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The 3rd International IUPAC Symposium on Trace Elements in Food
(TEF-3) will be held 1–3 April 2009 in Rome, Italy, organized by the
Istituto Superiore di Sanità. The meeting will consist in 2 and a half
days of oral and poster presentations. Plenary lectures will be given
by invited speakers in the following areas:

• Advances in trace element analysis in food matrices
• Sources and transfer of trace elements in the food chain
• Toxicology and risk assessment
• Trace element nutrition and human health.

The objective of this interdisciplinary symposium is to gather experts
with different backgrounds to discuss all aspects of trace elements in
relation to food, with special emphasis on biological effects of elements.
The topics covered include essentiality, toxicity, bioaccessibility,
bioavailability, speciation, sources and transfer in the food chain, effects
of processing, food fortification, supplementation, international
legislation and standards, analytical developments, analytical quality

assurance and reference materials. Special emphasis will be placed on
research and development efforts which have taken place in the last
few years as well as on emerging issues in the area.
This meeting follows the previous ones, organized in Warsaw, Poland
(2000), and in Brussels, Belgium (2004). Alike the two previous
meetings of this series, TEF-3 aims at being a suitable forum for new
ideas and experiences to be exchanged among researchers in the trace
element area with a view to providing an evidence base for policy,
advice on the development of improved foods and risk-management
tools to protect public health.
Important dates include 30 September 2008, deadline for pre
registration, 1 December 2008, deadline for submission of abstracts,
and 15 January 2009, deadline for reduced fee payment. Further details
are available on the symposium website (http://www.tef3-2009.it).

Dr. Francesco Cubadda
Symposium chair
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a b s t r a c t

In this paper, an attempt has been made to develop a feasible procedure for the prediction of quality
parameters of motor gasoline and to discriminate between the different adulterated motor gasoline sam-
ples using density values, distillation temperatures and Fourier transform infrared (FTIR) analyses along
with multivariate calibrations without the need for using chromatographic separation or other expensive
instruments such as an octane number analyser.

Ten blend mixtures of regular and super motor gasoline were prepared in order to study density, distil-
lation temperatures and FTIR spectra characteristics for each blend. Distillation temperatures for the pure
and blend mixtures of regular and super motor gasoline at initial boiling point (IBP) to final boling point
(FBP) at 5%Vol. interval were obtained. Accurate and complete distillation data on the uncontaminated
fuel would be essential for comparison. Thirteen peaks of the absorbance at the wavenumbers: 434, 461,
484, 673, 694, 1030, 1086, 1217, 1231, 1460, 1497, 1606 and 3028 cm−1 were chosen to perform the multi-
variate calibration. The results obtained were expected to be useful in determination and differentiation
purposes, providing information on whether the density values, distillation temperatures and FTIR anal-

yses along with multivariate method could be an appropriate feature for differentiating a particular pure
motor gasoline sample from the others. The observed differences in the specific spectral bands are inves-
tigated and discussed. They have proven to be an effective combination in the pursuit of management’s
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differentiation goals.

. Introduction

Motor gasoline (MG) is a complex mixture of volatile flammable
iquid hydrocarbons containing hundreds of different natural com-
onents (like benzene and toluene) and some additives like methyl
ert-butyl ether (MTBE). The hydrocarbons present in MG may
e classified, basically, into four classes: paraffins (normal and
ranched), cycloparaffins, olefins and aromatics. The exact compo-
ition of MG depends on the nature of the petroleum from which
t originates [American Petroleum Institute (API) degree, chemi-
al composition], the process through which the MG is obtained
distillation, alkylation, hydrocracking, catalytic cracking, etc.), the
nd use for which it is produced (automotive competitions, engine

erformance tests), and the legislation in place at the location of
roduction and distribution (contents of benzene, aromatic, sul-
hur, lead, etc.) [1].

∗ Corresponding author. Tel.: +962 65344701; fax: +962 65344806.
E-mail address: mghouti@rss.gov.jo (M.A. Al-Ghouti).
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Fuel adulteration means the blending of a higher grade MG with
ther grades or solvents. Adulteration differs from contamination
n that unacceptable materials are deliberately added to MG by
nscrupulous people to enhance their profit. It may be as simple
s adding regular-grade MG to the super-grade MG storage tank,
hich lowers the octane number of the super.

All engines are designed and manufactured to run on specified
uel. They will emit substantially more pollutants if the fuel spec-
fication is changed and poorly maintained. Often, but not always,
he adulterated fuel leads to increased tailpipe emissions of harmful
ollutants, reduces the life of engine components and also reduces
erformance of the engine. These practices lead to losses in several
reas, which include some damaging of the engines and deteriora-
ion in air quality through increased emissions. The main driving
orce for this malpractice is the difference in the market prices of
arious petroleum products [2,3].
In Jordan, three main types of MG are sold in the service sta-
ions: regular leaded motor gasoline (RMG), super leaded motor
asoline (SMG) and unleaded motor gasoline (UMG). RMG is the
heapest one, while UMG has a higher price. This price differen-
ial is the main motivation for the illegal mixing of a cheaper fuel
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variate calibration method like CLS was invalid for determination
of MG in the samples. Collinearity (i.e., the linear relationships
between absorbances at multiple wavenumbers) is a serious draw-
back that may negatively affect the accuracy and precision of the
calibration method. A good estimation of collinearity in a data

Table 1
Calibration and validation sets that used in multivariate calibration

Standard RMG SMG

Calibration set (Vol.%)
1 1.0 99.0
2 2.0 98.0
3 3.0 97.0
4 4.0 96.0
5 15.0 85.0
6 35.0 65.0
7 55.0 45.0
8 70.0 30.0
9 100.0 0

10 0 100.0
106 M.A. Al-Ghouti et al. / T

ith a more expensive fuel. When RMG, SMG and UMG at 0.43,
.60, 0.64 JD L−1 and kerosene is sold as low as 0.30 JD L−1 and the
uel pump merchant is given a small profit margin per litre, the
emptation to adulterate the fuel is just too much. Most MG adul-
eration cases involve the illegal mixing of a cheaper leaded into an
nleaded motor gasoline. Other common adulteration is the mix-

ng of much cheaper heating fuel (such as kerosene) into MG. In the
ase of the adulteration of similar fuels (such as RMG into SMG), the
ain impact is increased emissions, whereas in the case of mixing

issimilar fuels (heating fuel into MG), long-term use may also lead
o engine damage.

Determination of fuel adulteration in MG may be carried out
y gas chromatography or other chromatographic techniques [5].
ther techniques may also use to uncover adulteration. Karoui and
aerdemaeker used various spectroscopic techniques, including
he near infrared (NIR), mid-infrared (MIR), front face fluores-
ence spectroscopy (FFFS), stable isotope and nuclear magnetic
esonance (NMR) in order to assess their suitability for the deter-
ination of the quality and/or geographical origins of dairy

roducts [6]. Other workers have studied 13C NMR spectra of
live oils from different regions and of different varieties to per-
it their discrimination using advanced chemometrics methods

7]. On the other hand, a limited number of publications were
resented in the literature vis-à-vis gasoline adulteration using
ourier transform infrared (FTIR) with multivariate calibration.
STM D86 distillation testing and/or ASTM D2699/ASTM D2700

8,9] octane number testing may also be used to detect adulter-
tion [10]. In some countries, dyes and markers are also used to
eter the practice of adulteration. However, the determination of
MG adulteration with leaded motor gasoline is an easy task. It is
sually undertaken by measuring the lead content in the sample
sing atomic absorption. ASTM D3237 [4] describes the proce-
ure.

However, the chromatographic procedures and octane number
esting are in general slow and time-consuming and it is gen-
rally too expensive to purchase. In this work, a procedure for
he determination of SMG adulteration with RMG based on the
se of density, distillation temperatures and FTIR analysis along
ith multivariate method was developed and tested. FTIR spec-

roscopy is the fastest and cheapest of the spectroscopic techniques
sed by scientists for identification purposes. It is based on the
easurement of well defined and usually sharp characteristic fun-

amental frequencies associated with specific functional groups
11].

Recently, multivariate calibration has been applied for analysing
any chemical systems including wastewater, foods, drugs for-
ulations, and fuels without the need for separation of solutes

rior to their analysis as the case in chromatographic analyses
12–14]. Multivariate calibration is an effective calibration method
n which the chemical information (absorption, emission, trans-

ission, etc.) of a set of standard mixtures recorded at different
ariables (wavenumbers) are related to the concentration of the
hemical compounds present in the mixtures [12–13]. The pop-
lar calibration way used in chemical analysis is the univariate
alibration in which the chemical information of a set of solution
ecorded at one variable (i.e. wavenumber) is related to the solute
oncentration in the solution. The most applied multivariate meth-
ds are classical least squares (CLS), inverse least squares (ILS),
rincipal-component regression (PCR), partial least squares (PLS)
nd net-analyte signal (NAS) [12–14].
Therefore, the aim of this work was to develop a procedure,
y means of the physical and chemical properties (density and
istillation) and FTIR analyses along with PLS-1 calibration, for
etermination SMG adulteration with RMG. The results obtained
re expected to be useful for determination purposes.

V
1
2
3
4

76 (2008) 1105–1112

. Experimental

The chemical and physical parameters analysed are based on
he standardised analytical methods to provide an overall indica-
ion of the status of a fuel. Key American Standards for Testing and

aterials (ASTM) chemical methods such as the determination of
istillation (ASTM D86 [15]) and density (ASTM D1298 [16]) were
arried out. The distillation and density tests were carried out in
uplicate. The determination of the distillation curves was carried
ut with a manual distillation according to the norm ASTM D86.
he density was determined with the aid of hydrometers (ASTM
1298).

Analytical spectra were taken using a Shimadzu IR Prestige-
1/FTIR-8400S with a resolution of 4 cm−1 at 64 scans. The data
nterval provided by the instrument for a resolution of 4 cm−1

s 1 cm−1. A small quantity (∼2 �L) of the sample was deposited
ith the use of a Pasteur pipette between two well-polished KBr
isks, creating a thin film. Duplicate spectra were collected for the
ame sample. All spectra were recorded from 4000 to 400 cm−1

nd the spectra were collected using a Shimadzu IR Prestige-21
indows Software. These tests were conducted at the laborato-

ies of the Royal Scientific Society (RSS), Amman, Jordan. Then, the
igitised absorbance values were transferred to a Pentium (IV) per-
onal computer for subsequent analysis. The data treatment and the
ultivariate calculations were carried out using MATLAB (version

.0).
Ten blend mixtures of RMG and SMG, to cover the percentage

–100%Vol. for each individual component, were prepared to study
he density, distillation temperatures and FTIR spectra for each
lend. Ten samples were used to prepare the calibration set, while
our samples were used for validation. Table 1 gives the composition
f calibration and validation sets used in multivariate calibration.
ive real samples of SMG were obtained from different local petrol
tations.

.1. Determination of MG adulteration using PLS-1 regression
ethod

PLS-1 is a simple and convenient calibration method for resolv-
ng mixtures, which in principle could be applied for the current
ystem. Due to the high collinearity in matrix R, the simple multi-
alidation set (Vol.%)
5.0 95.0

10.0 90.0
30.0 70.0
50.0 50.0
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atrix is the condition number [12], matrices of high collinearity
ave high condition numbers and can not be involved in simple cali-
ration methods. The condition number of matrix R was 300, which
eflected the high degree of collinearity and the high spectral over-
ap between MGs as well. In PLS-1 regression, the high collinearity
n matrix R could be eliminated and the calibration quality could be
argely improved. Simply, in PLS-1 method, matrix R is decomposed
sing the concentrations vector of MG to be calibrated. With the
id of PLS-1 algorithm, Wn×h, Ph×n matrixes and qh×1 vector were
btained, where h represents the number of optimum PLS-1 latent
ariables needed to perform accurate calibration. The calibration
arameters b and bo were obtained as following [13]:

= W (PtW )q (1)

nd,

o = c̄ − atb (2)

here c̄ and a are average concentration of MG in the calibra-
ion mixture and the average spectrum of the calibration mixtures,
espectively. t stands for matrix transpose. To predict content of MG,
, from the spectrum of unknown sample, the following equation
as used:

= bo + aunb (3)

here aun is the measured spectrum of the unknown sample.
To improve the quality of PLS-1 calibration, the absorbances

nd concentrations were mean-centred before running the analysis
14]. The presence of outlier(s) was also investigated in calibration
nd prediction sets using Haaland and Thomas method [12]. PLS-
method calculates the calibration parameters (b and bo) for each
G separately; therefore, the earlier calculations were repeated for

ach MG.
The calibration matrix was obtained by recording the absorption

pectra of standards over the spectral range 400–4000 cm−1. Five
actors were found to be the optimum for simultaneous determina-
ion of both MGs using PLS-1 calibration method. Thirteen peaks of
he absorbance at the wavenumbers: 434, 461, 484, 673, 694, 1030,
086, 1217, 1231, 1460, 1497, 1606 and 3028 cm−1 were chosen to
erform the PLS-1 calibration. The chosen of these peaks was based

n the main compositions in the MG and their importance in the
ultivariate calibration. Table 2 shows the 13 stretching vibration

ands using FTIR.
Distillation temperatures for the pure and blend mixtures of

MG and SMG at initial boiling point (IBP) to final boling point

able 2
tretching vibration bands of Jordanian MG [17]

tretching vibration Frequency (cm−1)

434 C–Cl stretch
461 Toluene (CCC inplane bending)
484 CCC out of plane bending
673 Benzene
694 cis-HC C H

1030 Pyridine
1086 C H inplane bending
1217 C H inplane bending
1231 C H inplane bending
1460 C C (aromatic) ring stretch

Phenyl compounds
C H stretching antisymmetric

1497 C C (aromatic) ring stretch
Phenyl compounds
degenerate pair

1606 C C (aromatic) ring stretch
sp2 CH2 (olefinic) Conjugation

028 sp2 CH2 (olefinic) (non terminal = CH C)
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FBP) at 5%Vol. interval were obtained. Accurate and complete dis-
illation data on the unadulterated fuels would be essential for
omparison.

