSPE method and
ranged from 77.7 to 114.1% (Fig. 1). In addition, good chromato-
graphic separation was achieved for the target analytes spiked in
lake water samples using both GC columns (Fig. 2, only GC/ECD sig-
nals were shown). Extraction efficiencies of the pesticides were also
determined using two different C18 RPSPE cartridges for compar-
ison with the LLE–NPSPE method. Initial experiments conducted
with the pyrethroids found that they strongly bound to the glass
beakers in the spiked water samples with an almost complete loss
of these analytes. Lee et al. [27] also found strong container absorp-
tion of pyrethroids. Therefore, a mixture of hexane and acetone
(8 mL) was used to rinse the beakers and the rinsing solvent was
pumped through the cartridge (termed “back extraction” in the
current study). Although back extraction significantly enhanced the
extraction recoveries of the analytes, results from the two commer-
cial C18 cartridges showed that RPSPE produced lower recoveries
(40.5–112.3%) for the target pesticides than the LLE–NPSPE method
(Fig. 1). The lower recoveries noted for the RPSPE cartridges might
be due to an inability to effectively trap or adsorb the analytes from
the water samples, and this resulted in analyte loss. Therefore, the
LLE–NPSPE was chosen as the technique for further method devel-
opment.
3.2. Testing of the LLE–NPSPE method

Method detection limits for the LLE–NPSPE method ranged from
0.12 to 1.70 ng/L for the four water matrices tested (Table 1) and
were chosen as the maximum value among the four matrices
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Fig. 2. Chromatograms for GC/ECD analysis of extracts of campus lake water (CLW) spiked at 100 ng/L and a 100 ng/L calibration standard. Data are shown for both the HP-5 ms
and DB-608 columns.
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Table 1
Method detection limits (MDL, ng/L) in deionized water (DIW), Campus lake water
(CLW), runoff water and publicly owned treatment works water spiked with the
target analytes at 1 ng/L. The MDLs were chosen based on the highest value for the
four water matrices.

Pesticides DIW CLW Runoff POTW Method MDL

Diazinon 0.55 0.99 1.69 0.81 1.69
Chlorpyrifos 0.12 0.42 1.59 0.30 1.59
Bifenthrin 0.31 0.37 1.12 1.24 1.24
Fenpropathrin 0.45 0.45 1.65 1.24 1.65
�-Cyhalothrin 0.73 0.43 0.59 1.27 1.27
Permethrin 0.73 0.63 1.00 1.59 1.59
Cyfluthrin 0.50 0.69 0.65 1.09 1.09
Cypermethrin 0.51 1.70 0.59 1.13 1.70
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sfenvalerate 0.30 0.52 0.41 0.75 0.75
eltamethrin 0.36 0.72 0.64 0.41 0.72

ested. The MDLs determined in the current study were comparable
ith those determined using a stir bar sorptive extraction-capillary

as chromatographic-mass spectrometric method (1.0–2.5 ng/L)
30] and for ground water (0.2–0.5 ng/L) and seawater samples
0.3–0.7 ng/L) using liquid chromatography/electrospray ionization

ass spectrometry [26]. Much higher MDLs were reported in the
iterature for OPs in water using a single drop microextraction-
as chromatography mass spectrometry method (49–810 ng/L) [33]
nd for pyrethroids determined using a temperature-controlled
onic liquid dispersive liquid-phase micro-extraction method
280–600 ng/L) [34].

The LLE–NPSPE method was initially tested by spiking four
ifferent water sources including deionized water, lake water,
unoff water and final effluent from a POTW with the target
esticides at 1, 3, 20 and 100 ng/L. Mean pesticide recoveries
sing the LLE–NPSPE method were 66.5–129.4% with relative
tandard deviations (RSDs) of 1.0–24.2% in deionized water and
3.2–148.8% with RSDs of 1.3–26.6% in lake water (Table 2). Pes-

icide recoveries from runoff water were 70.9–125.8% with RSDs of
.9–37.9% and 70.8–148.1% with RSD of 1.5–33.4% in POTW efflu-
nt (Table 2). Higher recoveries and RSDs tended to occur in runoff
nd POTW effluent when these matrices were spiked at 1 ng/L

able 2
ean percent pesticide recoveries and relative standard deviations (RSD) in deionized w
orks water samples spiked at 1.0, 3.0, 20 and 100 ng/L.

DIW
1.0 (ng/L)a 3.0 (ng/L)a 20 (ng/L)a 100 (ng/L)a

Mean RSD Mean RSD Mean RSD Mean R

7 3 3 3
iazinon 92.4 19.1 94.1 21.5 95.9 3.7 81.1
hlorpyrifos 67.2 5.2 93.2 11.9 80.9 6.4 72.1
ifenthrin 98.1 10.2 76.4 3.1 77.2 1.6 88.7
enpropathrin 125.6 11.4 78.0 20.6 86.1 1.0 91.5
-Cyhalothrin 96.4 24.2 71.6 15.5 66.5 7.1 86.4 1
ermethrin 129.4 18.1 79.8 11.5 91.4 1.3 98.0
yfluthrin 119.0 13.4 109.8 4.3 78.6 1.3 98.5
ypermethrin 116.5 14.1 100.7 9.4 80.6 1.9 97.0
sfenvalerate 110.1 8.6 80.9 1.5 77.6 2.3 109.8
eltamethrin 109.7 10.5 96.5 4.7 78.3 3.9 110.9

Runoff
iazinon 121.5 28.9 91.4 19.3 88.0 6.6 93.8
hlorpyrifos 91.6 37.9 70.9 5.7 82.2 4.9 72.0
ifenthrin 80.2 32.5 75.0 5.9 93.3 7.9 89.2
enpropathrin 103.0 36.4 97.9 6.3 92.9 8.8 91.2 1
-Cyhalothrin 90.0 20.8 81.1 12.9 87.5 15.3 99.5 1
ermethrin 119.0 26.7 125.8 16.5 103.4 6.6 102.9 1
yfluthrin 114.8 18.0 116.7 5.7 96.5 6.8 90.1
ypermethrin 108.7 17.2 107.6 9.4 92.1 5.7 89.1
sfenvalerate 76.7 16.9 77.6 12.4 91.0 5.9 88.2 1
eltamethrin 102.7 19.9 110.4 19.9 83.0 8.5 99.5 1

a Spiking concentration.
(2009) 1345–1351 1349

(Table 2), since matrix effects become more problematic at MDL
levels.

3.3. Storage stability of the pesticides

Campus lake water samples were spiked with 20 ng/L of the ana-
lytes and then stored at 4 ◦C for 1 h, 1 d, 4 d and 7 d to study the
stability of the analytes under three holding conditions: (I) water
samples only; (II) with acidification to pH 2 with HCl; (III) with
20 mL hexane which was used as a keeper solvent. Triplicate exper-
iments were performed under all three conditions at each time
point. The results are shown in Fig. 3.

Under storage condition I, recoveries of bifenthrin (from 83.6%
in 1 h to 67.8% in 7 d) and fenpropathrin (from 92.2% in 1 h to 59.9%
in 7 d) in lake water significantly decreased with increased stor-
age time (p ≤ 0.05). Recoveries of �-cyhalothrin (from 79.9% in 1 h
to 61.4% in 4 d to 74.9% in 7 d) and permethrin (from 105.1% in 1 h
to 81.1% in 7 d) also slightly decreased in lake water with increas-
ing storage time, even if no significant difference was observed for
the recoveries of each compound with various storage times. For
bifenthrin, fenpropathrin, �-cyhalothrin, permethrin, cyfluthrin,
cypermethrin, esfenvalerate and deltamethrin, lower or slightly
lower recoveries were found with storage times up to 4 d, but no
significant difference was observed from 1 h to 7 d.

Under storage condition II, water acidification resulted in the
rapid degradation of diazinon in lake water over increasing stor-
age time (p ≤ 0.05), but no significant degradation was observed
for other compounds in lake water with the storage times up to 7 d
(Fig. 3, p > 0.05). These results suggested that water acidification led
to the hydrolytic decomposition of diazinon and chlorpyrifos, to a
certain degree [41], and the hydrolytic decomposition rates might
depend on water matrix, pH value, and pesticides chemical struc-
ture, which is beyond the scope of this study to further investigate.

Under storage condition III, no significant difference was found
time (Fig. 3). However, hexane addition did improve the recoveries
of chlorpyrifos, bifenthrin, fenpropathrin, �-cyhalothrin, perme-
thrin, cyfluthrin, cypermethrin, esfenvalerate and deltamethrin in
lake water stored for 4 d and this is the time frame where we start to

ater (DIW), Campus lake water (CLW), runoff water and publicly owned treatment

CLW
1.0 (ng/L)a 3.0 (ng/L)a 20 (ng/L)a 100 (ng/L)a

SD Mean RSD Mean RSD Mean RSD Mean RSD

7 3 3 3
3.8 103.9 22.0 104.5 12.1 92.8 15.0 79.8 14.2
7.3 100.3 12.4 89.8 22.3 81.1 2.3 63.2 8.2
7.0 87.8 12.5 79.3 13.0 83.6 4.3 76.2 7.0
5.1 98.7 13.6 97.1 16.8 86.7 1.3 79.0 4.2
2.0 103.9 12.3 89.7 14.4 79.9 3.2 87.1 11.2
9.8 133.0 14.0 98.9 17.9 105.2 9.9 110.5 8.5
6.1 119.9 17.3 86.7 14.9 83.6 10.1 99.4 10.1
7.7 148.8 26.6 87.2 8.4 96.3 12.9 100.1 11.9
7.3 86.7 18.0 90.1 24.8 84.9 7.0 107.0 13.2

11.6 115.0 18.7 101.7 22.6 82.9 5.6 107.5 10.7

POTW
6.6 103.8 18.7 90.2 13.0 100.2 9.7 78.5 13.2
8.0 102.5 8.9 113.7 20.6 101.9 1.5 77.9 6.1
7.1 117.2 28.2 116.6 24.7 77.9 8.6 87.7 6.0
3.6 117.8 30.2 86.6 17.4 95.1 11.0 92.3 6.3
8.1 109.5 28.7 119.1 16.7 96.4 8.0 93.7 7.2
6.6 137.3 25.8 148.1 12.1 103.9 8.6 113.6 8.6
9.7 119.6 29.0 145.3 8.5 110.2 5.9 97.0 7.3

11.5 70.8 33.4 145.1 11.8 101.7 8.0 95.5 9.1
2.9 84.8 27.0 93.3 9.7 83.7 11.4 102.4 7.6
4.9 102.8 10.9 96.7 4.1 81.9 5.5 108.3 8.0
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ig. 3. The stability of the target pesticides (spiked at 20 ng/L) in campus lake wa
epresent the mean of three replicates ±standard deviation. hxn = hexane.

nd that these pesticides have lower recoveries in lake water under

torage conditions I and II (Fig. 3).

In summary, the best choice for pesticide water storage is to
xtract the target analytes from the water within 4 days if applying
o protection, or extract them within 7 days if applying hexane as
keeper solvent.

able 3
ean pesticide concentrations and concentration ranges in 14 field-collected water samp

esticide Samples analyzed Samples where pesticides were detecte

iazinon 14 0
hloropyrifos 14 3
ifenthrin 14 14
enpropathrin 14 0
-Cyhalothrin 14 2
ermethrin 14 9
yfluthrin 14 11
ypermethrin 14 11
sfenvalerate 14 0
eltamethrin 14 2

: less than MDL in Table 1.
hen stored at 4 ◦C for 1 h, 1 d, 4 d and 7 d under different storage conditions. Bars

3.4. Validation of the LLE–NPSPE method using field-collected

water samples

The newly developed LLE–NPSPE method was further tested
using a series of 14 field-collected water samples and the data are
presented in Table 3. The water samples were run as a single batch

les taken from Roseville, CA.

d Mean concentration (ng/L) Concentration range (ng/L)

<1.69 <1.69 <1.69
3.45 2.89 4.23

14.0 2.55 29.7
<1.65 <1.65 <1.65

4.89 2.84 6.95
21.7 7.43 66.1
8.20 2.24 22.6
9.94 5.51 25.9

<0.75 <0.75 <0.75
2.94 2.34 3.53
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nd were taken from a residential area in northern California. A
atrix spike and matrix spike duplicate spiked at 20 ng/L was per-

ormed with this batch of samples. Mean recoveries of the target
nalytes from the matrix-spiked samples were 63.3–112.1% with
elative percent differences (RPDs) of 3.7–17.2%. A replicate field-
ollected water sample was also conducted and it had lower RPDs
f 0.38–13.2%. Surrogate recoveries ranged from 49.0 to 101.8% for
BOFB and from 44.2 to 116.8% for DCBP in the 14 water samples.
he most often detected pesticides were bifenthrin, followed by
ypermethrin, cyfluthrin, permethrin, and chloropyrifos (Table 3).
he concentrations of individual pesticides ranged from 2.2 to
6.1 ng/L.

. Conclusion

This study showed that LLE–NPSPE was the best choice for
he trace extraction, cleanup and analysis of organophosphate and
yrethroid insecticides in laboratory and field-collected water sam-
les. The developed method was well validated with four different
ater matrices, and provided satisfactory pesticide recoveries with
ethod detection limits comparable to those from GC/MS and

C/MS. The storage stability of the target pesticides in water showed
hat the collected water samples should be extracted and analyzed
ithin 4 days after they are shipped to the laboratory, or, the sam-
les could be kept up to 7 days if they are held at 4 ◦C with hexane
s a keeper solvent. The developed method has been successfully
sed for the analysis of field-collected waters with good results.
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a b s t r a c t

In this article, the poly-calcon carboxylic acid (poly-CCA) film modified electrode was prepared by cyclic
voltammetry (CV). Then, an electrochemical DNA biosensor was developed for detection of PML/RARA
fusion gene in acute promyelocytic leukemia (APL) by using 18-mer single-stranded deoxyribonucleic
acid as the capture probe. The capture probe was covalently attached through free amines on the DNA
bases using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and N-hydrosulfosuccinimide (NHS)
cross-linking reaction on a carboxylate-terminated poly-CCA monolayer modified glassy carbon electrode
(GCE). The covalent immobilized capture probe could selectively hybridize with its target DNA to form
double-stranded DNA (dsDNA) on GCE surface. The aim of this work is to provide a well-defined recog-
nition interface for the detection of DNA. Differential pulse voltammetry (DPV) was used to monitor the
hybridization reaction on the capture probe electrode. The decrease of the peak current of methylene
blue (MB), an electroactive indicator, was observed upon hybridization of the probe with the target DNA.
The results indicated that in pH 7.0 phosphate buffer solution (PBS), the oxidation peak current was lin-
ear with the concentration of complementary strand in the range of 1.0 × 10−12 to 1.0 × 10−11 M with a

detection limit of 6.7 × 10−13 M. This new method demonstrates its excellent specificity for single-base
mismatch and complementary sequence (dsDNA) after hybridization, and it would be proposed to use in
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real sample.

. Introduction

Acute promyelocytic leukemia (APL) is a kind of acute leukemia
hich often goes with bleeding severely. The bleeding mecha-
ism of the APL patient is very complex. Almost all of the APL
atients are characterized by chromosome reciprocal transloca-
ion, t(15;17) (q22;q12), resulting in the generation of fusion gene
etween promyelocytic leukemia (PML) and retinoic acid recep-

or alpha (RARA), which forms PML/RARA fusion gene. It would
ave crucial meanings of APL [1]. The reported methods for the
etection of PML/RARA fusion gene were chromosome analysis [2],
uorescence in situ hybridization (FISH) [3], flow cytometry (FCM)
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© 2009 Elsevier B.V. All rights reserved.

[4], real-time quantitative reverse transcription polymerase chain
reaction (RT-PCR) [5], etc. Despite the chromosome analysis would
analyze the abnormality of the single cellular chromosome in struc-
ture and number, it spends long time and much energies. At the
same time, it has low sensitivity. FISH has high sensitivity, but it
has poor precision in immobilization. Although FCM would detect
5000–10,000 cells, it identifies the cellular shape, size and fluo-
rescence feature only in single cellular level. The result of RT-PCR
detection is sensitive and accurate, but often appears the false posi-
tive and false negative. Besides, it is difficult to quantitate. Thus, it is
important to develop a new effective method to detect PML/RARA
fusion gene.

In recent years, it has been considerable interested in develop-
ing DNA electrochemical biosensors for the rapid and inexpensive

diagnosis of genetic diseases and other applications [6–8]. Such
biosensors show both high selectivity and sensitivity in detecting a
specific sequence, since a specific oligonucleotide can be immo-
bilized on the surface of electrode. The immobilization step of
the capture probe could lead to a well-defined probe orientation,
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hich allows for ready accessibility of the target. Thus, specific
NA probe–target interactions and charge transfer reactions give
n electrical signal which can be directly monitored. In addition,
lectrochemical devices offer certain advantages over the optical
evices. They are easy to miniaturize, simple, rapid and inexpensive
ecause electrochemical transduction is independent in solution
urbidity or optical pathway. The immobilization of DNA onto the
ransducer surface plays an important role in the overall perfor-

ance of the DNA biosensors. The effective immobilization of the
robe not only improves the sensitivity and selectivity of biosen-
or, but also eliminates the non-specifically adsorption. It is of
mportance to effectively control the coverage of the probe on the
lectrode, the direction of the immobilization and the stability as
o the successful detection of hybridization. However, traditional

ethods in immobilization of DNA onto electrode surfaces have
oor hybridization efficiency [9,10]. Such as self-assembly mono-

ayer (SAM)/Au-orientated system has been widely reported for the
abrication of biosensors [11], but gold–thiol bond can only with-

tand reasonably mild potentials and the alkanethiols. Moreover,
he potential window of a gold electrode is limited to a relatively
ositive range due to its low overpotential for hydrogen evolution.
hus, it is important to develop a new effective process of immobi-
ization.

ig. 1. (Part A) Mechanism of the poly-CCA electrode reaction: (A) the structure of CCA; (B
he fabrication of DNA biosensor for APL.
(2009) 1227–1234

Recently, application of chemical modified electrode in biology
and chemistry has been paid more and more attention. Especially,
the conducting polymers are very effective substrates for biomate-
rial immobilization. Some conducting polymers are doped and/or
covalently or physically modified by bionanomaterials, especially
proteins and nucleic acids, which exhibit unique catalysis [12]
or affinity properties that can be easily employed in the design
of biosensors [13]. Otherwise, polymer film modified electrodes
[14–17] can form function groups of high concentration on the sur-
face of the electrode, at the same time, they can increase the stability
of fix function groups and selectivity of reactions. Therefore, the
polymer film modified electrodes have found broadly studied and
applied. Thus, the immobilized DNA by conducting polymeric mate-
rials have the properties of mechanical flexibilities, high surface
areas, chemical specificities, tunable conductivities and easy pro-
cessing, which make the conducting polymer the promising sensing
materials for ultrasensitive, trace-level biological and chemical sen-
sors [18–20].
In this paper, we describe the use of an electrochem-
ical deposition procedure, to fabricate the poly-calcon car-
boxylic acid (poly-CCA) film (Fig. 1, Part A (A)) modified
electrode using the GCE as the working electrode. In the
presence of N-hydrosulfosuccinimide (NHS) and 1-ethyl-3-(3-

) the benzoquinone diimine structure of CCA. (Part B) Diagram of the procedure for
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tial. The reduction signal of MB was measured as in Section 2.2.2.
Then, hybridization of the complementary was performed as in Sec-
tion 2.2.3 and intercalation of MB was performed as in Section 2.2.4.
N. Wei et al. / Talan

imethylaminopropyl) carbodiimide (EDC), amines groups of
ligonucleotides probe at the 5′end were covalently immo-
ilized onto the carboxyl groups of poly-CCA film on the
lectrode. Hybridization was conducted by immersing the elec-
rode immobilized DNA probe into the buffer solution containing
ts complementary sequence. Then DPV measurement was per-
ormed using electroactive methylene blue (MB) as an indicator. The

ethod can effectively discriminate complementary DNA sequence
rom non-complementary and single mismatched sequence. The
erformance of the DNA biosensors with respect to the sensitiv-

ty and linear range was discussed. To our knowledge, this is the
rst time poly-CCA has been used for DNA detection. This method

oreshows that the new immobilization of film modified electrode
o detect DNA would be the basis of detecting diseases such as
eukemia in early diagnosis and prognostic monitoring.

. Experimental

.1. Reagents and apparatus

The 18-base synthetic oligonucleotides were purchased from
hanghai Sheng gong Bioengineering Ltd. Company (Shanghai,
hina). Their base sequences were: immobilized probe (18-base
equence, S1)-5′-NH2-TCT CAA TGG CTG CCT CCC-3′; target (S2)-5′-
GG AGG CAG CCA TTG AGA-3′; non-complementary (S3)-5′-ACT
CA TCC TTC GCT CTC-3′; single-base mismatch (S4)-5′-GGG AGG
AG CCA TTG AAA-3′. Stock solutions (100 �M) of all oligonu-
leotides were prepared with TE solution (10 mM Tris–HCl, 1.0 mM
DTA, pH 8.00) and kept frozen. More dilute solutions were pre-
ared with 20 mM acetate buffer (pH 4.80). MB was purchased
rom Aldrich. Stock solutions of MB (1.0 mM) were prepared with
eionized water. CCA was purchased from Sigma. EDC and NHS
rom Sigma were used without further purification. Other all chem-
cals were of analytical reagent grade. Phosphate buffer solution
PBS) was prepared by mixing the stock solutions of NaCl and
aH2PO4–Na2HPO4, and then adjusting the pH with H3PO4 or
aOH. All the buffer solutions contained 50 mM NaCl. Sterilized
nd deionized water was used in all solutions.

Electrochemical impedence spectroscopy (EIS), cyclic voltam-
etry (CV) and DPV measurements were performed by using

HI 660C Electrochemical Workstation (CH Instrument, USA). The
lectrochemical system consisted of GCE (3 mm diameter) as the
orking electrode, a platinum wire as the auxiliary electrode, and

he reference electrode (Ag/AgCl, 3 mol L−1 KCl). All potentials men-
ioned in this paper referred to this reference electrode.

.2. The preparation of surface of biosensor and its modification
ith DNA

The diagram for preparation of the electrochemical DNA biosen-
or is illustrated in Fig. 1.

.2.1. GCE modification to form poly-CCA/GCE
We had ever reported the method that a novel poly-CCA

odified GCE was fabricated by electropolymerization. Then the
haracterization of electrochemically synthesized poly-CCA film
as investigated by atomic force microscopy (AFM), EIS and

oltammetric methods [21]. So, GCE modification to form poly-
CA/GCE was done according to the procedure previously described
y the method [21]. Before surface modification, the GCE was
olished in sequential order with 1.0, 0.3 and 0.05 �m alumina

AlfaAesar, USA). The electrode was thoroughly washed with water,
onicated in ethanol, and finally dried thoroughly under N2 flow.
he surface modification of the GCE was performed by procedure
eported in Ref. [21]. Briefly, GCE was polarized in 0.1 M H2SO4 by
yclic scanning between −0.40 and +1.60 V for 5 min at scan rate of
(2009) 1227–1234 1229

100 mV s−1. Then the polarized electrode was carried out in 0.05 M
NaOH containing 0.3 mM CCA solution by cyclic scanning between
−0.40 and +1.80 V for 40 cyclic times at scan rate of 100 mV s−1.

2.2.2. Immobilization of single-stranded DNA (ssDNA, S1) on
poly-CCA/GCE

A versatile method for covalently attaching S1 to the poly-
CCA/GCE was by using EDC and NHS linking reaction. The terminal
carboxylic acid groups of the poly-CCA/GCE were activated by
immersion in the 50 mM PBS (pH 7.40) containing 2 mM EDC and
5 mM NHS for 1 h. The linker/poly-CCA/GCE was rinsed with 50 mM
PBS (pH 7.40) to wash off the redundant EDC and NHS. Then, S1
immobilization onto the surface was performed by the follow-
ing procedure: 10 �l of 1.0 × 10−12 M S1 was pipetted onto the
chemically modified GCE. The S1 droplet was left to dry. Thus, a
S1-modified GCE was obtained. This electrode S1/poly-CCA/GCE
was designated as probe electrode. Then the electrode was washed
with 0.1% SDS phosphate buffer (pH 7.30) for 5 min to remove the
unbound DNA probes.

2.2.3. Hybridization with synthetic oligonucleotides
The hybridization was performed by immersing the S1/poly-

CCA/GCE into 0.1 M PBS (pH 7.00) containing 5 �l of different
concentrations of S2. This hybridization process was left for 30 min
at 45 ◦C [22]. Thus, a hybrid-modified GCE was obtained. The elec-
trode surface was then washed with ultra-pure water and 0.1%
SDS phosphate buffer (pH 7.30) for 5 min to remove the unbound
oligonucleotides. The same protocol as above was applied at S1-
modified GCEs for hybridization reactions of S1 with S3 and also
with S4.

2.2.4. MB accumulation and voltammetric transduction
MB for DNA hybridization detection is illustrated in Fig. 1.

MB was accumulated onto the surface of hybrid-modified GCE by
immersing the electrode into stirred 0.1 M PBS (pH 7.00) contain-
ing 20 �M MB with 50 mM NaCl for 5 min without applying any
potential. In the optimal condition, the concentration of MB was
chosen as 20 �M and the accumulation time of MB was chosen as
5 min for optimum analytical performance. After accumulation of
MB, the electrode was rinsed with 0.1 M PBS (pH 7.00) in ultrasonic
bath for 10 s to remove the non-specific MB. MB was intercalated
into the DNA to form DNA/MB system on the probe electrode after
hybridization. Then, CVs were collected between −0.50 and +0.40 V
with scan rate of 100 mV s−1; differential pulse voltammetries were
collected from −0.50 V to 0.40 V with amplitude of 5 mV.

2.2.5. Regeneration of modified electrode surface
The probe modified GCE surface denaturation/regeneration

cycles were investigated. Both hybridization and detection involve
reversible-binding processes, so that the biosensor could be
reusable for five cycles of hybridization and regeneration. Sur-
face denaturation/regeneration cycles using MB as indicator were
carried out as follows. A probe modified GCE electrode was first
characterized by DPV in a stirred 0.1 M PBS (pH 7.00) containing
20 �M MB with 50 mM NaCl for 5 min without applying any poten-
Subsequently, the reduction signal of MB was measured as in Sec-
tion 2.2.4. After this measurement, the surface-immobilized dsDNA
was then denatured in ultra-pure water at 95 ◦C for 1 min, thus, this
gave rise to the probe modified GC electrode. Then a new cycle of
denaturation/regeneration would start again.
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. Results and discussion

.1. Covalent modification of GCE with CCA

The potential scan range, especially the positive potential, affects
onsiderably the formation of polymerization film. It is found that
t is difficult to initiate the polymerization reaction by the elec-
rochemical method when the positive limited potential was less
han +1.3 V [21]. It is clear that the anodic peak at about 0.4 V cor-
esponding to the oxidation of CCA monomer decreased sharply
or the first two cycles (figure not shown). Upon further potential
ycling, it decreased gradually. This phenomenon implies the for-
ation of poly-CCA membrane on GCE [21]. The electro-deposited

ehavior of CCA at the GCE is similar to some reports [23,24] refer-
ing to the electrochemical responses of a few azo compounds at
olid electrode. The reaction mechanism could be explained as fol-
ows (Fig. 1): CCA (A) was first deposited at the surface of GCE
nd oxidized to form a benzoquinone diimine structure (B); and
hen the benzoquinone diimine structure (B) was reduced to CCA
A) at the surface of GCE. After electropolymerization, the modi-
ed electrode was carefully rinsed with doubly distilled water and
hen kept in pH 7.00 PBS. This modified electrode was used within
weeks.