. Results and discussion

Detection and determination of RMG and SMG adulteration
re not simple everyday tasks. In this context, efforts to detect
nd determine adulteration in a traditional method could demand
he determination of hundreds of organic compounds in MG sam-
les, and further evaluation of a composition profile in comparison
ith typical unadulterated MGs in order to identify composition

ariation that could be related to adulteration. Thus, a fast and reli-
ble method to screen large numbers of MG samples is required
o classify and determine the adulterant amount added in the
uel.

The detection of fraud is difficult when the adulteration involves
he addition of a hydrocarbon, or their mixtures, normally present
n the composition of SMG. In such cases, if the quantity of adul-
erant added is beyond the detection limit (DL) of the instrument,
ot even the most sensitive techniques can be used to quantify the
dded compound due to the complexity of gasoline composition.
he addition of RMG into SMG changes the original composition of
he fuel, affecting its physicochemical properties in different ways.
istillation temperatures, density and octane rating are properties
losely related to the fuel composition and the characteristics of its
omponents.

The combination of density, distillation technique and infrared
pectrometry along with multivariate method provides a powerful
ool for monitoring a variety of processes and, as such, is arousing
ncrease interest for quality control purposes. The fact that sam-
les require virtually no treatment and the relative ease and speed
ith which spectra can be obtained have made infrared spectrome-

ry a preferred choice over traditional techniques involving lengthy
ample conditioning procedures.

In this work, an investigation was carried out into the observed
hanges in distillation curves and temperatures, density values and
TIR spectra along with multivariate calibration of SMG after the
ddition of different percentage of RMG.

.1. Physical and chemical properties

The RMG and SMG were the typical fuel grades of the Jordanian
arket that are produced by Jordan Petroleum Refinery Company.

heir specifications are presented in Table 3.

The following subsections will describe the effect of adulteration

nto density values and distillation temperatures. The results of
ensity and distillation temperatures of pure and adulterated SMG
ith different ratios of RMG are presented in Table 4.

able 3
ypical Jordanian fuel properties (RMG and SMG)

roperties Unit Result Test method

RMG SMG

istillation ◦C ASTM D86
0%Vol. 54 59
0%Vol. 85 97
0%Vol. 162 158
inal boiling point 201 189
apor pressure at 100 ◦F kg cm−2 0.629 0.571 ASTM D323
otal sulphur %wt. 0.060 0.026 ASTM D1266
ensity at 15 ◦C g mL−1 0.7319 0.7517 ASTM D1298
ctane number – 87.4 95.3 ASTM D2699
ead g L−1 0.097 0.194 ASTM D3341
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Table 4
Density and distillation tests of adulterated SMG with RMG at different ratios

Properties Unit Result Test method
Percentage of RMG added, %Vol.

0 4 5 10 20 50

Density at 15 ◦C g mL−1 0.742 0.7550 0.7570 0.7600 0.7600 0.7625 ASTM D1298
Distillation ◦C ASTM D86
IBP 43.5 43.4 43.5 43.4 43.4 42.4
10%Vol. 64.4 57.4 62.4 63.4 63.4 64.4
20%Vol. 73.4 63.4 70.4 72.4 71.9 73.4
30%Vol. 81.6 71.4 78.6 80.6 80.6 81.1
40%Vol. 91.6 81.6 87.1 90.6 91.6 91.1
50%Vol. 102.1 91.0 98.3 101.3 102.1 101.6
60%Vol. 113.8 105.8 109.8 112.8 112.8 112.8
70%Vol. 127.0 121.0 122.5 126.0 125.0 125.5
8 6.8
9 2.3
9 5.9
F 0.9
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(temperature at which 10% of distilled volume is recovered), T50
(temperature at which 50% of distilled volume is recovered), T90
(temperature at which 90% of distilled volume is recovered) and
FBP. IBP and T10 are related to the amount of light compounds in
the fuel, which are necessary for engine cold starting [21]. Never-
0%Vol. 139.3 135.3 13
0%Vol. 153.3 151.4 15
5%Vol. 166.4 164.4 16
BP 185.6 184.6 19

.2. Density

Density is a significant property because it controls the amount
f fuel that is burned in the combustion chamber. The higher the
mount of fuel sprayed into the combustion chamber, the higher
he output of partially oxidised products that is emitted.

MG density varies between summer and winter grades and from
ow octane to high octane. This variation takes into account the
ifferent performance requirements of MG at different tempera-
ures. In order to maintain the “anti-knock” quality and octane
atings of MGs in the absence of lead, the portion of aromatic
ydrocarbons used in MG was increased. MG contains various
romatic compounds which have a higher tendency of coke for-
ation than paraffinic fuels [18]. Aromatic hydrocarbons take the

orm CnH2n−6, with a lower ratio of hydrogen to carbon than
ther hydrocarbons typically found in MG. Because carbon is
uch heavier than hydrogen, the lower ratio results in increased

uel density and higher shares of carbon [19]. As a result, the
missions coefficient for MG will rise. As shown in Table 4, the
ensity of the adulterated MGs was varied between 0.7420 and
.7625 g mL−1 and increased by 2.72% as the percentage of adul-
eration increases from 0 to 50%Vol. This means more emissions
re obtained and this would not be sufficient to characterise exact
dulteration.

The test result of density was compared with corresponding
alue prescribed as typical Jordanian MG specifications. The stan-
ard prescribed density for RMG and SMG is a value ranging from
.729 to 0.736 and 0.740 to 0.760 g mL−1, respectively. The observa-
ions from the experiment suggested that density was within the
rescribed range immaterial of the extent of the SMG adulteration
ith RMG (Table 4). The presence of RMG did not appear to alter
ensity of SMG appreciably and hence the application of the density
est for adulteration with RMG is not appropriate.

.3. Distillation characteristics

One of the most important features of a MG is the volatility that is
easured by a distillation experiment [20]. MG is a mixture of hun-

reds of hydrocarbons, many of which have different boiling points.
hus MG boils or distills over a range of temperatures, unlike a pure
ompound, water, for instance, that boils at a single temperature. A

G’s distillation profile or distillation curve is the set of increasing

emperatures at which it evaporates for a fixed series of increasing
olume percentages – 5, 10, 20, 30%, etc. – under specific conditions.
Alternatively, it may be the set of increasing evaporation volume
ercentages for a fixed series of increasing temperatures.) Fig. 1
138.3 137.3 137.3
152.3 151.3 151.3
165.9 162.4 165.4
189.6 187.6 185.6

hows the distillation profiles of average conventional summer and
inter MGs.

Various ranges of a distillation profile have been correlated with
pecific aspects of MG performance. Front-end volatility is adjusted
o provide: (a) easy cold starting, (b) easy hot starting, (c) free-
om from vapor lock, and (d) low evaporation and running-loss
missions. Mid-range volatility is adjusted to provide: (a) rapid
arm-up and smooth running, (b) good short-trip fuel economy, (c)

ood power and acceleration, and (d) protection against carburetor
cing and hot stalling. Tail-end volatility is adjusted to provide: (a)
ood fuel economy after engine warm-up, (b) freedom from engine
eposits, (c) minimal fuel dilution of crankcase oil, and (d) minimal
olatile organic compound (VOC) exhaust emissions [10].

The most important points of the distillation curve are IBP, T10
Fig. 1. Typical distillation profiles of summer and winter MGs (ASTM D86) [10].
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oped by Haaland and Thomas [12]. Basically, from a given set
ig. 2. Distillation curves of adulterated SMG (shortened as S) with different ratios
f RMG (shortened as R).

heless, an excess of light hydrocarbons may cause vapor lock. The
ntermediary hydrocarbons are responsible for engine heating, and
50 is the parameter used to regulate this fraction. FBP and T90
re related to the amount of heavier substances with higher octane
umber, which provide fuel economy and detonation resistance.

Fig. 2 shows the results of distillation temperatures of the pure
MG, this curve is used as a reference in the analysis of the effect
f the addition of RMG to SMG, and five other adulterated MG fuels
btained by blending of the SMG with an amount of 4, 5, 10, 20 and
0%Vol. of RMG.

Vaporisation at very narrow band of temperature is not desirable
ince it will result with an immediate burning and high rate of pres-
ure rise. The burning of all the fuel increases the temperature and
ressure of gas in the combustion chamber. This is a situation which
an give rise to dangerous conditions for the engine components.
t is necessary that a fuel sample burns gradually in a combustion
hamber of an engine. When the RMG with an amount of 4–50%Vol.
s mixed with the SMG, distillation temperature increases gradually
t a finite rate. This gradual increment is important because starting
bility and warm-up property of the fuel is evaluated by considera-
ion of the evaporation temperatures of 20–70% vaporisation region
f the distillation curves.

However, the change in density values and distillation tempera-
ures is not proportional to the volume of RMG blended with SMG.
his indicates that RMG is solved in the SMG and a new mixture
as formed. It behaves as a new fuel according to the density and
istillation tests results.

A simple visual inspection would not be sufficient to char-
cterise MG adulteration, as can be observed from Fig. 2. The
istillation curves show a continuous and smooth increase in tem-
erature as the distillation process progresses. It can be observed

n Fig. 2 that RMG additions tend to decrease the distillation tem-
eratures of the mixture as a whole for 4 and 5%Vol. But, the
ehaviour of the distillation curves of 10, 20, and 50%Vol. is quite
imilar to the pure SMG. This behaviour could be explained by
he properties and composition variations of the adulterated SMG
amples. Probably, low intermolecular interactions were formed
t lower percentages of adulteration while such interactions were
ncreased at higher percentages. The distillation curves of the
dulterated SMG did not affect, in a significant way, the distil-
ation temperatures above 70% of the vaporised volume. On the
ther hand, the 50% of the vaporised volume was influenced by
he addition of 4 and 5%Vol. RMG; this parameter may therefore
e the strongest indication of the presence of this substance in
MG.
The distillation temperature that corresponds to 10% of the evap-
rated volume is related to the engine ignition. It appears from
ig. 2, that this phenomenon is not affected. The 50%Vol. distilled
imit is monitored by its relation with the heating and accelerating

o
t
(
T
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f the engine and with the fuel economy. It can be clearly seen that
he 50%Vol. distilled limit is affected by addition RMG into SMG
o 4%Vol., a lesser extend to 5%Vol., and no effect was observed
or 10, 20, and 50%Vol. It is also clear that no effect was observed
fter addition of RMG into SMG for tail-end volatility correspon-
ence.

As a conclusion, it is quite difficult to differentiate the adulterate
G samples using distillation and density results. So, it continues

o be a challenge when dealing with mixtures containing hun-
reds of components, as is the case for MG. This is of fundamental

mportance in relation to SMG adulteration through the addition
f RMG. A better understanding of this phenomenon could aid
n the establishment of more appropriate ranges for the quality
arameters in order to detect adulterations with greater efficiency.
TIR along with multivariate calibration may be one of the best
ethods that may be used in determination and differentiation

urposes. This method will be discussed in the following subsec-
ions.

.4. Spectral overlap and importance of multivariate calibration

The present paper attempts to develop a feasible procedure for
he prediction of quality parameters of MG and to discriminate
etween the different adulterated SMG samples using FTIR spec-
roscopy and multivariate methods, using principal-components
nalysis (PCA). PCA is used for finding patterns of correlations
ithin large and complex data structures, such as the data matrix

btained for these fuels.
The FTIR spectra of RMG and SMG were recorded over the

ange (400–4000 cm−1) and are illustrated in Fig. 3. For more
lear FTIR graphics, the full spectra are divided into five regions:
000–3100, 1400–1600, 1000–1300, 650–700, and 400–500 cm−1.

broad spectral feature from 2800 to 3000 cm−1 for the “2%
” and “4% R” is produced by unknown interference. Ignore this
eak as “interference”. The difficulties that arise when mixtures
f these fuels are to be determined are realised by studying
he individual absorbance spectra given in Fig. 3. The spectra
f the fuels were strongly overlapped within the entire spectral
egion and no certain wavenumber can be found where any of
he fuel is the only absorber. This indicates that conventional
alibration procedures would have a limited application for quanti-
ative determinations. Therefore, the simultaneous determination
f these overlapped fuels requires (a) the use of a separation
echnique (like high performance liquid chromatography or gas
hromatography) prior to their determination, or (b) the appli-
ation of a multivariate calibration technique for the resolution
f the complex system. The second option was chosen in this
tudy owing to its simplicity, rapidity and low cost. The concentra-
ions of fuels in their mixtures were estimated using the popular

ultivariate method; PLS-1. During analysis, the RMG was given
ore attention than SMG because the former is the fuel that

s regularly used in adulteration and usually added in variable
mounts.

.5. Selection of the optimum number of factors (h) for PLS-1
alibration method and leverage calculations

The optimum number of factors (h) should be selected in order
o avoid overfitting when using PLS-1 method. This can be done
y applying leave-one-out cross validation procedure as devel-
f m calibration samples, the PLS-1 calibration on m − 1 calibra-
ion set is performed. Using this calibration, the concentration
%Vol.) of the sample left out during the calibration is predicted.
his process was repeated m times, until each sample has been
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mples (RMG (R) and SMG (S)) at different mixing ratios.
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Fig. 3. Fourier transform infrared spectra of MG sa

eft out once. The concentration (adulteration) predicted (Cpred)
or each sample is then compared with the actual concentra-
ion (adulteration) (Cact) of this reference sample. The sum of
quared prediction residual errors for all calibration samples, or
RESS = �(Ci,pred − Ci,act)2 was calculated each time a new factor (h)
s added to the PLS-1 model. Usually, the optimum number of fac-
ors is obtained by computing the ratios F = PRESS(h < h*)/PRESS(h)
h* corresponds to the minimum PRESS), and selecting the num-
er of factors leading to a probability of less than 75% that F > 1
12,13]. In our case, five factors were found to be optimum for simul-
aneous determination of fuels using PLS-1 calibration method.
ig. 4 shows the PRESS plot obtained by optimising the calibra-
ion matrix of the FTIR spectra of the samples with the PLS-1

ethod.
The regression coefficients that obtained from PLS-1 method

sing the optimum number of factors (6) was plotted against the
avenumbers used in calibration as depicted in Fig. 5.
The relative magnitude of the employed wavenumbers is appar-
nt in Fig. 3, the wavenumbers at 673, 694, and 1029 cm−1 are
ore significant that the others and they are very important for the
odel. On the other hand, 433, 460, 484, 1230, 1460, and 3028 cm−1

ave a little effect on the calibration method. The leverage plot was
F
o

ig. 4. A plot between numbers of latent variables vs. PRESS for analysis of SMG as
btained from cross-validation technique.
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Fig. 7. Actual concentration vs. predicted concentration as obtained from the PLS-1
model for RMG (calibration set).