.2. Electrochemical behavior of Fe(CN)6
3−/4− on different

odified GCE

Prior to hybridization of the target DNA on the surface of the
1-modified electrodes, we examined the surface coverage of S1
n the electrode by CV in the presence of Fe(CN)6

3− marker ion
n solution, according to the reported procedure [25,26]. The bare
CE, poly-CCA/GCE, S1/poly-CCA/GCE, were used as the working
lectrodes, respectively (figure not shown). The result showed that
symmetric, reversible voltammogram was obtained for a bare
CE, whereas the poly-CCA modified electrode showed an asym-
etric, irreversible wave. Both the anodic and cathodic currents

re severely reduced for the poly-CCA modified electrode, due to
he electrostatic repulsion between Fe(CN)6

3− anion and negatively
harged poly-CCA film on the electrode surface. When the probe
NA immobilized on the modified electrode, compared with bare
CE and poly-CCA/GCE, the peak current decreased further and the
otential deviation increased. That is, the probe DNA had negative
harge, the negative charge on the surface would further increase,
o hampered Fe(CN)6

3− to participate the electrode reaction on
he surface [27]. These results suggest that the electrode surface
s well covered with the probe DNA under the modification condi-
ions.

The EIS was also used to identify the immobilization of S1 on
he GCE. In the Nyquist diagram the semicircle diameter of the
lectrochemical impedance spectra equaled to the electron trans-
er resistance R Nyquist diagrams of [Fe(CN)6]3−/4− at different

odified electrodes were illustrated in Fig. 2. After the poly-CCA
lm modified on the GCE, the interfacial Ret increased greatly
curve b) compared with that of the bare GCE (curve a); this was
ttributed to the large quantity of negative charges from –COO−

roups or –SO3
− groups that perturbed the rates of interfacial elec-

ron transfer between the electrode and the electrolyte solution.
fter the probe DNA S1 was immobilized on the electrode surface,
et increased because of the strong electrostatic repulsion between
he negatively charged [Fe(CN)6]3−/4− molecules and the negative

harges on the DNA phosphate backbone [28]. This phenomenon
as further enhanced after hybridization was completed on the

lectrode surface, and an obvious increase in Ret was observed (as
hown in curve c and curve d). The surface coverage (�) of poly-CCA
lm on a bare GCE can be calculated from the EIS in terms of the
Fig. 2. Impedance plots of 10 mM Fe(CN)6
3−/4− in 1.0 M KCl on different modified

electrode: (a) bare GCE; (b) poly-CCA/GCE; (c) S1/poly-CCA/GCE; (d) S1–S2/poly-
CCA/GCE.

equation [21,29–33]:

� = 1 − RBare
ct

Rpoly-CCA
ct

(1)

where RBare
ct denotes the charge transfer resistance of the bare GCE,

and Rpoly-CCA
ct is the corresponding resistance of the poly-CCA/GCE

with different electropolymerization cyclic times. It is evident that
a saturated monolayer of poly-CCA film on the bare GCE surface
was formed after electropolymerization for 40 cyclic times; in 0.1 M
KCl solution with 5 mM Fe(CN)6

3−/4− (pH 7.0), RBare
ct is 65 �. Under

the same conditions, Rpoly-CCA
ct is about 9000 �. Using Eq. (1), the

coverage was calculated to be 99.3%. The EIS results indicated that
modification and hybridization were successfully accomplished on
the electrode surface.

3.3. The electrochemical behavior of MB on different electrodes

Fig. 3 shows that bare GCE, poly-CCA/GCE, S1/poly-CCA/GCE
and S1–S2/poly-CCA/GCE interacted with pH 7.00 PBS contain-
ing 20 �M MB, respectively. There is a rather low signal of
MB on bare GCE obtained as shown in Fig. 3A (curve a). The
oxidoreduction peak potential for non-specifically adsorbed MB
peak was at −100 mV versus Ag/AgCl. This is due to the rela-
tively low quantity of MB adsorbed on the GCE surface [25,34].
When the poly-CCA modified on the electrode, the peak current
increased (Fig. 3A, curve b). As CCA was a kind of chelometric
titration indicator, and the whole name was 1-(2-hydroxy-4-sulfo-
1-naphthylazo)-2-hydroxy-3-naphthoic acid, which containing a
sulfonic group(–SO3H) in the structure. As it was known, the pKa

value of R–SO3H was usually between 3.00 and 4.00 [35,36]. When
the solution pH was equal to 7.00, the –SO3H group of poly-CCA
film could dissociate favorably into a negative charge group –SO3

−.
Under this condition, the MB in the solution would interact with
proton (H+) and form the positive ion of MBH+ (pKa: 5.18–6.03)
[37]. Therefore, the negative charge group –SO3

− on the surface of
poly-CCA modified electrode had a well affinity to the MBH+ posi-
tive ions and could catalyze and promote the oxidation of MB in the
pH 7.00 PBS (mechanism shown in Fig. 3C). The highest MB oxidore-
duction signal was observed with capture probe on the electrode

because the electronegative phosphate skeletons of capture probe
immobilized on the electrode had a powerful attracting force to
MB cation. At the same time, many more free guanine bases of DNA
molecules were exposed out and had a strong affinity with MB, and
hence the greatest amount of MB accumulation occurs at this sur-
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Fig. 3. (A) Cyclic voltammetries of 20 �M MB interacted on bare GCE (a), poly-CCA/GCE (b), 1.0 × 10−12 M S1/poly-CCA/GCE (c), and 1.0 × 10−12 M S1–S2/poly-CCA/GCE (d).
(B) Differential pulse voltammetries of 20 �M MB on bare GCE (a), poly-CCA/GCE (b), 1.0 × 10−12 M S1/poly-CCA/GCE (c), and 1.0 × 10−12 M S1–S2/poly-CCA/GCE (d). Pulse
a (C) Me
b etries

f
i
p
c
c
c
T
g
A
s
i

mplitude, pulse width and pulse period were 0.05 V, 0.05 s, and 0.2 s, respectively.
etween −0.50 and +0.40 V with scan rate of 50 mV s−1; differential pulse voltamm

ace [22,38–45] (Fig. 3A, curve c). However, a significant decrease
n the voltammetric peak current of MB was observed after com-
lementary target sequence S2 was allowed to hybridize with the
apture probe electrode (Fig. 3A, curve d). After hybridization, the
urrent signal of MB decreased due to less MB binding to dsDNA,
aused by the inaccessibility of MB to the guanine bases [38,46–49].

his decrease is attributed to the steric inhibition of the reducible
roups of MB packed between the bulky double helix of the hybrid.
nother interaction may be related to majority of the MB molecules
tarting intercalating between the double helix of dsDNA at high
onic strength conditions, because the ionic shielding of the nega-
chanism of MB reaction at the poly-CCA/GCE. Cyclic voltammetries were collected
were collected from −0.50 V to 0.40 V with amplitude of 5 mV.

tive charges on the DNA was established. It showed that less MB was
associated with dsDNA in a high ionic strength solution. The result
indicated that less charge was being passed through dsDNA and
upon intercalation the reduction potential became less cathodic
[47].

Fig. 3B displays DPV of the bare, poly-CCA-modified, S1-

modified and S1–S2-modified GCE previously accumulated with
MB in blank buffer solution. The results were in good agreement
with those obtained from CV. The decrease in the magnitude of
the voltammetric peak current of MB intercalator thus reflects the
extent of the hybridization at the electrode surface [50].
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Fig. 4. (A) Cyclic voltammetries of 2.0 �M MB (PBS pH 7.00) on probe modified
e
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Fig. 6. Differential pulse voltammetries of 20 �M MB accumulated on the probe
−1.0 × 10−12 M S1 after its hybridization with different concentration of the S2 in
0.10 M pH 7.00 PBS buffer solution. Target concentration (×10−12 M): (a) 1.0, (b) 2.0,
(c) 4.0, (d) 6.0 and (e) 10. Inset shows the plot of the peak current of MB as a function
lectrode at various scan rates (mV s−1): (a) 100; (b) 200; (c) 300; (d) 400; (f) 500;
g) 600; (h) 700; (i) 800; (j) 900. (B) The relationship of peak current I (�A) and scan
ate v (mV s−1).

.4. The CV study of MB interacted with the probe modified
lectrode along with change of scan rate

The probe modified electrode immersed in pH 7.00 PBS con-
aining 20 �M MB and CV were collected with the scan rate of
.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0 V s−1. As shown in
ig. 4A, a pair of evident oxidoreduction peak appeared, and the
eak current increased along with the increasing of the scan rate.
ig. 4B shows that the reduction peak current was linear with the
can rate. The regression equation was I (�A) = 1.14387 + 0.00799v
mV s−1), and the coefficient correlation r = 0.9971. It also indi-
ated that MB strongly bound to the probe modified electrode
27].

.5. Hybridization specificity of probe-DNA/poly-CCA/GCE

The selectivity of this assay was investigated by using the

NA/poly-CCA/GCE as the capture probe (S1) to hybridize with
arious DNA sequences complementary oligonucleotide (S2), non-
omplementary oligonucleotide (S3), and one base mismatch
ligonucleotide (S4). Fig. 5 shows the DPV signal of MB at S1 before

ig. 5. Differential pulse voltammetries of 20 �M MB accumulated on the
.0 × 10−12 M S1/GCE (a), 1.0 × 10−12 M S1–S3/GCE (b), 1.0 × 10−12 M S1–S4/GCE (c)
nd 1.0 × 10−12 M S1–S2/GCE (d) in 0.10 M PBS (pH 7.00) with 50 mM NaCl. Differ-
ntial pulse voltammetries were collected from −0.50 V to 0.40 V with amplitude of
mV.
of the target concentration. Error bars = ±relative standard deviation.

hybridization (Fig. 5, curve a), and after hybridization with the same
amount of S2 (Fig. 5, curve d), S3 (see Fig. 5, curve b) and S4 (see
Fig. 5, curve c). As can be seen, the largest DPV peak current of
MB was observed when exposed the S1/poly-CCA/GCE to the S3
(Fig. 5, curve b), which was similar to that of the blank measure-
ment (Fig. 5, curve c) (a blank measurement means the response
of MB at the S1/poly-CCA/GCE, indicating that no change occurred
at the electrode surface, and the greatest amount of MB accumu-
lated on the electrode because of the strong affinity of MB with
the free guanines; an obviously decreased peak current of MB was
obtained when incubating with the S2 (Fig. 5, curve d), suggest-
ing that hybrids (dsDNA) formed at the electrode surface, and the
interaction of MB and guanine residues of the probe was prevented
by duplex formation on the electrode surface; after S1 hybridized
with S4, the peak current of MB was significantly increased and
approached to that of S1/poly-CCA/GCE (Fig. 5, curve c), indicat-
ing the complete hybridization was not accomplished due to the
base mismatch). Thus, response of MB on the probe electrode can
be considered as an efficient intercalator to distinguish between
hybrids, non-complementary and single-base mismatch oligonu-
cleotides.

The sensitivity of this electrochemical biosensor for the tar-
get DNA was investigated by varying the target oligonucleotide
concentration according to the procedure described in Section 2.
The different current value obtained in the DPV response of MB
after hybridization of probe with target was recorded with three
repetitive measurements. The current response at about −0.24 V
decreased in proportion to the amount of the target sequence used.
The average logarithmic current response shows excellent correla-
tion with the amount of the complementary oligonucleotides in the
range of 1.0 × 10−12 to 1.0 × 10−11 M (shown in Fig. 6). The regression
equation is log Ip (�A) = 0.068C (pM) + 0.555 (r = 0.9963). A detec-
tion limit of 6.7 × 10−13 M for the target DNA can be estimated using
3� (where � is the standard deviation of the blank solution, n = 8).
The reproducibility of the biosensor for detection of 1.0 × 10−12 M
target DNA is 7.32% (n = 8). Compared with the other method which
our laboratory had been established [51], the novel covalently mod-

ification method can get a lower detection limit and has higher
sensitivity.
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.6. Optimization of conditions

.6.1. The selectivity of hybridization time and hybridization
emperature

The co-influence of hybridization time and hybridization tem-
erature were studied in these experiments. The result indicated
hat hybridization time decreased with the increasing of hybridiza-
ion temperature due to the fact that higher temperature sped the

ovement of DNA molecules. On the other hand, higher hybridiza-
ion temperature accelerated the denaturation of dsDNA [52],
esulting in the decreasing of the absolute hybridization number.
aking consideration of the above two factors, the probe modified
lectrode reacted with target DNA in solution was chosen at 45 ◦C
or 30 min, which was the optimal hybridization condition.

.6.2. The selectivity of the concentration about MB
The indicator of DNA electrochemical sensor was a kind of elec-

roactive compound which would be interacted with probe and
sDNA in different ways. The conjugation way of indicator and DNA
ad three kinds of fundamental modes [46,53]. The good functional

ndicator would be the different selectivity in the binding ability of
he probe and dsDNA. So the indicator in the dsDNA and probe-DNA

odified electrode would be the different level of accumulation
nd different current response. MB was selected as indicator, that’s
ecause MB was of good specificity to recognize the different modi-
ed electrode [50]. The concentration about MB would be the great

nfluence on the electrochemical signal. Therefore, the concentra-
ion of MB was examined.

In order to examine the effect of MB concentration on the
nhanced DPV signal (�Ip), DNA modified electrode was prepared,
nd selected different concentrations of MB to detect DPV signal,
espectively. The result showed that �Ip was increased with the
ncreasing of concentration of MB after hybridization. When MB
oncentration was 2.0 × 10−5 M, the peak current reached the max-
mum. When the concentration of MB was increased more, the

Ip kept constant, which indicated that the concentration of MB
eached saturation, thus 2.0 × 10−5 M was selected as experimental
oncentration.

.6.3. The selectivity of MB accumulation time
The effect of accumulation time of MB on �Ip was examined, and

he results showed that �Ip increased exponentially with the accu-
ulation time of MB in the first 5 min. Beyond this accumulation

ime, �Ip tended to constant, which indicated that intercalation of
B into DNA reached a saturation value. Thus, accumulation time

f 5 min was chosen as the optimal accumulation time.

.6.4. The effect of pH
CVs for the electro-oxidation of MB were performed at the DNA

odified GCE in various pHs of PBS, and the results showed that the
eak potential shifted to negative value with increasing of pH. The
eak current of MB showed a maximum at pH 7.00, so the electro-
xidation of MB was preformed better in pH 7.00 PBS.

.6.5. The selectivity of the concentration about NaCl in the
ybridization solution

The monovalent cation such as NaCl would increase the speed
f the generation about the heterogenous heteroduplexes [54]. In
he hybridization solution, since changing of the concentration of
aCl would greatly affect the hybridization signal, the effect of NaCl
oncentration on the hybridization of 1.0 × 10−12 M complementary

trand was examined, when the concentration of NaCl was lower
han 0.05 M, the oxidation peak current of MB increased along with
he increasing of the NaCl concentration. On the contrary, when the
oncentration of NaCl was higher than 0.1 M, the oxidation peak
urrent of MB decreased with increasing of NaCl. While the peak

[

[
[
[
[
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current reached maximum and constant when Na+ was between
0.05 and 0.1 M. Therefore, 0.05 M of NaCl was selected for subse-
quent experiments.

4. Conclusion

In this article, through using poly-CCA films, the new immobi-
lization was studied to modify covalently on the carbon surface in
order to detect APL PML/RARA fusion gene. The results of new cova-
lent bond manifested that the probe would show the specificity of
the signal compared with that of hybridization. Conferred to the
same kind of immobilization method, it provided a simple, stable
detection and might have a promising future in the electrochemi-
cal DNA biosensors. Along with the deep study of immobilization,
it would play the potential predominance in diagnosis of diseases
and the new APL DNA biosensor would be proposed to use in real
sample.
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a b s t r a c t

A new voltammetric enzyme-linked immunoassay system using the electrochemical substrate 2,3-
diaminopyridine (DAP) and horseradish peroxidase (HRP) system has been developed. DAP is oxidized
with H2O2 catalyzed by HRP, and the resulting electroactive product produces a sensitive voltammet-
ric peak at potential of −0.72 V (vs. saturated calomel electrode (SCE)) in Britton–Robinson (BR) buffer
solutions. The enzyme-catalyzed reaction conditions and voltammetric detection conditions have been
eywords:
lectrochemical immunoassay (ECIA)
orseradish peroxidase (HRP)
,3-Diaminopyridine (DAP)
rostate specific antigen (PSA)

investigated in detail. Under the selected optimum conditions, the linear range for detection of free HRP
is from 6.0 × 10−11 to 1.0 × 10−8 g mL−1 with a detection limit of 1.0 × 10−12 g mL−1. The new voltammetric
detection system has been successfully applied for the assay of prostate specific antigen (PSA) in human
serum ranging from 0.4 to 100 ng mL−1 with a detection limit of 0.1 ng mL−1, which is five times lower
than that of traditional o-phenylenediamine (OPD) spectrophotometric enzyme-linked immunosorbent
assay (ELISA) method. The proposed N-heterocyclic electrochemical detection system of DAP–H2O2–HRP

uch
has provided a new and m

. Introduction

Approximately 100 million immunoassays are processed every
ear world-wide in a variety of analytical areas including clinical,
edical, biotechnology and environmental fields. The development

f immunoassay techniques is one of the greatest achievements
n bioanalytical sciences. The highly advanced immunoassay tech-
iques which have been introduced to many application areas

nclude radioimmunoassay (RIA) [1,2], enzyme-linked immunosor-
ent assay (ELISA) [3–6], chemiluminescence immunoassay (CLIA)
7,8], fluorescence immunoassay (FIA) [9,10] and electrochemical
mmunoassay (ECIA) [11,12].

Electrochemical immunoassay has been applied for the assay
f a number of antigens and antibodies with satisfactory results
13–16]. The method not only has the advantages of high detection
ensitivity, but it also like other substrate-based end point detection
ethods, couples well with the high selectivity of antibody-based

echniques [17–22]. In addition, the electrochemical immunoas-

ay methods, combined with modern separation techniques
uch as flow-injection [23–25] and capillary electrophoresis (CE)
26–28] are powerful analytical tools for determination of low
evels of analytes and application in multianalyte immunoas-

∗ Corresponding author. Tel.: +86 532 84022750; fax: +86 532 84022750.
E-mail address: shushzhang@126.com (S. Zhang).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.02.031
improved immunoassay method.
© 2009 Elsevier B.V. All rights reserved.

says. A CE-based electrochemical immunoassay system, with
o-aminophenol–H2O2–horseradish peroxidase (HRP) system, for
simultaneous detection of three important tumor markers was
developed by our group [29].

Up to now, there has been only one example of electro-
chemical immunoassay system based on N-heterocyclic substrate,
3-hydroxyl-2-aminopyridine–H2O2–HRP system, reported by our
group [30]. The study has showed that N-heterocyclic substrate-
based immunoassay system is superior to not only traditional spec-
trophotometric ELISA method but also traditional benzenecyclic
substrate-based immunoassay system [31]. The introduction of
N-heteroatom to benzene cycle may reduce the molecular con-
jugation, while improve the reactivity of substitute groups. This
provides a probability for much active hydrogen donors. So,
the introduction of N-heterocyclic substrate to electrochemical
immunoassay has broken the conventionality of benzenecyclic sub-
strate, and exploited a new field of electrochemical substrates for
seeking more superior electrochemical immunoassay system. In
addition, the investigation on the redox process of N-heterocyclic
compounds may facilitate to understand the process and mecha-
nism of biological activity in life science, since the structures of
many biologically active molecules in organism body contain pyri-

dine ring or other N-heterocycles. In a word, the investigation on
N-heterocyclic electrochemical immunoassay is of much signifi-
cance.

It is all known that o-phenylenediamine (OPD) is the
most common substrate used in not only traditional spec-
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rophotometric ELISA method but also traditional benzenecyclic
ubstrate-based electrochemical immunoassay. For comparison,
,3-diaminopyridine (DAP) as a substrate has been introduced
o electrochemical immunoassay. The results of the study have
howed that DAP is a novel electrochemical oxidisable N-
eterocyclic compound, and DAP-based immunoassay system has
xhibited much improved analysis performance. The study has
howed that DAP is oxidized with H2O2 catalyzed by HRP, and the
esulting electroactive product produces a sensitive voltammetric
eak at potential of −0.72 V (vs. saturated calomel electrode (SCE))

n Britton–Robinson (BR) buffer solutions. By using this voltam-
etric peak, free HRP and labeled HRP can be measured. Under the

elected optimum conditions, the linear range for detection of free
RP was from 6.0 × 10−11 to 1.0 × 10−8 g mL−1 with a detection limit
f 1.0 × 10−12 g mL−1.

Sensitive and specific detection of prostate specific antigen (PSA)
as been proved to be the most reliable clinical tool for prepara-
ive diagnosing and monitoring prostate cancer. Besides traditional
pectrophotometric ELISA method, some techniques have been
pplied for the assay of PSA with satisfactory results. Sarker et
l. have developed amperometric biosensors for detection of PSA
ith the detection limit of 0.25 ng mL−1 [32]. Xu and co-workers
ave reported a rapid enzyme immunoassay for serum PSA at low
oncentrations by flow-injection electrochemical detection, which
ffers a much lower detection limit of 0.008 ng mL−1 [33]. Recently,
ur group have applied 3,4-diaminobenzoic acid–H2O2–HRP elec-
rochemical immunoassay system for the assay of PSA with the
inear range of 0.20–16.0 ng mL−1 and the detection limit of
.10 ng mL−1 [34].

In this paper, sensitive and specific detection of PSA in
uman serum using DAP–H2O2–HRP voltammetric enzyme-linked

mmunoassay new system based on N-heterocyclic substrate of DAP
nd HRP-labeled enzyme is presented. The detection limit of PSA
s 0.10 ng mL−1, which is five times lower than that of traditional
PD spectrophotometric ELISA method. In addition, the linear range

or PSA detection is from 0.4 to 100 ng mL−1, which is much wider
han that of not only traditional OPD spectrophotometric ELISA

ethod but also benzenecyclic substrate-based electrochemical
mmunoassay system developed in our previous work. The pro-
osed sensitive, specific, simple, inexpensive and rapid method
or the detection of PSA in human serum has been proved to be

reliable clinical tool for preparative diagnosing and monitoring
rostate cancer.

. Experimental

.1. Apparatus

The electrochemical measurement was carried out by using a
P-2 voltammetric analyzer (Shandong No. 7 Electric Communi-

ation Factory, China) with a three-electrode system composed of
dropping mercury electrode or a hanging mercury drop elec-

rode as working electrode, a platinum wire electrode as auxiliary
lectrode and a saturated calomel electrode as reference electrode.
odel PHS-25 pH meter was purchased from Shanghai Leici Appa-

atus Factory. Model OG3022A enzyme labeled meter was produced
y Huadong Electronal Group Medical Treatment Instrument Ltd.
n China. Incubation for the immune reaction was carried out in

Model HH.W21.420 incubator (Guangdong Shantou Instrument
actory, China).
.2. Reagents

2,3-Diaminopyridine (ACROS) solution: 1.0 × 10−2 mol L−1, pre-
ared by dissolving 0.1100 g DAP in water and diluted to
2009) 1395–1400

100 mL. HRP (Shanghai Xueman Biochemical Technique Company,
250 units mg−1 enzyme) stock solution: 1.0 × 10−3 g mL−1, pre-
pared by dissolving 0.0100 g HRP in 10 mL water, and stored in
a refrigerator at 4 ◦C. H2O2 solution: 1.0 × 10−3 mol L−1, prepared
before use. Britton–Robinson (BR) buffer solutions: 0.2 mol L−1, pH
5.0 and pH 10.0. The substrate solution in the electrochemical
enzyme immunoassay system was prepared as follows: 4.0 mL of
1.0 × 10−2 mol L−1 DAP solution, 3.0 mL of 1.0 × 10−3 mol L−1 H2O2
solution and 1.5 mL of 0.2 mol L−1 pH 5.0 BR buffer solution were
added to a colorimetric tube of 10 mL in sequence, then diluted
to the scale and shaken to uniformity. The PSA ELISA Kit was
purchased from Zhengzhou Bosai Biotechnique Academe. The kit
included 48-well immunoplates precoated by anti-PSA serum, HRP-
conjugated anti-PSA (anti-PSA-HRP), 0–100 ng mL−1 of PSA quality
control serum, rinsing solution. All other reagents were of analytical
grade and doubly deionized water was used throughout.

2.3. Electrochemical measurement of free and labeled HRP

The 4.0 mL of 1.0 × 10−2 mol L−1 DAP solution, 3.0 mL of
1.0 × 10−3 mol L−1 H2O2 solution, 1.5 mL of 0.2 mol L−1 pH 5.0 BR
buffer solution and 1.0 mL of a certain concentration of HRP solu-
tion were added to a 10 mL colorimetric tube in sequence. The
mixture was diluted to the scale and shaken to uniformity. Then,
let the solution react for 50 min at 37 ◦C. 5.0 mL of above reaction
solution was transferred into another 10 mL colorimetric tube and
1.0 mL of 0.2 mol L−1 pH 10.0 BR buffer solution was subsequently
added. The mixture was diluted to the scale and shaken to uni-
formity. Then, the solution was transferred to an electrochemical
cell of 10 mL. The second-order derivative linear-sweep voltam-
mogram was recorded with the MP-2 voltammetric analyzer. The
instrumental conditions were as follows: initial potential, −0.20 V;
final potential, −1.20 V; mercury drop standing time, 7 s; potential
scanning rate, 400 mV s−1.

2.4. Determination of PSA

The commercial PSA Kit was directly used. All regents were equi-
librated at room temperature before use. The wells of polystyrene
immunoplates precoated by PSA serum were written numbers.
100 �L of different concentrations of the PSA quality control sera
or the serum samples were added to each well and incubated at
37 ◦C for 30 min. After the wells were rinsed five times with dou-
bly deionized water, 100 �L of anti-PSA-HRP was added to each
well and incubated at 37 ◦C for 30 min. The wells were rinsed with
the rinsing solution of PBS-Tween 20, then with double deionized
water. After that, 350 �L of DAP substrate solutions were added to
each well, and the enzymatic reaction was allowed to proceed for
40 min at 37 ◦C. The reaction solution was transferred into a cell of
1 mL. 70 �L of 0.2 mol L−1 pH 10.0 BR buffer solution and 280 �L
doubly deionized water were added into the cell. The second-order
derivative linear-sweep voltammogram was recorded as above.

For comparison, spectrophotometric detection of ELISA was also
preformed in parallel using OG3022A enzyme labeled meter.

3. Results and discussion

3.1. Second-order derivative linear-sweep voltammograms

HRP can efficiently catalyze the oxidation reaction of DAP with
H2O2, yielding the electroactive product that produces a sensitive

voltammetric reduction peak at potential of −0.72 V (vs. SCE) in BR
buffer solutions. Fig. 1 shows the results of the second-order deriva-
tive linear-sweep voltammograms in different conditions. Curve
1 represented the voltammogram of sole BR buffer solutions, in
which no voltammetric peak was observed. Curve 2 represented
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ig. 1. Second-order derivative linear-sweep voltammograms: (1) BR buffer; (2)
R + DAP + H2O2; (3) BR + DAP + H2O2 + HRP.

he voltammogram of BR buffer solutions containing DAP and H2O2,
n which a small voltammetric peak at −0.72 V was found. Such a
mall peak was due to slow oxidation of DAP with H2O2 which gen-
rated a small number of electroactive products. Whereas, curve 3
ave a very high and well-defined voltammetric peak at −0.72 V.
ince curve 3 represented the voltammogram of enzyme-catalyzed
eaction of DAP, the results showed that the addition of HRP much
uickened the oxidation of DAP with H2O2, which generated a large
umber of electroactive products. In addition, the voltammetric
eak current increased with the increase of HRP concentration. By
sing this voltammetric peak, free HRP and labeled HRP can be
easured. Therefore, with HRP being the labeling enzyme, DAP as

he electrochemical substrate can be used in voltammetric enzyme-
inked immunoassay.