Table 5
Calibration results obtained from PLS-1 method

Calibration parameter RMG SMG

Spectral region (cm−1) 434–3028 434–3028
Number of factors (h) 5 5
PRESS 0.54 0.63
R
r
L

m
s
f
P
p
u
t

f

D

w
s

ig. 5. Relative magnitude of the regression coefficients derived using a six-factors
LS-1 model for RMG.

lso obtained for the RMG. Martens and Naes’s method for lever-
ge estimation was adopted in this work [14]. The obtained leverage
lot is shown in Fig. 6.

As indicated in Fig. 6, there is a high leverage in samples 1 and
0 compare to the other samples used in the calibration set. This
hould not be a surprising because the concentration of RMG was
t low levels in these samples. Low leverage values were obtained
or the rest of the samples.

.6. Determination of MG adulteration in the validation set and
eal samples and figures of merit of proposed method

The PLS-1 model has a high prediction power for determination
f both fuels in the calibration and prediction sets. Figs. 7 and 8
how the plots between the actual and predicted concentration of
MG in the calibration and validation mixtures, respectively.

As indicated from both these figures, the PLS-1 methods has
igh prediction ability for determination of RMG in calibration
slope ≈ 1.0, r2 = 0.9997) and validation (slope ≈ 0.97, r2 = 0.9992)
ets. The overall effectiveness of PLS-1 for prediction fuels in the
alidation set can be determined by calculating relative error of
rediction (REP) values for each fuel as follows [22]:

EP% = 100 ×
(∑n

i=1(Ci, pred − Ci, act)
2∑n

)1/2

(4)

i=1(Ci, act)

2

here n, Cpred, and Cact are the total number of validation samples,
redicted concentration and the actual concentration of the fuel,
espectively. The calibration results were collected in Table 5.

ig. 6. Relative leverage exhibited by each sample in forming six-factors PLS-1
odel for RMG.

o
E
o

c

F
m

EP% 1.2 2.9
2 (validation) 0.9979 0.9965
OD (Vol.%) 0.7 0.5

The reproducibility and detection limit of PLS-1 calibration
ethod were also reported. Five replicate measurements of a fuel

ample containing (5% RMG and 95% SMG, Vol.%) were carried out
or validation set over a period of week to assess the precision of
LS-1 method. The steps of the analytical procedures including set
reparation, FTIR-scanning and PLS-1 calibration were repeated
nder identical conditions. Accordingly, five replicate concentra-
ions were obtained for each fuel.

The DL of the proposed multivariate calibration method for the
uels was estimated using the NAS calculations [23]:

L = 3||ε||
||s∗

k
|| (5)

here ε and s∗
k

are the spectrum of blank and the part of the
pectrum of interest that is orthogonal to the space of spectra of
ther components, respectively. The symbol (|| ||) stands for the

uclidean norm for vector. The procedures of s∗

k
estimation were

utlined in Ref. [23]. ||ε|| is a measure of instrumental noise.
As noted in Table 5, similar spectral regions were used in PLS-1

alibration for fuels. The high prediction ability of the PLS-1 method

ig. 8. Actual concentration vs. predicted concentration as obtained from the PLS-1
odel for RMG (prediction set).



1 alanta

f
U
t
r
c
T
t
I
l
t
i
p
M

4

a
a
o

•

•

•

•

•

•

•

A

p
i

R

[

[
[
[
[
[

[

[

[
[

[
[

112 M.A. Al-Ghouti et al. / T

or RMG and SMG is as indicated by the values of r2 and REP%.
sing the proposed procedure, both fuels can be determined in

heir binary mixtures down to 0.5 and 0.7 Vol.% for RMG and SMG,
espectively. Accordingly, the proposed PLS-1 multivariate method
ould be effectively used to find any adulteration of SMG with RMG.
he multivariate method has a good reproducibility. In most cases,
he values of relative standard deviation (R.S.D.) are lower than 6%.
n a recent study, the PLS-1 method was applied to determine the
evels of four adulterants (diesel oil, kerosene, turpentine spirit and
hinner) which are frequently added to MG [24]. The earlier study
ndicated that PLS models based on FTIR spectra were shown to be
ractical analytical methods for predicting adulterants content in
G in the volume fraction range from 0 to 50%Vol. [24].

. Conclusion

In this work, a practical procedure for the determination of fuel
dulteration based on the use of density, distillation temperatures
nd FTIR analysis along with multivariate calibration was devel-
ped and tested. The following conclusions are drawn:

RMG and SMG adulteration detection and determination are not
straightforward tasks.
The physical–chemical parameters (e.g. density and distillation)
are not sufficient to establish if adulteration has occurred.
The density of the adulterated MGs was increased by 2.72% at
the percentage of adulteration increases from 0 to 50%Vol. This
would not be sufficient to characterise exact adulteration.
A simple visual inspection of the distillation curves would not be
sufficient to characterise MG adulteration.
The 50% of the vaporised volume was influenced by the addition
of 4 and 5% RMG, this parameter may be the strongest indication
of the presence of this substance in MG.

Thirteen peaks of the absorbance at the wavenumbers: 434,
461, 484, 673, 694, 1030, 1086, 1217, 1231, 1460, 1497, 1606 and
3028 cm−1 were chosen to perform the multivariate calibration.
The proposed PLS-1 multivariate method could be used effec-
tively to find any adulteration of SMG with RMG.
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a b s t r a c t

A new simple, very sensitive, selective and accurate procedure for the determination of trace amounts o
iron(II) by solid-phase spectrophotometry (SPS) has been developed. The procedure is based on fixation o
iron(II) as 2,3-dichloro-6-(3-carboxy-2-hydroxy-1-naphthylazo)quinoxaline on a styrene-divinylbenzen
anion-exchange resin. The absorbance of resin sorbed iron(II) complex is measured directly at 743 an
830 nm. Iron(III) was determined by difference measurements after reduction of iron(III) to iron(II) wit
hydroxylamine hydrochloride. Calibration is linear over the range 1.0–20 �g L−1 of Fe(II) with relativ
standard deviation (R.S.D.) of 1.65% (n = 10.0). The detection and quantification limits for 100 mL sampl
system are 280 and 950 ng L−1 using 0.5 g of the exchanger. The molar absorptivity and Sandell sensitivit
Solid-phase spectrophotometry
Water analysis

are also calculated and found to be 2.86 × 106 L mol−1 cm−1 and 0.0196 ng cm−2, respectively. The proposed
procedure has been successfully applied to determine iron(II) and iron(III) in tap, mineral and well water
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. Introduction

Iron is widely distributed in nature and is one of the most
mportant elements in environmental and biological effectiveness
nfluenced by its chemical properties, such as valence, solubility,
nd the degree of complex formation. The determination of iron(II)
nd iron(III) in aqueous solution is of great importance to evalu-
te the redox environment of natural waters. There is an increasing
eed for a highly sensitive method for analysis of iron speciation in
nvironmental and biomedical studies [1]. The simultaneous deter-
ination of iron(II) and iron(III) has obtained particular attention

2–5].
Spectrophotometric determination of iron in different oxidation

tates in water has been reported [6–11]. For the determination of
ron in �g L−1 levels in natural waters, an appropriate preconcentra-
ion process is usually required [12]. This process is time consuming

nd the proportion of iron(II) and iron(III) may be altered by atmo-
pheric oxygen in the course of analysis.

Solid-phase spectrophotometry (SPS) combines the preconcen-
ration of the species of interest on a solid matrix, usually an

∗ Corresponding author at: Faculty of Community, Department of Medical Science,
mm Al-Qura University, Makkah 1234, Saudi Arabia.
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on-exchanger, with the aid of complexing agent and subsequent
easurement of the absorbance of the complex in the solid phase.

his provides an increase in selectivity and sensitivity with respect
o conventional spectrophotometric method [13–18].

Many reagents are suggested for determination of iron
y solid-phase spectrophotometry: 1,10-phenanthroline [19,20],
athophenanthroline [21], ferrozine [22,23], thioglycollic acid [24]
nd thiocyanic acid [25]. Some methods using these reagents are
f low sensitivity and selectivity. 1,10-Phenanthroline is one of the
ost useful reagents for determining iron(II) and has been used to

he determination of iron(II) and iron(III) [20], but Cu(II) and Zn(II)
nterfere.

2,3-Dichloro-6-(3-carboxy-2-hydroxy-1-
aphthylazo)quinoxaline (DCHNAQ) is one of the quinoxaline
eagents [26,27], it has been successfully used for spectropho-
ometric determination of gold(III) [26], scandium(III) [27],

ercury(II) [28], vanadium(V) [29] and ruthenium(III) [18]. The
oal of the present work is intended to study the possibilities of
sing DCHNAQ as a reagent for the determination of trace iron(II)
nd iron(III) by SPS. The optimum conditions have been estab-

ished. Iron(II) reacts with DCHNAQ to give a coloured complex,

hich is easily sorbed on an anion-exchange resin and provides
he basis for a relatively simple, accurate and rapid spectropho-
ometric method of iron(II) at �g L−1 level, without a previous
reconcentration step. The proposed method is free from many
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3.3. Effect of reagent concentration

The absorbance increases with DCHNAQ concentration increase.
Maximum and constant absorbance was achieved with 1.5–2.5 mL
242 A.S. Amin, A.A. Gouda /

nterferences and has been applied to the determination of iron(II)
nd iron(III) in tap, mineral and well water samples.

. Experimental

.1. Apparatus

A PerkinElmer Lambda 12 UV–vis spectrophotometer with a
.0 mm quartz cell was used for all spectral measurements. An
rion research model 601A/digital ionalyzer pH meter was used

or checking the pH of buffer solutions of pH values ranging from
.5 to 12.0, prepared as recommended previously [28].

.2. Reagent

Analytical reagent grade chemicals and doubly distilled water
ere used throughout. 2,3-Dichloro-6-(3-carboxy-2-hydroxy-1-
aphthylazo)quinoxaline used in the present investigation was
repared according to the procedure described previously [24]. A
.0826 g of DCHNAQ was dissolved in 100 mL of absolute ethanol
826 mg L−1).

Iron(III) standard stock solution, 1000 mg L−1, was prepared by
issolving 4.3175 g of Fe(NH4)(SO4)2·12H2O in 20 mL of 1:1 HCl and
iluted to 500 mL with water. Iron(II) stock solution, 1000 mg L−1,
as prepared by dissolving 3.511 g of iron(II) ammonium sulphate
exahydrate in 50 mL of 1.0 M HCl and diluted to volume in a 500 mL
alibrated flask. The working standard solutions were prepared
reshly by dilution with water.

Hydroxylamine hydrochloride, 10% solution, was prepared
y dissolving 10.0 g of hydroxylamine hydrochloride in 100 mL
ater. The solution was freshly prepared every day. Styrene-
ivinylbenzene anion exchange resin was used in the chloride form.
he resin was soaked in alcohol for 12.0 h, then treated with 2.0 M
Cl for 6.0 h, finally with distilled water until the washing was free

rom chloride. It was dried at 40 ◦C and stored in a brown reagent
ottle.

.3. Absorbance measurements

The absorbance of DCHNAQ–Fe2+ complex sorbed on the resin
as measured in a 5.0 mm cell at 743 and 830 nm against a 5.0 mm

ell packed with resin equilibrated with blank solution. The net
bsorbance (Ac) for the complex was obtained using the equation
30]:

c = A743 − A830

here A743 = As 743 − Ab 743 and A830 = As 830 − Ab 830 and As xxx and
b xxx are the absorbances of the sample and the blank (cell packed
ith resin equilibrated with blank solution), respectively at the

ndicated wavelength. When the absorbance was measured at two
ifferent wavelengths, one corresponding to absorption maximum
f the complex (743 nm) and the other in a region where the
omplex absorbs very low (830 nm), the absorbance difference,
743 − A830, could be assumed to be constant under the similar
acking conditions.

.4. General procedure

For the determination of total iron in a 100 mL sample contain-

ng 0.1–20.0 �g of total iron (II and III), 2.0 mL of 10% hydroxylamine
ydrochloride solution, 2.0 mL of 826 mg L−1 DCHNAQ solution,
0.0 mL acetate buffer solution of pH 3.54 and 0.5 g of styrene-
ivinylbenzene resin were added. The mixture was stirred for
0 min. The coloured resin was collected and transferred to 5.0 mm

F
C
t
o

a 76 (2008) 1241–1245

uartz cell with the aid of a dropping pipette. A blank solution con-
aining all reagents except iron was prepared and treated in the
ame way as the sample. The absorbance difference between sam-
le and blank was measured after 5.0 min as described in Section
.3.

For the determination of iron(II) in a 100 mL water sample con-
aining 0.1–20 �g of iron(II), the same procedure was used but
ithout the addition of 2.0 mL of 10% hydroxylamine HCl.

. Results and discussion

.1. Absorbance spectra

Iron(II) forms a deep red complex with DCHNAQ at the optimum
onditions. Fig. 1 shows the absorption spectra of Fe2+–DCHNAQ
omplex fixed on an anion-exchange resin and in solutions. The
bsorption maximum of Fe2+–DCHNAQ complex is at 727 nm in
olution, whereas it shifted to bathochromic direction at 743 nm in
he solid phase. It is evident that the sensitivity increases when the
omplex is sorbed on the resin.