.2. Optimization of enzyme-catalyzed reaction conditions

DAP was oxidized with H2O2 catalyzed by HRP, and the enzy-
atic product was electroactive. Referring to the oxidation reaction

f o-phenylenediamine with H2O2 affording the product of 2,3-
iaminophenazine in voltammetric enzyme-linked immunoassay
ystem [35], the process of the enzyme-catalyzed oxidation reac-
ion of DAP could be expressed as Fig. 2.

The effect of reaction conditions on the enzyme-catalyzed oxi-
ation reaction of DAP has been investigated in detail. The activity
f HRP was greatly influenced by the surroundings. According to
he electrochemical respond of the enzymatic product in differ-
nt conditions, the effect of the pH of the BR buffer solutions from
.0 to 12.0 on enzyme-catalyzed reaction was studied. The results
re shown in Fig. 3. When pH was 5.0, the strongest voltammetric
eak current was observed, indicating that the enzyme-catalyzed
eaction adapted to undergo in weak acidic solutions. Therefore,
H 5.0 of BR buffer solution was chosen for enzyme-catalyzed
eaction. The effect of the concentration of H2O2 was also stud-

ed by the same method. The result showed the voltammetric
eak current increased with the increase of the concentration
f H2O2, but much higher concentration of H2O2 could prevent
he activity of HRP. The optimized concentration of H2O2 was

Fig. 2. The process of the enzyme-catalyzed oxidation reaction of DAP.
Fig. 3. Effect of pH of BR buffer solutions on the HRP-catalyzed oxidation reaction.

1.0 × 10−3 mol L−1. Additionally, the concentration of substrate DAP
and the amount of each component in reaction solutions including
BR buffer, H2O2 and DAP were also optimized. The selected opti-
mum reaction conditions were that the 10 mL reaction solution
consisted of 1.5 mL of 0.2 mol L−1 pH 5.0 BR buffer solution, 4.0 mL
of 1.0 × 10−2 mol L−1 DAP solution and 3.0 mL of 1.0 × 10−3 mol L−1

H2O2 solution. Under such enzyme-catalyzed reaction condi-
tions, the equilibrium was achieved within 50 min at 37 ◦C. So,
50 min was selected as the time for the enzyme-catalyzed reaction
at 37 ◦C.

3.3. Optimization of voltammetric detection conditions

The enzymatic product of DAP with H2O2 proceeded a reduc-
tion process at the dropping mercury electrode affording a sensitive
voltammetric peak in a certain buffer solution. The optimization of
voltammetric detection conditions was investigated. Among exper-
imental buffer solutions of BR, HAc–NaAc and Na2HPO4–KH2PO4,
BR buffer solutions as the supporting electrolyte for the polaro-
graphic measurement afforded the finest second-order derivative
linear-sweep voltammetric peak of the product, and pH 10.0
BR buffer solution gave the strongest peak current. Addition-
ally, the optimum amount of pH 10.0 BR buffer solution as the
supporting electrolyte was 1.0 mL for 10 mL of the overall detec-
tion solution containing 5 mL of reaction solution. The optimum
instrumental conditions for the detection were chosen as fol-
lows: the initial potential, −0.20 V; the final potential, −1.20 V;
the mercury drop standing time, 7 s; the potential scanning rate,
400 mV s−1.

3.4. The electrode procedure of the enzymatic product

After enzyme-catalyzed reaction in pH 5.0 BR buffer solution,
the cyclic voltammetric experiments were performed in different
pH BR buffer solutions from 4.0 to 13.0 using the hanging mercury
drop electrode. The results are shown in Fig. 4. There appeared both
anodic peak and cathodic peak in all the experiments. The height of
these two peaks was almost equal when pH was between 6.0 and
10.0, indicating that the enzymatic product processed a reversible
redox at the mercury electrode. When pH was 10.0, it gave the high-
est and finest redox peaks. When pH <6 or pH ≥11.0, the anodic peak

height was lower than the cathodic height, indicating one pair of
irreversible redox peaks. Another pair of very weak redox peaks in
all cyclic voltammograms resulted from the adsorption of product
on the mercury electrode.
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ig. 4. The cyclic voltammograms in different pH BR buffer solutions. The enzymat

The influence of pH value on the peak potential was inves-
igated in detail. The reduction peak potential shifted to more
egative values with the increase of pH value of BR buffer solu-
ions from 2.0 to 13.0. The peak potential value had a good linear

elation with the pH value of detection solutions in the range
f 6.0–10.0 referring to Fig. 5. The equation of linear regression
as Ep = −0.2410 − 0.0617pH (Ep was the peak potential, n = 9,
= 0.9978) with a slope of −0.0617. According to the formula [36],
0.059x/n = −0.0617, where n was the number of the electron trans-
uct was generated by oxidation reaction of DAP in BR buffer solution at pH 5.0.

fer, and x was the hydrogen ion number participating the reaction,
x ≈ n = 2.

The multiple sweep cyclic voltammogram was recorded well.
The result is shown in Fig. 6. There were good cathodic and anodic

peaks, and these two peaks were similar in height. Moreover, the
height of both peaks kept stable with the increase of scanning
cycle. The results indicated that the product of the enzymatic reac-
tion processed a reversible adsorption on the mercury electrode.
From above experimental results, the enzymatic product appeared
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Fig. 5. Effect of pH of detection solution on the peak potential.
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Fig. 6. Multiple sweep cyclic voltammograms of the BR + DAP + H2O2 + HRP.

two-electron adsorptive reversible redox process in pH 6.0–10.0
R buffer solutions. The process is expressed as Fig. 7.

.5. Determination of free HRP

Under the selected enzyme-catalyzed reaction conditions and
he detection conditions, different concentrations of HRP were used
o catalyze the oxidation reaction of DAP with H2O2 and the second-
rder derivative linear-sweep voltammograms were recorded. The
esults showed the peak height exhibited a good linear relation with
ree HRP concentration from 6.0 × 10−11 to 1.0 × 10−8 g mL−1. The
elative standard deviation was 3.6% for seven parallel determina-
ions with 6.0 × 10−11 g mL−1 HRP. The detection limit of free HRP
as 1.0 × 10−12 g mL−1.
.6. Determination of labeled HRP

For the purpose of applying DAP–H2O2–HRP system for
mmunoassay, labeled HRP was determined through the similar
lectrochemical method with free HRP. HRP-conjugated antibod-

Fig. 7. The enzymatic product appeared a two-electron a
Fig. 8. Working curves of PSA detection: (a) PSA concentration, 4.0–100 ng mL−1. (b)
PSA concentration, 0.4–4.0 ng mL−1.

ies of prostate specific antigen (anti-PSA-HRP) were determined
under the optimum experimental conditions. For comparison, OPD
spectrophotometric detection of ELISA was also preformed. The
electrochemical method based on DAP–H2O2–HRP system showed
higher sensitivity for the detection of labeled HRP. The highest
dilution ratios detected by our electrochemical method and OPD
spectrophotometric ELISA method were 1:1 × 106 and 1:6 × 104,
respectively.

3.7. Working curve of PSA determination

DAP–H2O2–HRP voltammetric enzyme-linked immunoassay
new system was used for the determination of PSA carried out

with double-antibody-sandwich immunoassay method. Under the
optimum conditions, the working curves of PSA determination are
exhibited in Fig. 8. The peak current had a good linear relation with
the concentration of PSA in the range of 0.4–100 ng mL−1. The equa-
tions of linear regression were y = 2.0982 + 0.1049x (y represented

dsorptive reversible redox process in BR solution.
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Table 1
Comparison of results of the electrochemical method with the spectrophotometric ELISA method for the detection of PSA in human serum.

Sample Electrochemical method (ng mL−1) R.S.D. (%) Spectrophotometric method (ng mL−1) R.S.D. (%)

1 0.53 4.2 – –
2 0.68 3.8 – –
3 1.57 3.7 1.78 3.4
4 3.05 2.5 3.12 3.0
5 10.32 2.8 10.15 1.9
6
7
8
9
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14.30 3.1
23.56 3.3
56.52 2.3
68.63 2.1

he peak current, x was the concentration of PSA, 4.0–100 ng mL−1,
= 6, � = 0.9988) and y = 0.2135 + 0.8096x (y represented the peak
urrent, x was the concentration of PSA, 0.4–4.0 ng mL−1, n = 6,
= 0.9961). The repeatability of the assay was studied by running

even replicate assays on 5.0 ng mL−1 of PSA, and the relative stan-
ard deviation was 4.1%. The detection limit of new method for PSA
as 0.1 ng mL−1. For OPD spectrophotometric ELISA method, the

inear range of the PSA quality control serum was 1.0–32 ng mL−1

ith the linear regression equation of A = 0.0823 + 0.0467C (A was
he absorbance, C was the concentration of PSA) and the detection
imit was 0.5 ng mL−1. Therefore, the detection limit of new elec-
rochemical enzyme-linked immunoassay method was five times
ower than that of the traditional OPD spectrophotometric ELISA

ethod.

.8. Determination of PSA in human serum samples

According to the above working curves, DAP–H2O2–HRP voltam-
etric enzyme-linked immunoassay new system was practically

pplied for the determination of PSA content in human serum sam-
les. The compared results with OPD spectrophotometric ELISA
ethod are listed in Table 1. The results corresponded well

o each other. The results of electrochemical method based on
AP–H2O2–HRP system were linearly proportional to those of
PD spectrophotometric ELISA method, and the equation of linear

egression was y = 0.1435 + 1.0312x (x was the result of electrochem-
cal method; y was the result of spectrophotometric method; n = 7,
= 0.9997).

. Conclusions

A new electrochemical enzyme-linked immunoassay system
ased on a novel electrochemical oxidisable N-heterocyclic com-
ound, 2,3-diaminopyridine has been developed. The developed
AP–H2O2–HRP new system has exhibited much higher sensitiv-

ty for detection of free HRP and labeled HRP. With HRP being the
abeling enzyme, the sensitive and specific detection of prostate
pecific antigen in human serum based on DAP–H2O2–HRP system
as been successfully accomplished. In comparison with the tradi-
ional o-phenylenediamine spectrophotometric ELISA method, the
ensitivity of PSA detection is much improved for five times. What
s more, the linear range of PSA detection of the new system is much
ider than that of not only traditional OPD spectrophotometric
LISA method but also traditional benzenecyclic substrate-based
lectrochemical immunoassay system. The work curves of PSA
etection of the new system have been obtained. The proposed
-heterocyclic electrochemical enzyme-linked immunoassay sys-

[
[
[
[
[
[

14.67 2.6
25.12 3.5
57.94 3.2
70.35 3.8

tem of DAP–H2O2–HRP can be broaden to assays of other antigens
or antibodies. The study has provided a new and much improved
immunoassay method, and proved that N-heterocyclic compound
is a promising electrochemical immunoassay substrate.
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a b s t r a c t

A label-free and highly sensitive impedimetric aptasensor based on a polyamidoamine dendrimer
modified gold electrode was developed for the determination of thrombin. Amino-terminated polyami-
doamine dendrimer was firstly covalently attached to the cysteine functionalized gold electrode through
glutaraldehyde coupling. Subsequently, the dendrimer was activated with glutaraldehyde, and amino-
modified thrombin aptamer probe was immobilized onto the activated dendrimer monolayer film.
The layer-by-layer assembly process was traced by surface plasmon resonance and electrochemical
impedance spectroscopy. After electrode preparation, the detection of thrombin was investigated in the
presence of the reversible [Fe(CN)6]3−/4− redox couple using impedance technique. The results showed
that the charge-transfer resistance (Rct) value had a linear relationship with the concentrations of throm-
Electrochemical impedance spectroscopy bin in the range of 1–50 nM, and the detection limit (S/N = 3) as low as 0.01 nM was obtained. The covalent
immobilization of dendrimer on the electrode surface not only improved the immobilization capacity of
probe molecules but also magnified the response signal. The aptasensor exhibited favorable regeneration
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. Introduction

Aptamers are a kind of single-stranded DNA or RNA sequences
enerated by in vitro selection techniques from a pool of DNA or
NA by repetitive binding of the target molecules. They possess
igh recognition ability towards specific molecular targets ranging

rom small inorganic and organic substances to proteins and even
ells [1,2]. Aptamers have numerous advantageous characteristics
ver traditional recognition elements such as antibodies, includ-
ng ease of synthesis, thermal stability and lack of immunogenicity
3]. Based on their biomolecular recognition ability, a number of
ptamer biosensors (aptasensors) have been developed over the
ast decade [4].

Up to now, aptasensors mainly include optical aptasensors [5–8]
nd electrochemical aptasensors [9–12]. The field of electrochem-
cal aptasensors has developed rapidly in recent years because
hey can provide fast, simple and inexpensive detection capabili-

ies for biological binding events [13,14]. In order to amplify signals,

any electrochemical aptasensors have been constructed mainly
ased on the aptamers labeled with electroactive materials, such
s ferrocene and methylene blue [15–18]. Such labeling bears the

∗ Corresponding author. Tel.: +86 431 85262056; fax: +86 431 85689278.
E-mail address: xryang@ciac.jl.cn (X. Yang).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.01.034
. It also showed the detectability in biological fluid.
© 2009 Elsevier B.V. All rights reserved.

disadvantages that the labeling process not only makes the experi-
ment comparatively complicated and expensive but also affects the
binding affinity between the targets and their aptamers to a cer-
tain degree [19]. Therefore, it is very necessary to develop a kind of
label-free and highly sensitive electrochemical aptasensors. Elec-
trochemical impedance spectroscopy (EIS) has been proved as one
of the most sensitive tools for the analysis of interfacial proper-
ties because of its unique properties of high sensitivity, low cost,
convenience and being label-free [20–23]. Recently, Zhang’s group
has reported an EIS thrombin aptasensor with the detection limit
of 0.06 nM by using the signal enhancement of gold nanoparticles,
which were electrodeposited onto a glassy carbon electrode [24].
In the paper, a label-free impedimetric aptasensor for the deter-
mination of thrombin based on a dendrimer-functionalized gold
electrode was constructed, and the dendrimer employed here was
expected to improve the response signals.

Dendrimers are a new class of synthetic macromolecules.
They possess regularly branched treelike spherical morphologies
and monodisperse sizes depending on the number of genera-
tions. The unique structural properties of dendrimers, such as

structural homogeneity, integrity, controlled composition and bio-
compatibility, extend their use in biosensing applications [25,26].
Many approaches adopting dendrimers as biosensor materials have
been reported [27,28]. A DNA biosensor using a polyamidoamine
(PAMAM) dendrimer modified electrode had been previously
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cheme 1. The schematic illustration for the fabrication procedure on a gold surfa
ethanolic solution (16 h) and 5 mM NaBH4 (30 min); (4) 5% GA in 0.01 M PBS (pH 7

nteraction with target thrombin, 1 h. CH, cysteamine hydrochloride; GA, glutaralde

eveloped by our group [29]. The sensor exhibited good assembly
apacity for probe DNA with favorable sensitivity and stabil-
ty.

Thrombin was selected as target molecules for this study
ecause it is a major stimulus of both procoagulant and anticoag-
lant reactions, and thus is a key element in various pathogenesis,

ncluding leukemia, arterial thrombosis and liver disease, etc.
30,31]. The most extensively investigated prototype thrombin-
inding-aptamer (TBA) is a 15-mer single-stranded DNA. When
inding to thrombin, TBA forms an intermolecular quadruplex
tructure and restricts the activity of thrombin [32]. So the study of
hrombin and its aptamer interaction plays essential roles in fun-
amental research and clinical application, such as detection and
uantification of thrombin in plasma, regulation of blood clotting
n surgery, etc. [33].

In this paper, amino-terminated PAMAM dendrimer was firstly
ovalently attached to the cysteine self-assembly gold electrode
urface through glutaraldehyde coupling. Then the dendrimer was
ctivated with glutaraldehyde, and amino-modified TBA probe was
mmobilized onto the activated dendrimer monolayer film. The

hole assembly process was characterized by SPR and EIS, and
ecognition events of the aptasensor for thrombin were monitored
y impedance technique.

. Experimental

.1. Chemical and reagents

Cysteamine hydrochloride (CH) was purchased from Fluka. Glu-
araldehyde (GA, 25% aqueous solution) was supplied by Acros.
4-NH2 polyamidoamine dendrimer (MW 14,215, 10% methanol
olution) was obtained from Aldrich. �-Thrombin from bovine
lasma (1000 �) was provided by Sigma. Bovine serum albumin
BSA) was obtained from Beijing Like biochemical technology and
rade Co., Ltd. Guanidine hydrochloride and bovine serum was
urchased from Beijing Dingguo biotechnology Co., Ltd. 15-mer
mino-terminal TBA was provided by Shanghai Sangon biological
ngineering technology and services Co., Ltd. 15-mer TBA: 5′-NH2-
CH2)6-GGTTGGTGTGGTTGG-3′.
The immobilization buffer was 0.01 M phosphate-buffered
aline (PBS, pH 7.4). The redox couple solution was 5 mM equimolar
ixture of K3[Fe(CN)6] and K4[Fe(CN)6] in 0.01 M PBS (pH 7.4) con-

aining 0.1 M KCl. And 20 mM Tris–HCl buffer (pH 7.4) containing
40 mM NaCl, 5 mM KCl and 5 mM MgCl2 was used as thrombin-
10 mM CH, 10 h; (2) 5% GA in 0.01 M PBS (pH 7.4), 4 h; (3) 5% PAMAM dendrimer
h; (5) 10 �M probe TBA in 0.01 M PBS (pH 7.4) (16 h) and 5 mM NaBH4 (30 min); (6)
PAMAM, G4-NH2 PAMAM dendrimer; TBA, thrombin-binding-aptamer.

binding buffer. All other chemicals were of analytical grade and
used without further purification. Doubly distilled water was used
throughout.

2.2. Apparatus

2.2.1. SPR system
SPR was used to characterize the fabrication procedure of the

aptasensor because of its gold reaction surface. Angle-resolved SPR
measurements were carried out with a cuvette-based Autolab SPR
instrument (Eco Chemie BV, Netherlands). A cleaned gold disk
was attached to the half-cylinder prism with a refractive-index-
matching oil, and then the SPR cuvette was mounted on the gold
substrate. Before sample injection, the cuvette cell was balanced
with 0.01 M PBS (pH 7.4) for at least 30 min. The cell and the disk
were washed three times with water after each reaction process
and the SPR data were recorded in 0.01 M PBS (pH 7.4). For this
instrument, the measured �� values correspond to the amount
of adsorbed substances with a mass sensitivity coefficient of 120
millidegree per 100 ng/cm2.

2.2.2. EIS system
EIS experiments were carried out using a conventional three-

electrode system with an Autolab PGSTAT30 electrochemical
analyzer system (Eco Chemie BV, Netherlands), controlled by fre-
quency response analyzer (FRA) 4.9 software. The modified gold
electrode was used as working electrode, a platinum wire as counter
electrode and an Ag/AgCl electrode with saturated KCl solution as
reference electrode. All impedance measurements were performed
with a 0.23 V alternating current potential and a 5 mV voltage
amplitude in a frequency range from 100 kHz to 0.1 Hz. And the sup-
porting electrolyte was 5 mM [Fe(CN)6]3−/4− in 0.01 M PBS (pH 7.4)
containing 0.1 M KCl. The frequency interval was divided into 61 log-
arithmically equidistant measuring points (10 points pre decade).
The electrochemical cell was housed in a specially shielded cage to
reduce stray electrical noise during measurements.

2.3. Modification procedure
A gold electrode (A = 6.4 mm2) was polished carefully with 1, 0.3,
0.05 �m alumina slurries and washed ultrasonically with water.
Then it was electrochemically cleaned in 0.1 M H2SO4 by cyclic
potential scanning between −0.2 and 1.55 V until a standard cyclic
voltammogram of gold electrode was obtained. Subsequently, the
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Fig. 2. (A) The Randle modified equivalent circuit model for the impedance spectra.
(B) The Nyquist impedance spectra for the modification procedure on a gold elec-

3−/4−
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old electrode was washed ultrasonically with water and absolute
thanol, respectively, and dried in a nitrogen stream.

Scheme 1 provides an overview of the modification procedure
f the aptasensor. Firstly, the cleaned gold electrode was immersed
nto a 10 mM cysteamine hydrochloride aqueous solution for about
0 h. Then the CH modified electrode was placed in 5% glutaralde-
yde (GA) in 0.01 M PBS (pH 7.4) for 4 h. Secondly, the gold electrode
as incubated in a 5% G4-NH2 PAMAM dendrimer methanolic solu-

ion for about 16 h, washed with methanol and dried under flowing
itrogen gas. The covalent immobilization of G4-NH2 PAMAM den-
rimer is based on the fact that each aldehyde group of GA allows
he introduction of one amino group, either from the cysteamine
r from the dendrimer to form Schiff base configuration. The dou-
le bond in Schiff base was reduced by 5 mM NaBH4 for 30 min
nd formed a more stable single bond structure. Finally, for the
mmobilization of probe TBA, the dendrimer modified electrode
as activated with 5% GA for 4 h. Then the electrode was immersed

n 0.01 M PBS (pH 7.4) containing 10 �M TBA for about 16 h at ambi-
nt temperature, and reduced by 5 mM NaBH4 for 30 min.

The interaction time of thrombin and its aptamer ranged from
ess than 20 min to about 1 h according to the previous articles
16,29,34]. In order to make the reaction completely, 1 h was
dopted in our experiments. The detection of thrombin was car-
ied out by immersing the probe TBA functionalized gold electrode
nto thrombin-binding buffer containing a certain concentration
f target thrombin for 1 h at room temperature. Before char-
cterizing with EIS, the electrode was rinsed separately with
hrombin-binding buffer and water, dried with nitrogen gas. The
hrombin-binding electrode was regenerated with 6 M guanidine
ydrochloride for 5 min after each thrombin measurement.

. Results and discussion

.1. SPR measurements of assembly process

SPR experiments were carried out to track the assembly pro-
ess of various organic layers on the surface of gold substrate. Fig. 1
howed the superimposed angle-resolved SPR curves for the mod-
fication process. After formation of the CH monolayer film on the
are gold surface, the SPR angle shift (��) was about 150 millide-

ree. When the GA layer and the dendrimer layer were linked to
he CH modified electrode, the �� values were approximately 150
nd 400 millidegree, respectively. The �� values for the sequential
eposition of the second GA layer and the TBA layer were about
00 and 300 millidegree, respectively. Because the mass sensitiv-

ig. 1. Angle-resolved SPR curves for the layer-by-layer assembly procedure on
gold substrate. (a) Bare Au disk; (b) CH; (c) GA; (d) den + NaBH4; (e) GA; (f)

BA + NaBH4. den, G4-NH2 PAMAM dendrimer.
trode in the presence of 5 mM [Fe(CN)6] in 0.01 M PBS (pH 7.4) containing 0.1 M
KCl. (a) Bare Au electrode; (b) CH; (c) GA + den + NaBH4 + GA; (d) TBA + NaBH4; (e)
after incubation in 20 nM thrombin. AC potential, 0.23 V; frequency range, 100 kHz
to 0.1 Hz; voltage amplitude, 5 mV.

ity coefficient of the measured �� value is 120 millidegree per
100 ng/cm2. Therefore 300 millidegree corresponds to 250 ng/cm2.
The molecular weight of TBA is 4726.03 �g/�mol. So the surface
coverage of TBA molecules was calculated to be about 3.2 × 1013

molecules/cm2, this value is higher than related literature [19]. It
is likely that TBA is a 15-mer short-chain DNA molecule and this
method improves the assembly capacity of probe molecule greatly.

3.2. EIS characterization of modified electrode

As shown in Fig. 2A, Randle modified equivalent circuit model
[3] was used to fit impedance data. The parameters in the equiv-
alent circuit included the solution resistance (Rs), the Warburg
impedance (Zw) resulting from the diffusion of the redox-probe, the
double layer capacitance (Cd) is substituted by the constant phase
element (Q) when taking into account electrode roughness, and
the charge-transfer resistance (Rct). The latter two components (Q
and Rct) represent interfacial properties of the electrode, which are
highly sensitive to the surface modification.

Impedance responses of the functionalized gold electrode
accompanying the stepwise modification process were depicted in
Fig. 2B. The bare gold electrode exhibited a very small semicircle
domain, corresponding to the Rct value of approximately 250 �. The
CH deposited electrode resulted in an almost straight line, which
is characteristic of a diffusional limiting step due to the extremely
fast charge-transfer process. This is attributed to the electrostatic
attraction between the positive charges of CH molecules and the
negatively charged [Fe(CN)6]3−/4− redox couple. When the GA layer,
the dendrimer layer, and the second GA layer were further grafted
onto the CH modified electrode, the Rct value increased to about

2 k�, due to the compact structure of fabricated multilayer films
and the neutral property of GA molecules. The assembly of the
TBA monolayer film onto the electrode surface led to a further
increase in the Rct value by approximately 0.8 k�, because there
are a lot of negative charges on the TBA sugar-phosphate back-
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ig. 3. The impedance spectra of a non-dendrimer modified gold electrode. (a)
u/CH; (b) Au/CH/GA/TBA + NaBH4; (c) the modified electrode (b) after being

mmersed in 20 nM thrombin. Other conditions as in Fig. 2.

one. After incubation in 20 nM thrombin, the formation of the
BA–thrombin complex on the electrode surface contributed to a
ignificant increase in the Rct value to about 4.4 k�. This is consis-
ent with the fact that thrombin and its aptamer complex insulates
he electron transfer between the electrode surface and the elec-
rolyte solution [20,24,34]. Both the SPR and the EIS data indicated
hat various organic layers were successfully immobilized onto the
old substrate.

To investigate whether the application of the dendrimer
mproved the immobilization capacity of probe molecules and mag-
ified the response signals of the aptasensor, a non-dendrimer
odified electrode was fabricated as control. As depicted in Fig. 3,
hen both GA and TBA molecules were immobilized on the CH

unctionalized gold electrode surface, the Rct value changed from
bout 20–110 �. After the non-dendrimer modified electrode was
mmersed in 20 nM thrombin, the Rct value increased to about
60 �. Fig. 4 showed the changes of Rct (�Rct) value for the probe-
inding capacity and the response signals of the two methods. It

as observed that the �Rct values of the immobilization capacity
f TBA molecules and the response signals of 20 nM thrombin of
he dendrimer modified electrode were approximately 8-fold and
t least 10 times higher than those of the non-dendrimer modi-

ig. 4. The histogram of the change of Rct value (�Rct = Rct(2) − Rct(1)) for differ-
nt methods of electrode preparation. The dark gray part corresponds to the
u/CH/GA/den/GA/TBA-modified electrode, while the light gray part represents the
u/CH/GA/TBA prepared electrode. (a) the �Rct value of TBA immobilization; (b) the
Rct value of the detection of 20 nM thrombin; n = 3.
Fig. 5. EIS responses of the dendrimer modified electrode to different concentrations
of thrombin, n = 3. Inset: the calibration curve of the aptasensor between the Rct

values and the concentrations of thrombin in the range of 1–50 nM; n = 5.

fied electrode. This may be due to the fact that each molecular CH
can only combine with one TBA molecule, while an individual den-
drimer molecule can bind several TBA molecules due to 64 amino
groups on its surface. Therefore, the dendrimer layer is not only
able to remarkably improve the immobilization capacity of probe
molecules but also to magnify the response signals greatly.