Investigations were carried out to establish the most favourable
onditions to give a highly colour intensity and to achieve maxi-
um colour development in the quantitative determination of iron.

he influence of each of the following variables on the complexation
eaction was tested.

.2. Effect of pH

The optimum pH for the formation and fixation of the complex
pecies was in the range 2.86–4.28 using different types of buffer
olutions (universal, acetate, phosphate and thiel [28]). Acetate
uffer solution was used to maintain the optimum one which give
ighest absorbance value in addition to the stability of the colour
xed species, so, all subsequent studies were performed at pH 3.54.
oreover, 10 mL of pH 3.54 acetate buffer solution was selected for

00 mL sample volume.
ig. 1. Absorption spectra of Fe2+–DCHNAQ complex: (a) in solution:

Fe2+ = 2.0 mg L−1, CDCHNAQ = 413 mg L−1, pH 3.54, 10 mm path length; (b) on
he resin: CFe2+ = 12 �g L−1, CDCHNAQ = 165.2 mg L−1, pH 3.54, 0.5 g resin, 5 mm
ptical path length.
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ig. 2. Effect of 826 mg L−1 DCHNAQ volume on the complexation of 12 �g L−1 in
orbed form.

f 826 mg L−1. Therefore, 2.0 mL was selected as the optimum vol-
me (Fig. 2).

.4. Effect of time

The effect of stirring time on colour intensity was investigation.
he rate of equilibration was not influenced by the rate of reduction
f iron(III) to iron(II). The colour development was complete within
5.0 min (Fig. 3). A stirring time of 20 min was chosen to keep the
nalysis time. The absorbance of ion-exchange resin phase became
table after ion-exchange resin was transferred into cell for 5.0 min
nd had no change for 6.0 h.

.5. Effect of resin

The use of a large amount of resin lowered the absorbance as
sual. Only the amount required filling the cell and to facilitate
andling (i.e. 0.5 g) was used for all studies. Constant absorbance

as obtained by adding 10% hydroxylamine HCl solution, in the

ange 0.5–4.0 mL, for the reduction of iron(II), 2.0 mL of 10% hydrox-
lamine HCl solution were employed.

ig. 3. Dependence of colour development in solid phase on stirring time, con-
itions: 12 �g L−1 of Fe2+, 165.2 mg L−1 DCHNAQ, pH 3.54, 0.5 g resin for 100 mL
ample.
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.6. Composition of the complex

The nature of the complex species fixed on the resin was estab-
ished at the optimum conditions described above using the molar
atio and continuous variation methods. The plot of absorbance
ersus the molar ratio of DCHNAQ to Fe2+, obtained by varying
he DCHNAQ concentration, showed inflection at molar ratio 2.0,
ndicating presence of two DCHNAQ molecules in the fixed com-
lex. Moreover, the Job method showed a ratio of DCHNAQ to

ron(II) = 2.0. Consequently, the results indicated that the stoichio-
etric ratio was 2:1 [DCHNAQ:iron(II)]. The conditional formation

onstant (log K), calculated using Harvey and Manning equation
pplying the data obtained from the above two methods, was found
o be 7.88, whereas the true constant was 8.00.

.7. Analytical data

The calibration graph for iron(II) ions was linear in the concen-
ration range 1.0–20 �g L−1 for 100 mL volumes with r2 of 0.9992
sing 0.5 g of resin. The regression equation may be expressed by

= 0.003 + 5.12 × 10−3C, r = 0.9996

here C is the concentration of iron in the sample solution in
g L−1. The molar absorptivity, and Sandell sensitivity of the com-
lex sorbed on the resin from 100 mL sample volume are recorded

n Table 1.
Reproducibility was measured for a series of 10 independent

eterminations containing 12.0 �g L−1 of iron(II) in 100 mL sample
sing 0.5 g of the exchanger. The relative standard deviation was
.65%.

The sensitivity expressed as molar absorptivity of the proposed
ethod is compared in Table 2 with those of published spec-

rophotometric methods. The higher sensitivity of the proposed
ethod is notable, greater even than that of the SPS [43] that used

-(5-bromo-2-pyridylazo)-2-naphthol-6-sulphonic acid. Also, the
roposed method is more sensitive than other method [19–25], that
ased on solid-phase spectrophotometry (Table 2).

The standard deviation (s) of the Ablank, the background

bsorbance measured for the blank, calculated as the average of
0 determinations and expressed as s units was 0.006. The IUPAC
etection limit (K = 3.0) [30] and the quantification limit (K = 10)
31] were calculated for 100 mL sample (Table 1).

able 1
nalytical parameters

arameter Value

H 3.54
mount of exchanger (g) 0.5
ptimum DCHNAQ concentration (mg L−1) 165.2
ptimum hydroxylamine concentration (%) 0.2
tirring time (min) 20
eer’s law limit (�g L−1) 1.0–20
ingbom optimum range (�g L−1) 2.5–18
olar absorptivity (×106 L mol−1 cm−1) 2.86

andell sensitivity (ng cm−2) 0.0196
etection limit (ng L−1) 280
uantification limit (ng L−1) 950

egression equationa

Slope (b) 5.12 × 10−3

Intercept (a) 0.003
Correlation coefficient (r) 0.9996
R.S.D. (%) 1.65

a A = a + bC, where C is the concentration of iron in �g L−1.
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Table 2
Comparison of the sensitivity of the methods for spectrophotometric determination of iron

Reagent �max (nm) ε (×10−4 L mol−1 cm−1) Reference

Ferrozine 562 2.79 [34]
2,4,6-Tri(2′-pyridyl)-1,3,5-triazine 595 2.15 [35]
2-(5-Bromo-2-pyridylazo)-5-diethylaminophenol 558 7.10 [36]
Azid—tetrahydrofuran 396 1.53 [37]
Thiocyanate—benzyltriethylammonium 476 2.79 [38]
Pyrocatechol violet—CTAB 595 6.55 [39]
2,4,6-Tris(2′-pyridyl)-1,3,5-triazine—picrate 600 22.0 [40]
Morin—Triton X-100 418 6.15 [41]
1 446 1.69 [42]
D 375 1.26 [9]
1 765 47.7 [43]
D 743 286 This work
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Table 3
Effect of diverse ions on the determination of 12 �g L−1 of iron

Foreign ions Tolerance limit (�g L−1)

Na+, K+, Li+ 18,000
NO3

− , CH3COO− 13,500
Cl− , ClO4

− 11,000
SO4

2− , PO4
3− 9,000

S2O3
2− , SiO3

2− 7,500
Ca2+, Mg2+, Sr2+ 6,000
Benzoate, citrate 5,000
Succinate, borate 3,750
Cu2+, Co2+, Ni2+ 2,500
Pd2+, Pt4+ 1,800
Zn2+, Cd2+ 1,100
Mo6+, W6+ 800
Zr4+, VO2

+ 500
Be2+, Sc3+ 300
L
A
F

a
t
s

T
D

S

T

W

M

W

-Nitroso-2-naphthol—Tween 80
i-2-pyridylketone salicyloyl hydrazone
-(5-Bromo-2-pyridylazo)-2-naphthol-6-sulphoric acid—SPS
CHNAQ

.8. Effect of diverse ions

A systematic study of the effect of foreign ions on the deter-
ination of iron(II) was undertaken for a maximum W/W ratio

alue [foreign ion to iron(II)] of 18,000. Tolerance is defined as the
oreign ion concentration causing an error smaller than ±3.0% in
he determination of the analysis. The tolerance values for the ions
tudied are recorded in Table 3. The proposed method offers better
electivity than that proposed in other SPS methods [19–25].

In order to apply the method to determine iron in natural water
amples, the interference from species commonly found in water
as studied. The interference was negative for F− and positive

or other ions. Negative interference is due to decomposition of
he formed complex with iron(II), whereas positive interference is
ue to formation of another complex with the examined ions with
xcess of DCHNAQ.

The most serious interference in the determination of iron in
atural water due to their relatively high concentrations, were

rom Ca2+, Mg2+ and SO4
2−. However, the interference level can

e reduced by diluting the sample, taking into account the sensi-
ivity of the proposed method, without reducing the accuracy and
hilst maintaining the simplicity and short duration of analysis.
.9. Analytical applications

The proposed method has been applied to the determina-
ion of iron(II) and iron(III) in water samples using the standard

w
f
t
i
w

able 4
etermination of iron(II) and iron(III) in water samples

ample Added Proposed methoda ((g L−1)

Fe(II) Fe(III) Fe(II) Fe(III)

ap water – – 14.5 28.7
2.0 4.0 16.6 32.6
4.0 8.0 18.6 36.7
6.0 12.0 20.5 40.5

ell water – – 46.3 94.2
3.0 5.0 49.3 99.3
6.0 10.0 52.4 104.3
9.0 15.0 55.4 109.3

ineral water – – 2.8 4.3
4.0 6.0 6.7 10.4
8.0 12.0 10.8 16.4

12.0 18.0 14.9 22.3

ell water – – 36.2 78.9
2.5 5.0 38.8 83.8
5.0 10.0 41.3 88.9
7.5 15.0 43.7 94.0

a Average of six determinations.
b Theoretical values for t- and F-values at 95% confidence level for five degrees of freed
a3+, Sm3+, Gd3+ 250
l3+, Pb2+ 200
− 100

ddition method. Sensitivity was modified by matrix effect and
his fact can be evaluated from the ratio of the slope of the
tandard addition calibration graph. The ratios were 1.4 for tap

ater, 1.6 for river Nile water, 0.8 for mineral water and 1.1

or well water samples. The mean value (six determinations) of
he iron found in the analysis for 100 mL sample system (taking
nto account the dilution factor) was 43.20 ± 0.006 �g L−1 for tap
ater, 140.5 ± 0.010 �g L−1 for river Nile water, 7.103 ± 0.005 �g L−1

ICP-AES methoda [32] (�g L−1)

t-valueb F-testb Fe(II) Fe(III)

1.17 2.78 14.7 28.5
1.29 3.13 16.6 32.5
1.56 – 18.7 36.6
– 3.27 20.6 40.5

1.34 3.46 46.5 94.0
1.08 49.4 99.1

2.71 52.4 104.2
1.20 2.93 55.4 109.2

1.44 3.69 2.8 4.4
3.25 6.8 10.4

1.32 10.9 16.3
1.26 3.07 14.8 22.3

2.85 36.3 79.0
1.40 3.73 38.8 84.0
1.52 41.2 88.9

3.56 43.8 93.9

om are 2.57 and 5.05, respectively.
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or mineral water and 115.10 ± 0.012 �g L−1 for well water
amples.

In order to check the absolute accuracy of the proposed
ethod, a recovery study was carried out on the water sam-

les mentioned above using a competitive method. For this,
ifferent amounts of reference iron(II) material were added
o water sample and the percentage recovery was deter-

ined. Table 4 showed the results obtained for all water
amples. These results confirm the validity of the proposed
ethod.
The performance of the proposed method was assessed by

alculation of the t-value (for accuracy) and F-test (for preci-
ion) compared with ICP-AES method [32]. The mean values
ere obtained in a Student’s t- and F-tests at 95% confi-
ence limits for five degrees of freedom [33]. The results
howed that the calculated values (Table 4) did not exceed
he theoretical values. A wider range of determination, higher
ccuracy, more stability and less time consuming, shows the
dvantage of the proposed method over other methods. Also,
here is no need for extraction or heating in the present

ethod.

. Conclusion

The proposed method permits the simultaneous determina-
ion of trace amounts of iron(II) and iron(III) by solid-phase
pectrophotometry using DCHNAQ as complexing agent. Solid-
hase spectrophotometry combines the preconcentration of the
pecies of interest on a solid matrix and subsequent mea-
urements of the absorbance of the complex in the solid
hase. This provides an increase in selectivity and sensitiv-

ty with respect to conventional spectrophotometric method
ithout requiring expensive and sophisticates instrumentation

uch as ICP, ETAAS. The method is highly sensitive, selective,
imple and economical for the determination of iron(II). The

roposed method has been applied to the determination of

ron in natural water samples with good results. The proposed
ethod is simple and more sensitive than other methods com-
only used at microgram level, in addition to lower tolerance

imits.
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a b s t r a c t

A new, simple, sensitive and specific reversed-phase high performance liquid chromatographic (HPLC)
method using ultraviolet detection was developed and validated for the analysis of CPT-11 (�max = 254 nm,
365 nm) and its major active metabolite, SN-38 (�max = 380 nm) in rat plasma and bile. The sample pre-
treatment from plasma involved a single protein precipitation step with cold acetonitrile. In case of bile,
liquid–liquid extraction with dichloromethane: tert-butyl methyl ether (3:7) was carried out. Topotecan,
a structurally related camptothecin, was used as an internal standard. An aliquot of 50 �L was injected
onto a C-18 column. The chromatographic separation was achieved by gradient elution consisting of
acetonitrile and water (pH 3.0 adjusted with 20% o-phosphoric acid) at a flow rate of 1.0 ml/min. Total
run time for each sample was 30 min. All the analytes viz. topotecan, CPT-11, SN-38 were well separated
with retention times of 11.4, 13.4 and 15.5 min, respectively. Method was found to be selective, linear

2
ltraviolet detection
harmacokinetics

(R ≈ 0.999), accurate (recovery ± 15%) and precise (<5% C.V.) in the selected concentration ranges for
both the analytes. The quantification limit for CPT-11 was 40 ng ml−1 and for SN-38 was 25 ng ml−1. The
percent extraction efficiency was ∼97% for CPT-11 and SN-38 from plasma while extraction recovery
of CPT-11 and SN-38 from bile was ∼70% and ∼60%, respectively. The method was successfully used to
determine plasma and biliary excretion time profiles of CPT-11 and SN-38, following oral and intravenous
CPT-11 administration in rats. In the present study, irinotecan showed an absolute bioavailability of 30%
as calculated from the pharmacokinetic data.
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. Introduction

Irinotecan (CPT-11), a notable water-soluble camptothecin
erivative, is approved by FDA for treatment of colon and small
ell lung malignancies. The mechanism of action of CPT-11 involves
nhibition of mammalian DNA-topoisomerase-I, causing stabiliza-
ion of complexes during DNA replication, leading to cell death.
t has the most complex pharmacokinetic profile among the cur-

ently available camptothecin analogues. It is actually a prodrug
ith little inherent biological activity and gets rapidly hydrolysed

y carboxylesterases to its 100–1000-fold more cytotoxic metabo-
ite, 7-ethyl 10-hydroxy camptothecin (SN-38). At physiological pH,

∗ Corresponding author at: Dabur Research Foundation, 22, Site IV, Sahibabad,
haziabad, U.P. 201010, India. Tel.: +91 9212118120; fax: +91 120 4376902.
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PT-11 and SN-38 exist in two distinguishable forms, an active lac-
one ring (closed form) and inactive hydroxy acid (ring-opened
orm). Determination of separate lactone and carboxylate forms is
ampered by inherent stability problems associated with lactone-
cid inter-conversion. Besides this, it is also proved that monitoring
he sum of the lactone and carboxylate forms is equally effective as
etermining the lactone form separately, with regard to measuring
harmacokinetic–pharmacodynamic outcome Fig. 1 [1].

Oral administration of CPT-11 in rodents resulted in peak
lasma concentrations within 1–2 h post-dose with an absolute
ioavailability of 20–30%. Preliminary study of CPT-11 elimination
athways indicate that less than 50–60% of administered dose is

xcreted unchanged into bile along with the minor contribution
rom SN-38 [2]. Further, the major dose-limiting toxicity after CPT-
1 administration is severe diarrhea proposed to be caused by
N-38 intestinal exposure via biliary route [3]. Therefore, investiga-
ion on CPT-11 hepatobiliary transport and its metabolic disposition
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Fig. 1. Conversion of lactone and carbo

s of great interest. To facilitate such studies, a suitable assay for
uantification of CPT-11 and SN-38 is necessary.

The availability of quantification methods for CPT-11 and SN-38
n biological fluids is limited. de Jong et al. described blood dis-
ribution of CPT-11 [4], Nakatomi et al. studied drug transport in

embrane vesicles [5], Poujol et al. determined salivary pharma-
okinetics [6] and Sparreboom et al. estimated drug concentration
n urine and feces [7], but method development and validation in
ile has not been described earlier. Myriads of sensitive high perfor-
ance liquid chromatographic (HPLC) methods have been reported

reviously by various researchers to quantitate CPT-11 and SN-38 in
lasma, using fluorescence method of detection [8–15]. Although
hese methods offer good sensitivity, fluorescence method suf-
ers from constraints due to differences in native fluorescence of
he analytes and their order of elution. It is interesting to note
hat camptothecins possess absorbance as reported for topote-
an and 9-nitro camptothecin [16,17]. However, there is no report
or analytical determination of CPT-11 and SN-38 using ultravio-
et detection so far. Ultraviolet method is simple, more feasible
nd less time consuming over the existing methods of detection.
he absorbance characteristics of all analytes were examined and
he detector was set at the most favorable wavelength for each
ompound.

Therefore, the main objective of present study was to develop
nd validate a simple and sensitive HPLC method using ultraviolet
etection to quantify CPT-11 and SN-38. Topotecan, a structurally
elated camptothecin is used as internal standard. The usefulness
f the method was tested by determining CPT-11 and SN-38 con-
entration time profiles in plasma and bile following intravenous
20 mg/kg) and oral (80 mg/kg) administration in female wistar
ats.

. Experimental

.1. Reagents and chemicals

CPT-11 (>99%), SN-38 (>96%) and topotecan (>98%) originated
rom Dabur Pharma Limited (U.P., India). Disodium ethylene

iamine tetra acetic acid was purchased from Sigma–Aldrich (St.
ouis, MO, USA). Acetonitrile of HPLC grade was obtained from
.T Baker (USA). O-phosphoric acid and DMSO were from Merck
td. (India). For pharmacokinetic studies, irinotecan hydrochloride
njection (20 mg ml−1) manufactured by Dabur Pharma Limited

t
1
s
t
5

forms of CPT-11, SN-38 and topotecan.

U.P., India) was used. Ketamine (Aneket) and xylazine HCl (Xylaxin)
ere obtained from Neon Labs Ltd. (Mumbai, India) and Indian

mmunologicals Ltd. (A.P., India), respectively. The water used
as of Milli-Q grade purified by a Milli-Q UV Purification System

Millipore, Bedford, MA, USA). All other chemicals and reagents
ere of analytical or HPLC grade as appropriate and procured

ocally.

.2. HPLC method development

.2.1. Instrumentation
The liquid chromatographic system LC-2010CHT series (Shi-

adzu, Nakagyo-ku, Kyoto, Japan) consisting of gradient flow
ontrol Pump, on-line Solvent Degasser, Autosampler, Diode Array
etector and Column Oven. All the parameters of HPLC were con-

rolled by LC solutions software version 1.21 SP1.

.2.2. Liquid chromatographic conditions
Chromatographic separations were achieved using YMC, C-18,

DS-A RP column (250 mm × 4.6 mm, 4 �m) stainless steel col-
mn, which was maintained at 35 ◦C. The samples of 50 �l were

njected into HPLC system. The mobile phase consisted of 100%
cetonitrile (mobile phase A) and Milli-Q water, adjusted to pH
.0 with 20% o-phosphoric acid (mobile phase B) at a flow rate of
.0 ml min−1. The column was initially equilibrated at 10% solvent
and 90% solvent B. After injection, the concentration of solvent A
as increased linearly to 80% and solvent B decreased linearly to
0% over 15 min. The A:B was then maintained at 80:20 for further
min. After 5 min, the system was returned to original conditions

solvent A at 10% and solvent B at 90%) linearly over 5 min and equi-
ibrated for 5 min before the next injection. The total run time for
ach sample was 35 min. The mobile phase was filtered through
.45 �m filter (Sartorius, Germany) and deaerated for 15 min by
onication.

.2.3. Preparation of stock and working standard solutions
Primary stock solutions for CPT-11 and SN-38 were prepared

eparately in DMSO at a concentration of 2 mg ml−1. A mix-

ure of CPT-11 and SN-38 was obtained at a concentration of
000 �g ml−1 by diluting the primary stock. Working standard
olutions were prepared daily by serial dilution in acetonitrile con-
aining 0.1% glacial acetic acid, to obtain analyte concentration from
00 �g ml−1 to 250 ng ml−1.
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Fig. 2. Ultraviolet absorption scans o

.2.4. Plasma sample preparation
To 100 �l of plasma samples, 100 �l ice-cold acetonitrile con-

aining 0.1% glacial acetic acid and 10 �g ml−1 topotecan (as internal
tandard) was added, resulting in protein precipitation. After rigor-
us vortex mixing for 5 min, the sample was centrifuged at 3000 × g
or 10 min at 4 ◦C. An aliquot of 150 �l supernatant was trans-
erred to a fresh tube and 50 �l was injected onto column for
nalysis.

.2.5. Bile sample preparation
Feasibility of various solvent mixtures such as ethyl acetate,

ichloromethane (DCM), tert-butyl methyl ether (TBME), diethyl
ther, n-hexane were evaluated for extraction of analytes from
ile. To 100 �l of bile sample, 10 �l of topotecan (100 �g ml−1)
as added as internal standard. A 1 ml aliquot of DCM:TBME

3:7) was added and the mixture was vortexed, followed by
haking for 10 min (MultiReax Heidolph, The Labware House,
ondon, UK). Subsequently, centrifugation (3000 × g for 10 min)
as performed to separate the aqueous and organic layer. A
00 �l of organic layer was transferred to a clean microtube
nd evaporated to dryness under vacuum (Savant DNA Speed-
ac, NJ, USA) at 40 ◦C. The dried extracts were redissolved
y vortexing and sonication in 150 �l of 20:80 (v/v) acetoni-
rile:water (pH 3.0). A 50 �l volume was injected onto the HPLC
ystem.
.3. Validation procedures

The chromatographic method was further validated for speci-
city, linearity, sensitivity, precision and accuracy according to ICH
uidelines [18].

2

b
r
b

opotecan (B) CPT-11 and (C) SN-38.

.3.1. Linearity
All validation runs were performed in triplicates on three

onsecutive days to assess inter-day and intra-day variation. Seven-
oint calibration curves were constructed in plasma and bile for
he two analytes over the selected concentration range and tested
or linearity. Plasma calibration standards were prepared at 25, 50,
00, 500, 1000, 5000 and 10,000 ng ml−1 whereas, bile calibration
tandards were of 100, 50, 20, 10, 2, 1 and 0.5 �g ml−1.

.3.2. Specificity, sensitivity, accuracy and precision
Specificity of the method was determined by analyzing six dif-

erent batches of blank plasma or bile obtained from healthy rats.
he reproducibility of the analytical procedure was determined
y calculating intra- and inter-day coefficient of variation (C.V.).
ccuracy was performed by five replicate analysis of spiked qual-

ty control samples at three concentrations using plasma (500,
00 and 50 ng ml−1) and bile (50, 10 and 1 �g ml−1) followed by
heir comparison with the calibration curves prepared on the same
ay and on different days. Limit of quantification (LOQ) is the

owest concentration at which precision expressed by % C.V. is
ess than 20% and accuracy expressed by relative difference of

easured and nominal is also lower than 20%. Limit of detec-
ion (LOD) was determined at the lowest concentration to be
etected, taking into consideration a signal-to-baseline noise ratio
f 3.
.3.3. Extraction efficiency
The extraction efficiency from plasma and bile was determined

y comparison between areas of pure unextracted standards in the
elevant concentration ranges plasma (500, 100 and 50 ng ml−1) or
ile (50, 10 and 1 �g ml−1) prepared in mobile phase, with those of
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xtracted biological concentration containing the same amount of
tandards.

.4. Application to pharmacokinetic studies

Healthy female wistar rats (180–200 g) used for pharma-
okinetic studies were obtained from breeding stock of Dabur

esearch Foundation (Ghaziabad, U.P., India). All animal proce-
ures were approved by Institutional Animal Ethics Committee
Dabur Research Foundation, U.P., India). Rats were fasted overnight
efore dose administration and approximately 3 h post-dose. The

ig. 3. Representative HPLC chromatograms of (A) Blank rat plasma sample at
54 nm, (B) blank rat plasma sample at 380 nm (C) rat plasma spiked with drug
ixture at 254 nm and (D) rat plasma spiked with drug mixture at 380 nm. The

eaks at 11.5, 13.4 and 15.6 min correspond to topotecan (internal standard), CPT-11
nd SN-38, respectively.

Fig. 4. Representative HPLC chromatograms of (A) blank rat bile sample at 365 nm,
(B) blank rat bile sample at 380 nm, (C) rat bile spiked with drug mixture at 365 nm
a
1
t

t
(
d
t
m
t
b
c
[
a
i
P
e

nd (D) rat bile spiked with drug mixture at 380 nm. The peaks at 12.5, 14.4 and
6.2 min correspond to topotecan (internal standard), CPT-11 and SN-38, respec-
ively.

arget dose was administered intravenous via the lateral tail vein
20 mg/kg) or orally via gavage (80 mg/kg) using a ball-tipped nee-
le. Blood samples were withdrawn prior to dosing and at various
ime points till 24 h post-dosing from retro-orbital plexus into

icrotubes containing disodium ethylene diamine tetra acetic acid,
o determine levels of CPT-11 and SN-38. Plasma was obtained
y immediate centrifugation at 1500 × g for 10 min at 4 ◦C. Bile
annulation experiments were carried out as described previously
19]. Briefly, the abdominal cavity was opened after induction of

nesthesia with ketamine (90 mg/kg, i.p.) and xylazine (10 mg/kg,
.p.). The common bile duct was ligated and cannulated with
E10 polyethylene tubing (inner diameter, 0.28 mm; outer diam-
ter, 0.61 mm; Harvard Apparatus, Holliston, MA, USA). During the
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Fig. 5. Plasma concentration versus time curves following (A) CPT-11, 80 mg/kg, PO
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dministration and (B) CPT-11, 20 mg/kg, i.v. adminstration in female wistar rats. Cir-
les (-�-) denote CPT-11, and squares (-�-) denote SN-38. Each data point represents
ean ± S.E.M. of five different rats.

xperimental period body temperature of the rats was maintained
t 37 ◦C with a heating pad. Bile (∼1 ml at each time interval) was
ollected at 0–1, 1–2, 2–3, 3–4 and 4–5 h intervals and at 5 h, the
ats were sacrificed.

The plasma CPT-11 and SN-38 concentration-versus-time curves
ere used to determine maximum plasma concentration (Cmax),

ime to maximum plasma concentration (tmax), area under the
oncentration time curve to the final sampling point (AUC0-last),
olume of distribution (Vssobs), elimination rate constant (Kel), half
ife (t1/2) and total body clearance (Clobs). C0 was the initial plasma
oncentration of drugs obtained by back-extrapolation to y-axis.
harmacokinetic parameters were calculated by non-compartment
odel using WinNon-Lin 5.0 programme (Pharsight, Mountain
iew, CA, USA). The absolute bioavailability (F) of CPT-11 after the
ral administration (80 mg/kg) compared to the intravenous (i.v.)
dministration (20 mg/kg) was calculated as follows:
= AUCoral × i.v. dose
AUCi.v. × oral dose

(1)

d
(
a
a

able 1
egression analysis of calibration curves for CPT-11 and SN-38 in plasma and bile over the

atrix Analyte Range Slopea (m ±

lasma
CPT-11 25–10,000 ng ml−1 0.240 ± 0
SN-38 25–10,000 ng ml−1 0.208 ± 0

ile
CPT-11 0.5–100 �g ml−1 0.239 ± 0
SN-38 0.5–100 �g ml−1 0.347 ± 0

a Values are mean ± S.D. of three calibrations.
b r is the correlation coefficient obtained from seven-point calibration curve. The conce
(2008) 1015–1021 1019

.5. Statistical analysis

Data of 3–5 independent experiments is reported as mean ± S.D.
nless otherwise noted. Statistical analysis was performed using
raphPad prism software version 4.0 (San Diego, CA, USA).