3.3. Aptasensor responses to target thrombin

For thrombin detection, the Au/CH/den/TBA-modified electrode
was incubated in the thrombin solution with different concen-
trations for 1 h, and washed with thrombin-binding buffer and
water, respectively. Fig. 5 indicated that the Rct value increased with
increasing the concentration of thrombin from 0.01 to 1000 nM.
When the concentration of thrombin exceeded 500 nM, the change
of the Rct value could be neglected as a result of the saturated
adsorption of target molecules. As also seen in Fig. 5, the Rct

value had a positive linear relationship with the concentration
of thrombin in the range of 1–50 nM. The regression equation
was Y = 4.029 + 0.015X (Y: the Rct value, k�; X: the concentration
of thrombin, nM), and the correlation coefficient (R) was 0.978.
The detection limit (S/N = 3) for thrombin as low as 0.01 nM was
obtained, which was more sensitive than most available impedi-
metric thrombin aptasensors [20,34].

It was reported that thrombin has two positively charged sites
termed Exosite I (the fibrinogenrecognition exosite) and II (the
heparin-binding exosite) on the opposite sides of the protein [24].
The 15-mer TBA used has specificity to the Exosite I, while a 29-mer
TBA is easy to bind with the Exosite II [35]. So the affinity of the 15-
mer TBA to the fibrinogenrecognition exosite should be higher than
to the heparin-binding exosite of thrombin.

3.4. Aptasensor regeneration

After target detection, the sensing interface could be regener-
ated with acid, alkali or salt to remove adsorptive target molecules
for the second measurement [17,29]. And the regeneration of sens-
ing interface is still a challenge for most existing biosensors [19].
In this paper, a mild regeneration reagent guanidine hydrochlo-

ride was used to renew the sensing interface. As shown in Fig. 6,
when the thrombin-binding electrode was immersed in 6 M guani-
dine hydrochloride for 5 min, the Rct value was almost recovered to
the original value of newly prepared electrode, suggesting that the
treated electrode was reusable. When this electrode was incubated
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ig. 6. Thrombin detection and regeneration of the sensing interface: (a) newly pre-
ared electrode; (b) after being immersed in 20 nM thrombin; (c) regeneration with
M guanidine hydrochloride for 5 min; (d) detection of 20 nM thrombin for the

econd time; n = 3.

n 20 nM thrombin for the second time, the Rct value was approx-
mately the same value of the first detection of 20 nM thrombin.
fter being challenged with 20 nM thrombin and regenerated for
t least six cycles, the electrode still possessed 85% sensing activity.
his may be because the stable covalent immobilization strategy
nd the insusceptible TBA molecules are used in this aptasensor.

.5. Aptasensor selectivity and stability

To investigate the specificity of the aptasensor, bovine serum
lbumin was adopted in the control experiments. BSA normally
onstitutes about 60% of plasma protein and is the most abun-
ant protein in blood plasma [36]. As depicted in Fig. 7, when the
u/CH/den/TBA-functionalized electrode was exposed to 100 nM
SA for 1.5 h, the �Rct value increased to about 280 �. However,
fter the electrode was incubated in 20 nM thrombin for 1 h, the
Rct value increased to approximately 1.6 k�, which was 5–6-fold

igher than that of 100 nM BSA. The results indicated that the
ptasensor had considerable selectivity to its target thrombin.
As for the reproducibility of the electrode modification proce-
ure, using the same electrode, after five processes of electrode
onstruction under identical experimental conditions, the mea-
ured Rct value of 20 nM thrombin was 4.35 ± 0.16 k� and the
elative standard deviation (R.S.D.) was 2.7%. The life stability of

ig. 7. Control experiments of the aptasensor. (a) 100 nM BSA, 1.5 h; (b) 20 nM
hrombin, 1 h; n = 3.
Fig. 8. EIS responses of the aptasensor to thrombin at different concentrations
(1–50 nM) in 1% bovine plasma; n = 3.

the aptasensor was also studied. A newly prepared Au/CH/den/TBA-
modified electrode was dried in a nitrogen stream and covered with
a plastic cap to protect the gold surface. The modified electrode was
stored at 4 ◦C and measured at intervals of one week. It remained
about 85% of its original response after one month, indicating that
the modified electrode was very stable.

3.6. Application of the aptasensor in biological assay

For further study the potential application of the modified
electrode, the determinations of thrombin in real samples were
performed. As shown in Fig. 8, the EIS responses at the sensing
interface to the different concentrations of thrombin in 1% bovine
plasma exhibited the same phenomena to those in blank buffer
but were less sensitive. The Rct value increased with increasing the
concentrations of thrombin in the range of 1–50 nM. The results
definitely illuminate the potential application of this aptasensor in
real samples.

4. Conclusions

We have described a reusable aptasensor based on the
Au/CH/den/TBA-modified electrode. The dendrimer immobiliza-
tion on the electrode surface not only improved the probe-binding
capacity but also magnified the response signals of the aptasen-
sor. The immobilization process of the aptasensor and recognition
events changed the charge-transfer kinetics of [Fe(CN)6]3−/4− redox
couple at the electrode interface, which had been characterized
by EIS. The dendrimer-functionalized aptasensor exhibited high
sensitivity, favorable specificity and stability in the detection of
thrombin. Although the preparation process of this aptasensor is
a bit complex, the sensitivity is satisfactory. In a word, this work
establishes a methodology for the developing of biosensors with
good analytical properties.
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a b s t r a c t

The identification of single-base mutations in particular genes plays an increasingly important role in
medical diagnosis and prognosis of genetic-based diseases. Here we report a new method for the analysis
of point mutations in genomic DNA through the integration of allele-specific oligonucleotide ligation
assay (OLA) with magnetic beads-based electrochemiluminescence (ECL) detection scheme. In this assay,
the tris(bipyridine) ruthenium (TBR) labeled probe and the biotinylated probe are designed to perfectly
eywords:
oint mutation
lectrochemiluminescence
ligonucleotide ligation assay

complementary to the mutant target; thus a ligation can be generated between those two probes by Taq
DNA Ligase in the presence of mutant target. If there is an allele mismatch, the ligation does not take place.
The ligation products are then captured onto streptavidin-coated paramagnetic beads, and detected by
measuring the ECL signal of the TBR label. Results showed that the new method held a low detection limit
down to 10 fmol and was successfully applied in the identification of point mutations from ASTC-�-1 cell

blood
nd ea
line, PANC-1 cell line and
sensitive, cost-effective a

. Introduction

The analysis of genomic mutations in disease-related gene
ragments is playing an increasingly important role in fields of
enetic-based diseases diagnosis and drug reaction prediction.
ince large numbers of mutations must be evaluated in order to
btain an accurate diagnosis/prognosis of that disease, a sensitive,
apid and cost-effective DNA identification method is in need. A
ariety of technologies based on allele discrimination strategies
ave been applied in the identification of point mutations, such as
rimer extension [1–4], allele-specific hybridization [5–8], enzy-
atic cleavage [9,10], and oligouncleotide ligation [11–13]. Among

hese allele-discrimination strategies, DNA enzyme-based assay
s popular because it is highly specific, cost effective, and easy
o operate and fast to implement. In these enzyme-based assays,
NA ligase is an enzyme which is used frequently in the discrim-

nation of point mutations [14–17], insertions and deletions [18].
everal conventional detection methods, such as denaturing gra-
ient gel-electrophoresis [19,20], mass spectrometry [21,22] and
uorescence signal-based detection [23,24] have been used to the
igase based strategy. These technologies provide accurate or highly
ensitive approaches for point mutation detection. However, each of
hem still has its disadvantages. For example, some of them are time
onsuming, complicated, or requiring special instruments and the

∗ Corresponding author. Tel.: +86 20 85210089; fax: +86 20 85216052.
E-mail address: xingda@scnu.edu.cn (D. Xing).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.01.032
cell in codon 273 of TP53 oncogene. In summary, this method provides a
sy operation approach for point mutation detection.

© 2009 Elsevier B.V. All rights reserved.

use of expensive fluorescent substances. Recently, methods based
on chemiluminescence [25,26] and electrochemistry [27,28] have
also been used to facilitate single-base mutation identification for
the advantages of rapidness and cost efficiency.

In recent years, electrochemiluminescence (ECL) has attracted
considerable attention due to its feature of high-sensitivity, low-
cost, simple instrumentation, and time efficiency. The most
common ECL luminophore is tris(2,2-bipyridine)ruthenium(II)
(TBR), and tripropylamine (TPA) is the most efficient known core-
actant. In this ECL reaction, TBR and TPA are first oxidized at the
surface of an anode forming the strong oxidant Ru(bpy)3

3+ and
the cation radical TPA•+, respectively. The resulted TPA•+ imme-
diately loses a proton and becomes a powerful reducer, TPA•. Then
Ru(bpy)3

3+, a strong oxidant, and TPA•, a strong reductant, react
to form the excited state of the ruthenium complex, Ru(bpy)3

2+*,
as well as other inactive products. Relaxation of the excited-state
Ru(bpy)3

2+* to the ground state results in a light emission, at 620 nm
[29,30]. It should be noticed that Ru(bpy)3

2+ is not consumed dur-
ing the reaction, and may be oxidized and excited repeatedly when
there is excessive TPA in the buffer. Since Kenten et al. [31] firstly
used ECL in DNA probe assays, the technology has been widely
applied in the areas of DNA analysis [32], immunoassay, food and
water testing and biowarfare agent detection [33].
In this paper, we describe a specific and sensitive method for
point mutations assay which is accomplished by incorporating OLA
into magnetic beads-based ECL detection scheme. Taq DNA ligase
is applied for single-base mutation discrimination through catalyz-
ing the joint of the common probe and the discriminating probe
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Table 1
Oligonucleotides used in this assay.

Oligonucleotide Sequence (5′–3′)

TP53 exon 8 forward 5′-CTGATTTCCTTACTGCCTCTTG-3′

TP53 exon 8 reverse 5′-TACCTCGCTTAGTGCTCCCT-3′

TBR-labeled probe 5′-TBR-(CH2)6-TGGGACGGAACAGCTTTGAGGTGCA-3′

Biotin-labeled probe 5′-Phosphate-TGTTTGTGCCTGTCCTGGGAGAGAC-Biotin-3′

Target 1 (Ml) 5′-CCAGGACAGGCACAAACATGC ACCTCAAAGCTGTT-3′
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arget 2 (Wl) 5′-CCAGGACAGGCACAAACACGCACCTCAAAGCTGTT-3′

he location of the allele-specific recognition site in TBR-labeled probe and the
olymorphism sites in target is underlined.

o form a single oligonucleotide in the presence of perfect match
arget DNA. Ligation products are then captured onto streptavidin-
oated paramagnetic beads through biotin-streptavidin interaction,
nd then the luminescence signal will be detected by ECL system.
ccording to the signal we can determine whether the sample is
utant type or wild type. This method is proven to be effective in

nalyzing the point mutation in codon 273 of TP53 oncogene tar-
et from PANC-1 human pancreatic cancer cell line, ASTC-�-1 lung
ancer cell line, and blood cells.

. Experimental

.1. Oligonucleotides and reagents

The primers (Table 1) for PCR amplification were designed
sing Primer Premier 5 software and the two probes (Table 1)
sed in DNA ligase reaction were designed with the help
f DNA probe design software (Zucker folding program,
ww.bioinfo.rpi.edu/applications/mfold/dna/form1.cgi). The
utant target (M1, Target 1), wild-type target (W1, Target 2) and

he primers, the 5′-amino modified probe (TBR labeled probe) and
he other probe which is labeled with biotin at 3′ and phosphate at
′ probe (Table 1) were synthesized by Shanghai Sangon Biological
ngineering & Technology Services Co. Ltd. (SSBE), China. All
robes were HPLC purified. TPA, and the chemicals to synthesize
he Ru(bpy)3

2+ N-hydroxysuccinimide ester (TBR-NHS ester)
ere products of Sigma (Louis, MO, USA). TBR-NHS ester was

ynthesized by our laboratory according to Terpetschnig’s paper
34]. Streptavidin microbeads (2.8 �m diameter) were purchased
rom Dynal Biotech (Lake Success, NY, USA). Taq DNA ligase was
urchased from New England BioLabs, Inc. (Beverly, MA). Taq DNA
olymerase, dNTP, 2000 bp DNA Marker and the UNIQ-10 column
enome DNA extraction kit were all purchased from SSBE. All other
eagents were of analytical grade.

.2. Extraction of DNA from cell lines

Genomic DNA was extracted from PANC-1 human pancreatic
ancer cell line, ASTC-�-1 lung cancer cell line and blood cells. The
ANC-1, ASTC-�-1 cell lines were cultured as described in our recent
apers [35,36].

The blood samples were obtained from healthy donors. 1 mL of
CD decoagulant (0.48% citric acid, 1.32% sodium citrate, 1.47% glu-
ose) was added to each 6 mL blood. 500 �L of blood was diluted
y adding 1 mL sterile distilled water, and then was centrifuged at
000 rpm for 2 min at 25 ◦C. The sediment was resuspended with
00 �L Tris–EDTA (TE) buffer (pH 8.0) for DNA extraction.

DNA was extracted according to the protocol of the UNIQ-10
olumn genome DNA extraction kit.
.3. PCR amplification of genomic DNA

The extracted genomic DNA was amplified using the primers
Table 1) specific for exon 8 of TP53 gene in a total volume of 50 �L.
(2009) 1253–1258

Each reaction contained 5 �L of 10 × buffer, 1 �L of 10 �M each
amplification primers, 1 �L of 10 mM dNTP mixture, 1 U of Taq DNA
polymerase, and 1 �L of extracted DNA. After a 5 min denaturation
step, the application was achieved by thermal cycling for 35 cycles
at 95 ◦C for 1 min, 60 ◦C for 30 s, 72 ◦C for 1 min and a final extension
at 72 ◦C for 10 min.