. Results and discussion

.1. Method development

.1.1. Ultraviolet wavelength (�max) selection
Ultraviolet (UV) is selected as method of detection because

f being simple and more feasible. The UV absorption spectra of
opotecan, CPT-11 and SN-38 are shown in Fig. 2A–C, respectively.

The criteria for � selection were to allow maximum response at
hat wavelength and the absence of endogenous interfering peaks
ccurring from blank matrix. CPT-11 was measured at 254 nm and
65 nm for plasma and bile samples, respectively. For SN-38, �max

f 380 nm was used.

.2. Method validation

.2.1. Specificity
Specificity was demonstrated by the absence of any endogenous

nterference at retention times of peaks of interest as evaluated by
hromatograms of blank rat plasma and bile against those spiked
ith CPT-11, SN-38 and topotecan (Figs. 3A–D and 4A–D).

All the analytes viz. topotecan, CPT-11, SN-38 are well
eparated with retention times of 11.4, 13.4 and 15.5 min,
espectively.

.2.2. Range and linearity
Seven-point calibration curves were constructed for both the

nalytes on three consecutive days at specified concentrations. The
alculated peak area ratios and concentration added showed lin-
ar relationship over selected concentration ranges in both bile
nd plasma. The linearity of the assay procedure was determined
y calculation of regression line using the method of unweighted
east square analysis. As evident from the coefficient of cor-
elation (r), the calibration graphs were linear, for CPT-11 and
N-38 in the concentration ranges assayed; 25–10,000 ng ml−1

for plasma) and 0.5–100 �g ml−1 (for bile). The slopes and inter-
epts were consistent throughout the validation runs and are listed
n Table 1.

.2.3. Accuracy and precision
The accuracy and precision data is shown in Table 2.
Quality control (QC) samples for each analyte were prepared

n replicates (n = 5) at three different concentrations viz. low
ent of those used for preparing calibration curves. Both accuracy
recovery ± 15%) and precision (<5% C.V.) was found to be suitable
nd do not depend on the concentration assayed or on the day of the
ssay.

specified concentration range

S.D.) Intercepta (c ± S.D.) Correlation coefficientb (r)

.011 0.011 ± 0.0015 0.9992

.010 0.055 ± 0.0070 0.9989

.017 0.081 ± 0.0083 0.9997

.009 0.048 ± 0.0027 0.9993

ntrations across the range were evenly distributed.
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Table 2
Accuracy and precision data (inter-day and intra-day) of chromatographic method for analysis of CPT-11 and SN-38 in rat plasma and bile

Matrix Analyte Nominal concentrationa Intra-day Inter-day

Measured concentration Measured concentration

Mean % Accuracy C.V. Mean % Accuracy C.V.

Plasma

CPT-11 500 ng ml−1 505.1 101.0 1.91 510.7 102.1 1.26
100 ng ml−1 102.5 102.5 3.20 95.4 95.4 4.08
50 ng ml−1 52.4 104.8 4.08 52.7 105.4 3.32

SN-38 500 ng ml−1 502.8 100.6 1.34 491.2 98.2 2.14
100 ng ml−1 104.1 104.1 3.96 102.3 102.3 4.35
50 ng ml−1 53.2 106.4 3.14 51.4 102.8 3.42

Bile

CPT-11 50 �g ml−1 50.36 100.7 1.11 51.48 103.0 1.48
10 �g ml−1 11.33 113.3 2.15 10.48 104.8 3.28
1 �g ml−1 1.10 109.5 3.60 1.10 109.8 2.51

SN-38 50 �g ml−1 51.68 103.4 0.79 49.53 99.1 1.55
10 �g ml−1 10.25 102.5 1.24 11.43 114.3 4.21
1 �g ml−1 1.04 103.7 3.67 0.94 94.2 3.14

a Selected concentrations represent the low, medium and high quality control concentrations viz. LQC, MQC and HQC. Intra-day and inter-day accuracy and precision was
determined with replicates (n = 5) for each concentration. C.V. (coefficient of variation) = (S.D./mean) × 100.

Table 3
Percentage extraction efficiency of CPT-11 and SN-38 from plasma and bile samples done at different concentration levels

Analyte Plasma Bile

Theoretical concentrationa (ng/ml) % Extraction efficiency C.V. Theoretical concentrationa (�g/ml) % Extraction efficiency C.V.

CPT-
11

500 94.6 ± 4.1 4.2 50 65.1 ± 3.2 4.9
100 93.1 ± 2.5 2.5 10 68.8 ± 4.9 7.1

50 96.3 ± 1.3 1.3 1 70.2 ± 1.5 2.1

S
3

500 92.1 ± 3.4 3.5 50 57.4 ± + 3.6 6.3
1.9
3.0
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sented in Fig. 5A–B.

The main pharmacokinetic parameters are given in Table 4.
Plasma concentrations of CPT-11 gradually increased to reach

peak levels within 2–3 h after oral dose and slowly began

Table 4
Pharmacokinetic parameters of CPT-11 and SN-38 after (i) CPT-11, 80 mg/kg, PO
administration and (ii) CPT-11, 20 mg/kg, i.v. adminstration in female wistar rats.
All values are mean ± S.E.M. in five different rats

Group Parameters CPT-11 SN-38

CPT-11, 20 mg/kg,
intravenous

C0 (�g/ml) 9.51 ± 1.4 3.35 ± 0.91
t1/2 (h) 3.1 ± 0.60 1.3 ± 0.20
AUClast (h �g/ml) 10.8 ± 2.0 9.3 ± 1.4
Vssobs(ml/kg) 4852.2 ± 703.8 –
Clobs (ml/h/kg) 1206.4 ± 159.7 –
Kel(h−1) 0.232 ± 0.05 –

CPT-11, 80 mg/kg, oral Cmax (�g/ml) 2.9 ± 0.37 0.48 ± 0.07
t (h) 2.6 ± 0.89 2.8 ± 0.45
N-
8

100 95.6 ± 1.8
50 96.6 ± 2.9

a Values are the mean ± S.D. of three determinations.

.2.4. Limit of quantitation
The limit of quantification (LOQ) was defined as the lowest drug

oncentration that could be determined with acceptable precision
i.e., C.V. < 20%) and accuracy (i.e., recovery 100 ± 20%). The limit of
etection (LOD) is defined as the amount, which could be detected
ith a signal to noise ratio of 3. The LOQ for CPT-11 was 40 ng ml−1

nd for SN-38 was 25 ng ml−1. The detection limits were 15 and
0 ng ml−1 for CPT-11 and SN-38, respectively.

.2.5. Extraction efficiency
Extraction efficiencies were calculated for CPT-11 and SN-38

n both biological matrices. Protein precipitation method yielded
xcellent recoveries (92–97%) for both CPT-11 and SN-38 from
lasma. In case of bile, liquid–liquid (or, liquid phase or, sol-
ent) extraction method resulted in much cleaner samples when
ompared with direct protein precipitation method. Selection of
uitable solvent is a critical parameter in liquid–liquid extrac-
ion procedure. Ideally, the selected solvent should be compatible,
mmiscible with water, stable enough over the extraction time and
ave high solubility for the target analyte. A series of organic sol-
ents and their mixtures of varying polarity (viz. ethyl acetate,
ichloromethane (DCM), tert-butyl methyl ether (TBME), diethyl
ther, n-hexane) were evaluated for extraction of CPT-11 and SN-
8 from bile. Finally, DCM:TBME (3:7) mixture was selected since

t provided adequate specificity and sensitivity. CPT-11 and its
etabolite SN-38 have a moderate recovery of ∼70% and ∼60%,

espectively in bile as a matrix (Table 3). Recovery of analyte need
ot be 100% but the extent of recovery of the analyte and its inter-

al standard should be consistent, precise and reproducible [20,21].
onsidering that the LOQ of CPT-11 and SN-38 is 40 and 25 ng ml−1,
espectively and the average recovery to be 60–70% for each of the
ompounds; 70–100 ng ml−1 of each compound in the original bile
ample can be detected by UV.
10 60.2 ± 2.7 4.5
1 61.9 ± 2.6 4.2

.3. Application

The present method allowed successful determination of CPT-11
nd SN-38 in plasma and bile following oral and intravenous drug
dministration at therapeutically relevant doses.

.3.1. Oral and intravenous pharmacokinetic study in female
istar rats

The plasma concentration time profiles of CPT-11 and its
etabolite SN-38 determined by the described method are pre-
max

t1/2 (h) 1.24 ± 0.05 1.47 ± 0.35
AUClast (h �g/ml) 14.0 ± 2.18 1.81 ± 0.30
Clobs (ml/h/kg) 5613.83 ± 1126.3 –
Vssobs (ml/kg) 32197.0 ± 8067.1 –
Kel (h−1) 0.286 ± 0.25 –
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Fig. 6. Cumulative biliary excretion time profiles following (A) CPT-11, 80 mg/kg, PO
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dministration and (B) CPT-11, 20 mg/kg, i.v. adminstration in bile duct cannulated
emale wistar rats. Diamonds (-�-) denote CPT-11, and triangles (-�-) denote SN-38.
ach data point represents mean ± S.D. of three different rats.

o decline thereafter. A secondary peak appeared 7–8 h after
osing. SN-38 showed the similar profile. After intravenous
dministration, CPT-11 and SN-38 get eliminated showing a
ecreasing drug concentration with time. The absolute bioavail-
bility of irinotecan calculated by the given formula was found
o be 30% in rats, which is similar to the value reported
arlier [3].

.3.2. Biliary excretion study
The biliary excretion of CPT-11 and its metabolites was measured

p to 5 h after drug administration. The cumulative biliary excretion
urves of CPT-11 and SN-38 after oral and i.v. dosing of are presented
n Fig. 6A–B.

The excretion increases linearly with time but gets saturated
fter 5 h. The amount of CPT-11 and SN-38 excreted in bile over 5 h
an be expressed as percentages of the total CPT-11 dose admin-
stered in each rat. About 9% of the CPT-11 i.v. dose was recovered
nchanged in the bile and 0.2% as SN-38 during the study period

hereas when the drug was given orally, the amounts excreted
ecreased to 2 and 0.1% for CPT-11 and SN-38, respectively. The
rug concentrations excreted in bile are lower than that reported
reviously in humans [22]. This could be because of intrinsic species
ifferences and lesser duration of study.
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[
[
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. Conclusions

In this paper, the absorbance characteristics of CPT-11 and
N-38 were studied and a simple HPLC-UV method for their
uantification has been developed and validated for the first
ime. Ultraviolet method is simple, more feasible and less time
onsuming over the existing methods of detection. The optimal
eparation was achieved using a C-18 column using acetoni-
rile: water (pH 3.0) gradient as mobile phase. The proposed

ethod is more feasible, uncomplicated and less time con-
uming over the existing methods. The method has shown to
eet the current requirements of bio-analytical validation, pro-

iding good accuracy and precision. It is found to be sensitive
nough to be implemented in real-time analysis of samples
btained from oral and intravenous pharmacokinetic studies in
ats.
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a b s t r a c t

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS) and laser
ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) have become established as very effi-
cient and sensitive biopolymer and elemental mass spectrometric techniques for studying metal-binding
proteins (metalloproteins) in life sciences. Protein complexes present in rat tissues (liver and kidney) were
separated in their native state in the first dimension by blue native gel electrophoresis (BN-PAGE). Essen-
tial and toxic metals, such as zinc, copper, iron, nickel, chromium, cadmium and lead, were detected by
scanning the gel bands using quadrupole LA-ICP-MS with and without collision cell as a microanalytical
technique.

Several proteins were identified by using MALDI-TOF-MS together with a database search. For example,
on one protein band cut from the BN-PAGE gel and digested with the enzyme trypsin, two different
Rat tissue proteins – protein FAM44B and cathepsin B precursor – were identified. By combining biomolecular and
try, i
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. Introduction

Mineral elements essential for health that are found in animals
r microorganisms, often at the trace and ultratrace concentration
evel, and play a vital role in biological systems (e.g. in single cells
r cell organisms) and biological processes. The life of an organ-
sm is critically dependent on the proper regulation of the uptake,
ssimilation, intracellular and intercellular transport and translo-
ation of trace metals (e.g. Cu, Fe, Zn, Ca). Knowledge of the chemical
omposition of metal-containing biomolecules (proteins and pep-
ides or nucleic acids) and their chemical form (metallomics) and
f metal–biomolecular interaction (metalloproteomics) within the

ell or tissue is increasingly required to study biological processes
nd assess the extent and impact in life sciences [1–3].

Powerful bioanalytical techniques such as laser ablation induc-
ively coupled plasma mass spectrometry (LA-ICP-MS) have
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t was possible to characterize and identify selected metal-binding rat liver

© 2008 Elsevier B.V. All rights reserved.

een established as elemental mass spectrometric techniques
nd matrix-assisted laser desorption/ionization mass spectro-
etry (MALDI-MS) or electrospray ionization mass spectrome-

ry (ESI-MS) as biomolecular mass spectrometric techniques in
he characterization of proteins separated from complex protein

ixtures by gel electrophoresis (in one and two dimensions).
A-ICP-MS has been employed in human brain research for
he direct analysis of protein spot 2D gels to determine Cu,
n, Al, Fe, S and P, for example in patients with Alzheimer’s
isease and healthy human brain sample [4,5]. By combining
lemental and biomolecular mass spectrometry (LA-ICP-MS and
ALDI-FTICR-MS, respectively), it was possible to characterize and

dentify several human Alzheimer brain proteins and to detect
etal-containing peptides [6,7]. The formation of Cu-, Zn- and

e-containing proteins was investigated by means of additional
xperiments on brain proteins of patients with Alzheimer’s di-
ease (including tau protein) using enriched stable isotopes (65Cu,

7Zn and 54Fe) [8,9]. These tracer experiments showed that some
etal bindings to proteins are stable enough during the denatu-

ating gel electrophoresis steps. Some of the proteins are able to
ccumulate more metal ions or exchange their metal ions with
he isotope tracers. In case of tau protein, it was shown that some
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Fig. 1. (a) BN-PAGE of rat kidney water extract stained with colloidal Coomassie;
right-hand side: BN-PAGE of rat kidney water extract stained with colloidal
Coomassie with the protein bands that were cut and tryptic digested for MALDI-TOF-
MS measurements. (b) Transient signals of 64Zn+ and 66Zn+ from part 1 of BN-PAGE
184 J.S. Becker et al. / Tal

soforms of the protein are able to bind metals such as Cu and
n.

However, a main problem of denaturating SDS-PAGE is that
etal-containing proteins are often not stable enough to survive

he reducing (denaturating) condition during protein separation by
D gel electrophoresis. Therefore, blue native (BN) PAGE is a pow-
rful alternative technique for separating protein complexes with
igh molecular mass in their native state. Native PAGE combined
ith LA-ICP-MS was utilized for analysing Cd- and Zn-binding pro-

eins in plants exposed to Cd (Spinacia oleracea L.) by Jakubowski
nd coworkers [10]. The authors study the uptake, the transport and
rotein binding capabilities of heavy metals in Spinacia oleracea L., a
ypical food plant with high susceptibility to cadmium uptake, and
pplied native PAGE to separate the metal-binding proteins. The
etection of Cd and Zn in the proteins after PAGE separation and
lotting onto membranes was demonstrated by LA-ICP-MS [11,12].

The aim of this work is to develop a non-denaturating
eparation technique via blue native gel electrophoresis (BN-PAGE)
nd to study the occurrence of metal-binding proteins in selected
iological samples (in small amounts of rat kidney and liver
amples). LA-ICP-MS will be utilized for the detection of essen-
ial and toxic metals in proteins after their gel electrophoretic
eparation. In a second step, as a specific biomolecular technique,
ALDI-TOF-MS will be employed in searching for metal-containing

roteins.

. Experimental

.1. Samples and sample preparation

Rat kidney and liver samples were analysed for metal content
Cu, Zn, Cr, Ni, etc.) by LA-ICP-MS after 1D native gel electrophore-
is (BN-PAGE). The samples were lyophilized and homogenized
o isolate the water-soluble proteins. The proteins were extracted
n water by using an ultrasonic probe and afterwards separated
y ultracentrifugation. Then BN-PAGE sample buffer (1 M Tris–HCl
H 6.8, 20% (v/v) glycerol, 0.01% (w/v) bromine phenol blue,
rom Sigma, Deisenhofen, Germany) was added and the pro-
eins were separated by BN-PAGE according to their molecular
eight.

.2. Separation of proteins using native, non-denaturating gel
lectrophoresis

The rat kidney tissue was treated by BN-PAGE to separate
he proteins according to their molecular weight in a polyacryl-
mide gel. The protein separation of the protein mixture by
el electrophoresis (Mini-Protein-Chamber V100, Biostep GmbH,
ahnsdorf, Germany) was performed in duplicate (one gel for LA-
CP-MS measurements and the other for MALDI-TOF-MS studies).
he gels were stained with colloidal Coomassie and Amphi-
lue Visopt® (Biostep GmbH, Jahnsdorf, Germany). For colloidal
oomassie 0.1% (w/v) brilliant blue R (Sigma, Deisenhofen, Ger-
any), a solution of 25% (v/v) methanol (Fluka, Seelze, Germany)

nd 10% (v/v) acidic acid (Fluka, Seelze, Germany) in ultrapure
ater (Millipure water system, 18.2 M�) was added overnight to

he gel after running. Afterwards the background of the gels was
estained with 25% (v/v) methanol. For staining with AmphiBlue
isopt® the gels were fixated in 30% (v/v) in methanol for 1 h, and
hen stained with the AmphiBlue Visopt® colour for 1 h. The back-
round of the gels was removed with 50 mM NaOAc (Sigma) in 20%
v/v) at pH 4.5 for 1 h and for 2 h 30 min to overnight with 20% (v/v)

ethanol. The same amount of sample was used for both staining
rocedures.

gel of rat kidney (see Fig. 1a) using LA-ICP-MS. (c) Transient signals of 63Cu+ and
65Cu+ from part 1 of BN-PAGE gel of rat kidney (see Fig. 1a) using LA-ICP-MS.
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ig. 2. (a) BN-PAGE of rat liver water extract stained with colloidal Coomassie; righ
he protein bands that were cut and tryptic digested for MALDI-TOF-MS measurem
ig. 2a) using LA-ICP-MS. (c) Transient signals of 63Cu+ and 65Cu+ from the whole of
he whole of BN-PAGE gel of rat liver (see Fig. 2a) using LA-ICP-MS.

For the LA-ICP-MS measurements, the gels were dried
n filter paper (chromatography paper 3MM CHR, What-
an, VWR, Fontenay-sous-Bois Cedex, France) by using a

el dryer (Model 583 Gel Dryer, BioRad, Marnes-la-Coquette,
rance).

The elements of interest were measured by LA-ICP-MS after 1D
el electrophoresis. The protein bands were cut in the second gel

repared under the same experimental conditions, digested with
rypsin (Promega, Mannheim, Germany) and analysed by MALDI-
OF-MS as previously described [8,9]. For identification purposes
database search (www.matrixscience.com) was used with per-

ormed measurement.

C
C
i
a
w

d side: BN-PAGE of rat kidney water extract stained with colloidal Coomassie with
(b) Transient signals of 64Zn+ and 66Zn+ from the whole BN-PAGE of rat liver (see
GE gel of rat liver (see Fig. 2a) using LA-ICP-MS. (d) Transient signals of 57Fe+ from

.3. Detection of metal-binding proteins (metalloproteins) using
A-ICP-MS

All LA-ICP-MS measurements for detecting the metal-binding
roteins were performed by quadrupole-based ICP-MS at low mass
esolution. A quadrupole-based ICP-MS (ELAN 6100, PerkinElmer,
SA) coupled with a laser ablation system LSX 213 (CETAC LSX 213,

etac Technologies, Omaha, NE, USA) was applied at the Research
entre Jülich (Germany) in searching for metal-binding proteins

n gels. The direct element determination of the Cu, Zn, Ni, Cd
nd Pb detected in the protein bands of the one-dimensional gels
as performed via several line scans. In order to validate the
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Table 1
Detected metals bonded to proteins and metal ion intensities for the most abundant
isotope measured by LA-ICP-MS as a function their molecular weights (M.W.) from
the protein bands determined in part 1 of BN-PAGE gel from rat kidney water extract
(see Fig. 1a)

Metal ions measured
(isotopic abundance)

Intensities of metal ion
(cps)

M.W. of protein (kDa)

64Zn+ (48.63%) 4500 100
1000–1500 95
3000–3500 80
2500 65

63Cu+ (69.17%) 600 100
600 90
650 70

1000 65
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easurements, a second quadrupole ICP-MS with collision cell
Agilent 7500 CE, Agilent) coupled to a laser ablation system LSX
00 (CETAC LSX 100, Cetac Technologies, Omaha, NE, USA) was
tilized for element determination of Zn in protein bands in one-
imensional (1D) gels at CNRS in Pau (France). The background

ntensity of the ions analysed was determined after digestion of a
mall section of the blank gel with HNO3 and the measurement
as performed by using ICP-MS. For LA-ICP-MS measurements
n gels at the Research Centre Jülich, a small laser ablation
hamber was employed, and the performance of a large laser abla-
ion chamber (from CETAC Technologies, Omaha, NE, USA) was
ested. The chamber has an inner diameter of 7.86 cm × 10.40 cm
depth: 5.87 cm). The advantage of the large laser ablation cham-
er is that several gel samples can be arranged in the cell and
easured under the same experimental conditions and it is there-

ore not necessary to cut the gel. The optimized experimental
arameters for both instrumentations are described elsewhere
13].

.4. Identification of proteins using MALDI-TOF-MS

MALDI-TOF-MS measurements on protein samples after se-
aration by 1D native gel electrophoresis and subsequent tryp-
ic in-gel digestion were performed with a Voyager-DETM STR
nstrument (Applied Biosystems). The pulsed nitrogen laser is oper-
ted at 337 nm, and ions are directly desorbed from the sample
urface into the time-of-flight mass analyser. A solution of �-cyano-
-hydroxycinnamic acid (LaserBio Labs, Sophia Antipolis Cedex,
rance) in acetonitrile:0.1% TFA in water (2:1) was used as matrix.
.7 �L matrix solution and 0.7 �L of sample solution were mixed
n the stainless-steel MALDI sample target and allowed to dry.
alibration was performed with a standard peptide mixture with
he m/z range of approximately 3000 (BioRad, Marnes-la-Coquette,
rance).

. Results and discussion

.1. Separation of proteins by blue native gel electrophoresis

Protein separation in small amounts of rat liver and kidney was
arried out by blue native gel electrophoresis. Figs. 1a and 2a show
wo separations from two different gels of water-soluble proteins
n rat kidney and rat liver in the BN-PAGE gel stained with col-
oidal Coomassie. The marker on the left-hand side demonstrates
he mass range of the proteins investigated from 120 to 45 kDa.
he three separations each of rat kidney and liver proteins were
erformed with good reproducibility with respect to the position
nd intensity of all protein bands. Each band contained at least one
rotein or even more.

Firstly, LA-ICP-MS measurements in the line scanning mode
ere performed to detect the metal-binding proteins. Secondly,
ater-soluble rat liver and rat kidney proteins were identified

y measurements using MALDI-TOF-MS together with a database
earch.

.2. LA-ICP-MS measurement

The dried gels were analysed in single line scan modus by LA-
CP-QMS with respect to the occurrence of a multitude of essential
nd toxic metals (Zn, Cu, Pb, Cd, Ni, and Cr). In our experiments

n the separated protein bands of 1D blue native gels of rat kidney
nd liver, only Cu, Zn, Cd, Cr and Pb were detected by LA-ICP-MS
sing two different quadrupole mass spectrometers with and with-
ut collision cell. No Ni was found in the protein bands of rat kidney
nvestigated. Of all the metals studied, zinc was observed in distinct

c
1
F
a
h

12Cd+ (24.13%) 500 65

08Pb+ (52.4%) 180 65

rotein bands with remarkable ion intensities. Transient signals of
wo zinc isotopes, namely 64Zn+ and 66Zn+, measured in three line
cans over the whole one-dimensional gel by LA-ICP-QMS with-
ut collision cell of a rat kidney sample are plotted as a function of
he length of the analysed the gel part in Fig. 1b. This graph shows
he peaks for both zinc isotopes investigated in one protein band
f the rat kidney gel at a mass of about 100 kDa. The maximum
on intensity for the most abundant 64Zn+ isotope was found at
bout 4500 cps. The isotope ratio 66Zn+/64Zn+ were determined by
A-ICP-MS as 0.59, which is close to the expected isotope ratio of
.57. The whole gel from rat kidney water extract was analysed by
A-ICP-MS, but only in part 1 metal could be found. In the small Sec-
ion 1 of the one-dimensional BN-PAGE of the rat kidney sample,
n additional three Zn-containing protein bands were detected at
round 95, 80 and 65 kDa by LA-ICP-MS. The width and the height
f the bands are quite different. The widest peak with a maximum
ntensity of 3500 cps was observed at 80 kDa. The experimental
ndings of the occurrence of Zn-containing proteins in BN-PAGE
el of rat kidney sample were confirmed by LA-ICP-QMS with col-
ision cell by the analysis of a selected Section 1 of the gel in the

ass range of around 100–62 kDa. It is interesting to note that in
his Zn-containing protein band at a molecular weight of the pro-
ein of 80 kDa, only Zn was found and none of the other metals
nvestigated. However, Cu was clearly detected in the Zn-containing
rotein band with a mass at around 65 and 90 kDa. The maximum

on intensity of 63Cu+ was determined as about 800 cps and the
5Cu+/63Cu+ isotope ratio of about 0.5 is close to the expected IUPAC
able value. Fig. 1c illustrates both Cu isotopes (63Cu+ and 65Cu+)

easured with smaller ion intensities in four protein bands of 1D
el of rat kidney at m = 100, 90, 70 and 65 kDa at the bands 8, 6, 5 and
. In addition, LA-ICP-MS was employed to study the appearance of
oxic elements such as Cd and Pb in proteins. In the 1D blue native
el, together with the occurrence of Zn and Cu traces of Cd and Pb
n the protein bands of rat kidney at m = 65 kDa were detected. The

easured ion intensities were significantly above the background
ignal. The measured ion intensities of the metals detected and the
olecular weight of the proteins from the 1D gel of rat kidney are

ummarized in Table 1.
In contrast to the BN-PAGE from the rat kidney sample, in the

N-PAGE from the rat liver sample Zn, Cu, Fe and Cr were detected
n different proteins by LA-ICP-MS. In this experiment the whole
el band was measured directly by using the large laser ablation

hamber. The experimental results of LA-ICP-MS measurements on
D gel of rat liver with respect to Zn, Cu and Fe are illustrated in
ig. 2b–d. Whereas Zn-and Cu-containing proteins were detected
t m = 200 and 65 kDa, Fe were found only in the protein band at
ighest mass. The highest intensity was observed for iron (via the
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Table 2
Identified proteins after tryptic digestion and extraction from the gel bands of the
BN-PAGE gel of rat kidney water extract sample measured by MALDI-MS (see Fig. 1a,
right)

Band Identified protein M.W. (kDa)

1 �-Enolase 46.96
2 Major urinary protein precursor 20.72
3 Major urinary protein precursor 20.72
4 Trans-Golgi network integral

membrane protein TGN38 precursor
38.28

5 Serine/threonine-protein phosphatase
PP1-gamma catalytic subunit

36.96

6.1 Protein FAM44B 18.34
6.2 Cathepsin B precursor 37.45
7 Beta-synuclein (Phosphoneuroprotein

14)
14.50

8
1
1

F
p
P
p
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7Fe+ measurement). Chromium in the protein band at m = 200 kDa
as measured by quadrupole ICP-MS without collision cell in the
resence of a high background intensity of about 4000 cps at mass
2 u due to isobaric interference with 40Ar12C+ molecular ions.