2.4. Oligonucleotide ligation assay

For oligonucleotide ligation assay, a 20 �L reaction mixture
containing template (synthetic oligonucleotide targets or PCR prod-
ucts) in different concentrations, 1 �M biotin-labeled probes, 1 �M
TBR-labeled probes and Taq ligation buffer [20 mM Tris–HCl (pH
7.6), 25 mM potassium acetate, 10 mM magnesium acetate, 10 mM
DTT, 1 mM NAD+, 0.1% Triton X-100] was prepared. The mixture
was denatured for 5 min at 95 ◦C, hybridized for 60 min at 55 ◦C,
followed by adding of 2 U of Taq DNA ligase, and then the ligase
reaction took place at 45 ◦C for 30 min.

2.5. ECL detection

A custom-made ECL detection system was described in detail
in our previous research [29]. For the sample analysis, 10 �L OLA
products and 10 �L streptavidin coated beads were added to 80 �L
bind buffer (10 mM TE, 500 mM NaCl, pH 7.4), and then incu-
bated in an Effendorf thermomixer for 30 min at 30 ◦C. The reaction
products were separated by using magnetic racks (Dynal, mpc-s),
and washed first with 50 mM NaOH and then with bind buffer to
remove the unbound probes labeled with TBR. Then the magnetic-
ligation products were resuspended in 100 �L ECL assay buffer
(0.2 M NaH2PO4, 50 �M NaCl, 7 mM NaN3, 0.8 �M Tirton X-100,
0.4 mM Tween 20, 0.1 M TPA, pH 8.0) and was sequentially used
for ECL detection. 50 mM NaOH solution was used to denature the
duplex and dissociate the DNA template, retaining the DNA frag-
ments contained biotin on the streptavidin coated magnetic beads.
50 mM NaOH can denature DNA duplexes with 1 min whereas
biotin-streptavidin bind is essentially undisturbed under this con-
dition [37,38]. The applied potential of the ECL reaction was fixed
at 1.25 V and the ECL system was controlled by Labview software.

3. Results and discussion

3.1. Assay principle

The detection principle is illustrated in Fig. 1. In the design,
common probes modified with biotin at 3′ end and discriminat-
ing probes modified with TBR at 5′ end. Both probes hybridize
with the target DNA at adjoining positions. Since the probes we
designed are only perfectly complementary to the mutant tem-
plate DNA, Taq DNA ligase can specially catalyze the formation of
a phosphodiester bond between the juxtaposed 5′-phosphate and
3′-hydroxyl groups of above noticed probes to form a single oligonu-
cleotide in the presence of mutant target DNA, but no ligation
occurs for probes associated with the wild-type template. After liga-
tion reaction, the products are concentrated by streptavidin-coated
magnetic beads through the highly selective biotin-streptavidin
reaction. The unlinked DNA fragments are washed away, thus, only
the products labeled with both biotin and TBR can be detected in
the detection cell.

3.2. Optimization of assay conditions
The hybridization temperature between the probes (biotin-
labeled probe and TBR-labeled probe) and target DNA in analysis of
targets is an important factor. As we know, there will be a melting
temperature (Tm) which means half of the hybridized DNA duplex
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Fig. 3. The effect of ligase deposition time on the ECL intensity. The response repre-
ig. 1. Schematic for point mutation detection based on OLA and magnetic beads-
ased ECL detection scheme. Biotin-probe: biotin labeled probe. TBR-probe: TBR

abeled probe.

elted at this temperature. The Tm between two designed probes
biotin-labeled probe TBR-labeled probe) and the target DNA is
5 and 68 ◦C respectively, according to DNA probe design soft-
are (Zucker folding program) and the theoretical calculation [39].

n common practice, the temperature approximately 10 ◦C lower
han the melting temperature is chosen as the optimal Hybridiza-
ion temperature. So, the hybridization temperature was fixed at
5 ◦C in the detection system. At the relatively higher tempera-
ure, the formed duplex DNA will melt. However, if oligonucleotides
ybridize at relatively lower temperature, there will be nonspecific
ybridization.

The effect of hybridization time on the ECL intensity was also
nvestigated, to ensure the method timesaving. A mixture contain-
ng each probes and 10 nM target incubated at 55 ◦C for various

ybridization times. As shown in Fig. 2, the ECL intensity response

ncreased rapidly with the hybridization time up to 1 h. After 1 h,
he ECL intensity could not be further improved, indicating that
he hybridization equilibrium was reached at 1 h. Therefore, a

ig. 2. The effect of hybridization time on the ECL intensity. The ECL intensity was
lotted vs. hybridization time.
sents the ECL intensity change induced by the deposition time changed from 10 min
to 50 min for the ligation reaction. The concentrations of synthetic mutant template
is 10 nM.

hybridization time of 1 h was selected as the optimum in the fol-
lowing experiments.

We also investigated the effect of ligase reaction time on the
ECL intensity. After hybridized at 55 ◦C for 1 h, the Taq DNA ligase
was added to the reaction solution and incubated at 45 ◦C for dif-
ferent times varying from 10 to 50 min. As shown in Fig. 3, the ECL
intensity increased rapidly until 30 min. After 30 min, ECL intensity
increased slowly. That phenomenon is mostly probably because Taq
DNA ligase lost its activity with the increase in the reaction time. So
the reaction time was fixed at 30 min throughout the experiment.

In the ECL detection, the quantity of magnetic beads is a vital
factor [40]. Since the appropriate amount of beads can capture the
entire special ligation products, thus improving the sensitivity. But
excessive beads would be absorbed on the surface of electrode, and
influence the reaction of TPA and Ru(bpy)3

2+ on the surface of elec-
trode. In the experiments, the ligation products were linked on to
the surface of streptavidin-coupled beads by the biotin modified on
the common probe at the 3′ end through the highly selective biotin-
streptavidin linkage. The unlinked DNA fragments were washed
away. As shown in Fig. 4, the quantity of magnetic beads from 4 to
14 �L gave the different ECL responses, and it is observed that the

ECL response is maximized at a beads quantity of 10 �L. Therefore,
10 �L beads were added to each 10 �L ligation product throughout
the experiment.

Fig. 4. The effect of the quantity of streptavidin-coupled magnetic beads on the ECL
intensity. The concentration of the mutant target is 10 nM, hybridization time is 1 h
and ligase deposition time is 30 min.
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Fig. 5. Specificity evaluation of OLA-ECL method. ECL intensity corresponding to (a)
template free control, (b) 1 �M wild-type template, (c) 1 �M mutant template. 1 �M
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igation products were separated by 10% ployacrylamide gel electrophoresis con-
aining 8 M urea, and DNA was screened with a standard silver-staining method. (1)

utant ligation products, (2) Wild-type liagtion products, (3) Template free ligation
roducts control. On: potentiostat on. Off: potentiostat off.

.3. Analysis of single-base variations in synthetic oligonucleotide
argets

In order to evaluate the feasibility of the method, we firstly ana-
yzed single-base mutation in synthetic oligonucleotide templates
Table 1), to avoid the effects of variability between real DNA sam-
les on the evaluation results. Wild-type template (W1) and mutant
emplate (M1) were derived from variants of human TP53 gene
equence. Fig. 5 displays the results obtained from template free
ontrol (a), 1 �M wild-type template (b), 1 �M mutant template (c).
t was observed that the ECL signal obtained from analysis of per-
ectly matched mutant target (2568 cps) was significantly higher
han that of wild-type target (177 cps) with a single-base mismatch.
s a result, the signal-to-noise ratio in discriminating point muta-

ion reaches 14.5 in the proposed method, demonstrating that the
roposed method based on Taq DNA ligase reaction can be used
o distinguish mutant target DNA and the wild target DNA effi-
iently. The incorporation of OLA not only provides high specificity
ut also is easy to operate. The application of DNA ligase reaction
or single base mismatch identification substantially improved the
apacity of point mutation discrimination without tight control of
he assay conditions. In contrast, the application of specific DNA
equence based on DNA hybridization assay for point mutation
etection requires stringent temperature control in hybridization
eaction [5–8]. In mutation detection, specificity and operational
ase are of the most significance. To further validate the accuracy
f the current method, the ligation products were analyzed by 10%
olyacrylamide gel electrophoresis. As shown in Fig. 5, there is an
bvious product band appeared in mutant ligation products, but
ithout product band was found for the wild-type ligation prod-
cts. Thereby, the results of gel electrophoresis are consistent with
he results of ECL detection.

Under the optimal experimental conditions, the sensitivity of
he reported system was evaluated through analysis of various
uantities of the perfectly matched and mismatched targets (quan-
ity banding from 10 pmol to 1 fmol). In order to avoid cumulated
ackground, this assay started from low quantity to high quantity.
s depicted in Fig. 6A. The proposed method offers well-defined
oncentration dependence. It was found that when the quantity
f target was down to 10 fmol, the wild-type target and mutant

arget can be distinguished easily. The detection limit is 10 times
igher than that shown previously [36]. Furthermore, the technique

s much simpler than conventional DNA detection methods. This is
ttributed to the application of streptavidin-coated paramagnetic
Fig. 6. Sensitivity and linearity of OLA-ECL method. (A) ECL intensity as a function of
the sensitivity for detecting perfectly matched and mismatched templates of various
concentrations varying from 10 pmol to 1 fmol. (B) Linearity of ECL intensity was
observed in different quantities of mutant template DNA with OLA-ECL.

beads. In the reported method, streptavidin-coated paramagnetic
beads were specifically chosen for selective capture of biotiny-
lated ligation products. The binding interaction of streptavidin and
biotin is quick, reliable and strong (Kd = 10−15), and dramatically
reduces the time of sample preparation. Otherwise, in ECL detec-
tion, the magnetic beads-ligation products complex can readily be
collected on the electrode surface only by using a magnet with-
out any modification on electrode surface. This ensures that the
electrode can be reused by simply washing out the beads from
the surface, resulting in a rapid detection process and a reduce
detection cost. Moreover, the method can be easily extended to
high-throughput and automatic screening format with the use of
the magnetic beads. The calibration plot depicted in Fig. 6B shows
that the ECL intensity exhibit an excellent linear relationship to the
quantity of mutant target DNA in the range from 10 pmol to 10 fmol
and the correlation coefficient is 0.998. It is noteworthy that our
detection method covers a dynamic range of at least two orders of
magnitude.

3.4. Analysis of TP53 point mutation

In order to further validate the OLA-ECL method, we applied
the method to detect point mutations in PCR products from cell
lines. TP53 point mutation at codon 273 was chosen as the tar-
get. TP53 gene is one of the most studied genes in cancer research
and the role of TP53 as an important early diagnostic marker of

tumours has been suggested [41]. As shown in Fig. 7A, the ECL
signals obtained from PCR products of PANC-1 human pancre-
atic cell lines, ASTC-�-1 lung cancer cell lines and blood cells
are 262.2 ± 13.4 cps, 24.3 ± 2.9 cps, 26.4 ± 3.6 cps, respectively. PCR
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Fig. 7. Detection of real cell line samples. (A) ECL intensities obtained by analysis
of single-base mutation at codon 273 of TP53 gene in PCR products (186 bp) from
PANC-1, ASTC-�-1, normal blood cells, and without template control. All ECL signal
value were subtracted the blank control signal (ECL assay buffer). The red dash line
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epresents the cut-off value for mutation positive samples. (B) Gel electrophoresis
nalysis the PCR products of PANC-1 cells (1), ASTC-�-1 cells (2), normal blood cells
3), and template free control (4).

eaction solution without template was as the control, the signal of
hich is 20.1 ± 3.5 cps. To define if a sample is mutation-positive,
cut-off value was calculated based on the average (Vcontrol) and

tandard deviation (Vstdev(con)) of the ECL reading from the control
ample, shown as in the following formula:

cutoff = Vcontrol + 3Vstdev(con) (1)

ccording to this formula, the cut-off level for mutation-positive
amples was set at 31 cps. ECL signal less than 31 cps should not
e indicated as mutation-positive under our conditions. According
o the data, only PANC-1 is mutation-positive sample, and there is
o G → A point mutation at codon 273 of TP53 gene in ASTC-�-1
ell lines and blood cells. It was implied that the PCR template only
rom PANC-1 could perfect match with the probes at the mutation
ite then the two adjacent probes were integrated to form a single-
tand oligonucleotide. That is to say, the codon 273 of TP53 gene is
utant from CGT to CAT in PANC-1 cell lines. To validate if the differ-

nce of ECL intensity comes from the effect of concentration of real
NA samples and the PCR efficiency, 1% agarose gel electrophoresis
nalysis for PCR products was performed in the experiment. Fig. 7B
hows the concentrations of the PCR products (186 bp) from PANC-
cell line (line 1), ASTC-�-1 cell line (line 2) and blood cells (line 3)

re almost the same. Without strap was observed in the PCR con-
rol (line 4) indicated the PCR process was fairly specific. Therefore
he proposed approach could potentially serve as robust assay for

utation detection.
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[
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4. Conclusions

We reported a novel simple and sensitive approach for DNA
point mutation detection. The approach bases on the high-fidelity
perfect-match ligation by OLA and magnetic beads-based ECL
detection scheme. Taq DNA ligase was used to offer very high
fidelity in identification of template gene containing single-base
mutation, which was proved to be efficient and specific. The mag-
netic beads-based ECL detection scheme provides the assay system
with simple operation, cost-efficiency and significantly sensitiv-
ity. Thereby the proposed OLA-ECL approach could be potentially
applied in the field of genetic-based diseases clinic early diagnosis
and drug response prediction as well as point mutation detection
in cancer studies.
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