The LA-ICP-MS results on gels using a small and a large laser
blation chamber are comparable with respect to the ion intensities
easured and precision of analytical data obtained. The large laser

blation chamber is of advantage because the gels can be measured
ithout cutting them into three pieces. Furthermore, standards

or quantification and several samples can be measured under the
ame experimental conditions.

Quantification of metal-containing proteins by LA-ICP-MS using
table isotopes will be performed in a future study.

.3. Identification of proteins by MALDI-TOF-MS and database
earch

The selected tryptic digested protein bands, shown in the right

art of Figs. 1a and 2a, were analysed by using MALDI-TOF-MS and
fterwards a database search was made for peptide mass finger-
rinting (www.matrixscience.com, www.expasy.org, etc.). Several
roteins were identified from the rat kidney and rat liver sample. All
he identified proteins are summarized in Table 2 for rat kidney and

T
w
p
s
T

ig. 3. (a) MALDI-TOF-MS spectra of protein band 4 of the rat kidney sample (see Fig. 1a, rig
rotein. (b) MALDI-TOF-MS spectra of protein band 5 of the rat kidney sample (see Fig. 1a, r
P1-gamma catalytic subunit. (c) MALDI-TOF-MS spectra of protein band 6 of the rat kidn
roteins and the results from the database search using the Mascot database (www.matri
Malate dehydrogenase, cytoplasmic 36.33
0 Ribonuclease UK114 14.16
1 Hydroxyacid oxidase 2 39.05

able 3 for rat liver. For example, band 1 from the rat kidney sample

as identified as �-enolase and band 5 as the serine/threonine-
rotein phosphatase PP1-gamma catalytic subunit. Fig. 3a and b
hows two MALDI-TOF-MS spectra of gel band 4 and 5 identified as
rans-Golgi network integral membrane protein TGN38 precursor

ht side) showing the identified peptides of Trans-Golgi network integral membrane
ight side) showing the identified peptides of Serine/threonine-protein phosphatase
ey sample (see Fig. 1a, right side) showing the identified peptides of two different
xscience.com).
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Table 3
Identified proteins after tryptic digestion and extraction from the gel bands of the
BN-PAGE gel of rat liver water extract sample measured by MALDI-MS (see Fig. 2a,
right)

Band Identified protein M.W. (kDa)

1 TP53RK-binding protein 17.6
2 Peroxisomal membrane protein 11A

(Peroxin-11A)
27.9

3 Zinc finger protein SLUG (Neural crest
transcription factor Slug) (Snail homolog 2)

29.9

4 Hemoglobin subunit beta-1 16.0
5
6
7
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Regulator of G-protein signaling 4 (RGS4) 23.2
6-Phosphofructokinase, muscle type 85.6
Thyroid peroxidase precursor 101.5

nd Serine/threonine-protein phosphatase PP1-gamma catalytic
ubunit with the identified peptides (www.matrixscience.com). In
he gel band 6 of the rat kidney BN-PAGE gel two different pro-
eins, protein FAM44B and cathepsin B precursor, were identified,
s shown in Fig. 3c. In Fig. 3c, the results from the database search
sing the Mascot database (www.matrixscience.com) are shown
nd the identified peptides of the two peptides are indicated in
he MALDI-TOF mass spectra. In the MALDI-TOF mass spectra there
re still some peptides which are not contained in the two identi-
ed proteins. These fragments could come from another protein
r could be peptides from the two identified proteins contain-
ng posttranslational modifications (PTM). Also in the other mass
pectra there were unidentified peptide fragments, which could
e from other proteins in the gel band and/or PTM’s of the iden-
ified protein. Several other proteins from the rat kidney sample
ere identified, but no peptides containing metals could be found.

rom the BN-PAGE gel of the rat liver sample it was possible to
dentify some of the tryptic-digested proteins. For example, in the
rotein gel band 2 peroxisomal membrane protein 11A (Peroxin-
1A) was identified with a molecular mass of 27.9 kDa and the
rotein in gel band 7 was identified as thyroid peroxidase precur-
or with a molecular mass of 101.5 kDa. In the Zinc finger protein
LUG found in gel band 3 from the rat liver sample (Fig. 2a) a quite
igh intensity of Zn could be measured (see Fig. 2b). This protein

s known to contain Zn in small, independently folded domains
hat requires coordination of one or more zinc ions to stabilize its

tructure. In the database (http://www.ncbi.nlm.nih.gov) for the
inc finger protein SLUG several of these zinc finger regions are
oted.

Not all the extracted and digested proteins from the two dif-
erent samples could be identified. Also in the rat liver sample no

[

[
[
[

6 (2008) 1183–1188

etal-containing peptides could be found in the identified proteins.
ot all of the identified proteins contained Zn, Cu or Fe.

In further studies, the other unidentified proteins, especially
hose containing metals, will be of interest and for better identi-
cation the proteins will be separated by 2D gel electrophoresis.

. Conclusions

Blue native gel electrophoresis was successfully employed to
eparate protein complexes present in rat tissues (liver and kid-
ey) in their native state. Essential and toxic metals (such as Zn,
u, Fe, Cr, Cd and Pb) were detected in separated protein bands

n a short analysis time using quadrupole LA-ICP-MS. The com-
lementary data from MALDI-TOF-MS are particularly valuable for
roviding corresponding molecular information on proteins in the
at tissues investigated. The combination of MALDI-TOF-MS and LA-
CP-MS represents a powerful tool for studying metal-containing
roteins in biological tissues. In the zinc finger protein SLUG from
he rat liver sample identified by MALDI-TOF MS, Zn with a quite
igh intensity could be measured by LA-ICP-MS.
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. Introduction

Optimizing refers to improving the performance of a system, a
rocess, or a product in order to obtain the maximum benefit from

t. The term optimization has been commonly used in analytical
hemistry as a means of discovering conditions at which to apply a
rocedure that produces the best possible response [1].

Traditionally, optimization in analytical chemistry has been car-
ied out by monitoring the influence of one factor at a time on an
xperimental response. While only one parameter is changed, oth-
rs are kept at a constant level. This optimization technique is called
ne-variable-at-a-time. Its major disadvantage is that it does not
nclude the interactive effects among the variables studied. As a
onsequence, this technique does not depict the complete effects
f the parameter on the response [2]. Another disadvantage of the
ne-factor optimization is the increase in the number of experi-
ents necessary to conduct the research, which leads to an increase

f time and expenses as well as an increase in the consumption of
eagents and materials.

In order to overcome this problem, the optimization of analyti-
al procedures has been carried out by using multivariate statistic
echniques. Among the most relevant multivariate techniques used
n analytical optimization is response surface methodology (RSM).
esponse surface methodology is a collection of mathematical and
tatistical techniques based on the fit of a polynomial equation
o the experimental data, which must describe the behavior of a
ata set with the objective of making statistical previsions. It can
e well applied when a response or a set of responses of interest
re influenced by several variables. The objective is to simultane-
usly optimize the levels of these variables to attain the best system
erformance.

Before applying the RSM methodology, it is first necessary to
hoose an experimental design that will define which experiments
hould be carried out in the experimental region being studied.
here are some experimental matrices for this purpose. Experi-
ental designs for first-order models (e.g., factorial designs) can

e used when the data set does not present curvature [3]. How-
ver, to approximate a response function to experimental data
hat cannot be described by linear functions, experimental designs
or quadratic response surfaces should be used, such as three-
evel factorial, Box–Behnken, central composite, and Doehlert
esigns.

The present paper discusses the use of RSM for optimization in
nalytical chemistry. First, its basic principles are presented. Then,
he approach to the applications of its more frequently used second-
rder experimental designs is broached, as well as the optimization
f procedures that generate multiple responses.

. Definition of some terms

Before beginning the discussion on the applications of response
urface in the optimization of analytical methods, it is pertinent to
ntroduce and define some key terms. Examples are also presented
o illustrate each term.

Experimental domain is the experimental field that must be inves-
tigated. It is defined by the minimum and maximum limits of the
experimental variables studied.
Experimental design is a specific set of experiments defined by

a matrix composed by the different level combinations of the
variables studied. Doehlert is an example of a second-order exper-
imental design. This design defines a specific set of combinations
for the levels of variables that must be applied experimentally to
obtain the responses.

l
o

y
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Factors or independent variables are experimental variables that
can be changed independently of each other. Typical independent
variables comprise the pH, temperature, reagents concentration,
microwave irradiation time, flow rate, atomization temperature,
and elution strength, among others.
Levels of a variable are different values of a variable at which the
experiments must be carried out. The variable pH, for example, can
be investigated at five levels: 4, 5, 6, 7 and 8 in the optimization of
a spectrophotometric method.
Responses or dependent variables are the measured values of the
results from experiments. Typical responses are the analytical
signal (absorbance, net emission intensity, and electrical signal),
recovery of an analyte, resolution among chromatographic peaks,
percentage of residual carbon, and final acidity, among others.
Residual is the difference between the calculated and experimen-
tal result for a determinate set of conditions. A good mathematical
model fitted to experimental data must present low residuals val-
ues.

. Theory and steps for RSM application

Response surface methodology was developed by Box and col-
aborators in the 50s [4,10]. This term was originated from the
raphical perspective generated after fitness of the mathematical
odel, and its use has been widely adopted in texts on chemo-
etrics. RSM consists of a group of mathematical and statistical

echniques that are based on the fit of empirical models to the
xperimental data obtained in relation to experimental design.
oward this objective, linear or square polynomial functions are
mployed to describe the system studied and, consequently, to
xplore (modeling and displacing) experimental conditions until
ts optimization [5].

Some stages in the application of RSM as an optimization tech-
ique are as follows: (1) the selection of independent variables
f major effects on the system through screening studies and the
elimitation of the experimental region, according to the objec-
ive of the study and the experience of the researcher; (2) the
hoice of the experimental design and carrying out the exper-
ments according to the selected experimental matrix; (3) the

athematic–statistical treatment of the obtained experimental
ata through the fit of a polynomial function; (4) the evaluation
f the model’s fitness; (5) the verification of the necessity and
ossibility of performing a displacement in direction to the opti-
al region; and (6) obtaining the optimum values for each studied

ariable.

.1. Screening of variables

Numerous variables may affect the response of the system stud-
ed, and it is practically impossible to identify and control the small
ontributions from each one. Therefore, it is necessary to select
hose variables with major effects. Screening designs should be car-
ied out to determine which of the several experimental variables
nd their interactions present more significant effects. Full or frac-
ional two-level factorial designs may be used for this objective
rincipally because they are efficient and economical [2].

.2. Choice of the experimental design

The simplest model which can be used in RSM is based on a

inear function. For its application, it is necessary that the responses
btained are well fitted to the following equation:

= ˇ0

∑k

i=1
ˇixi + ε, (1)
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here k is the number of variables, ˇ0 is the constant term, ˇi rep-
esents the coefficients of the linear parameters, xi represents the
ariables, and ε is the residual associated to the experiments.

Therefore, the responses should not present any curvature. To
valuate curvature, a second-order model must be used. Two-level
actorial designs are used in the estimation of first-order effects,
ut they fail when additional effects, such as second-order effects,
re significant. So, a central point in two-level factorial designs can
e used for evaluating curvature. The next level of the polynomial
odel should contain additional terms, which describe the inter-

ction between the different experimental variables. This way, a
odel for a second-order interaction presents the following terms:

= ˇ0 +
∑k

i=1
ˇixi +

∑k

1≤i≤j
ˇijxixj + ε (2)

here ˇij represents the coefficients of the interaction parameters.
In order to determine a critical point (maximum, minimum,

r saddle), it is necessary for the polynomial function to contain
uadratic terms according to the equation presented below:

= ˇ0 +
∑k

i=1
ˇixi +

∑k

i=1
ˇiix

2
i +

∑k

1≤i≤j
ˇijxixj + ε (3)

here ˇii represents the coefficients of the quadratic parameter.
To estimate the parameters in Eq. (3), the experimental design

as to assure that all studied variables are carried out at in at
east three factor levels. Thus, two modeling, symmetrical response
urface designs are available. Among the more known second-
rder symmetrical designs are the three-level factorial design,
ox–Behnken design, central composite design, and Doehlert
esign. These symmetrical designs differ from one another with
espect to their selection of experimental points, number of levels
or variables, and number of runs and blocks. These experimental

atrices are presented and discussed in Section 4.

.2.1. Codification of the levels of the variable
Codification of the levels of the variable consists of transforming

ach studied real value into coordinates inside a scale with dimen-
ionless values, which must be proportional at its localization in the
xperimental space. Codification is of concern because it enables
he investigation of variables of different orders of magnitude with-
ut the greater influencing the evaluation of the lesser.

The following equation can be applied to transform a real value
zi) into a coded value (xi) according to a determinate experimental
esign:

i =
(

zi − z0
i

�zi

)
ˇd (4)

here �zi is the distance between the real value in the central point
nd the real value in the superior or inferior level of a variable, ˇd
s the major coded limit value in the matrix for each variable, and
0 is the real value in the central point.

.3. Mathematical–statistical treatment of data

After acquiring data related to each experimental point of a cho-
en design, it is necessary to fit a mathematical equation to describe
he behavior of the response according to the levels of values stud-
ed. In other words, there must be estimates of the b parameters
f Eqs. (1)–(3). Therefore, in matrix notation, Eqs. (1)–(3) can be

epresented as

mXi
= XmXn bnX1 + emX1 , (5)

here y is the response vector, X is the matrix of the chosen exper-
mental design, b is the vector constituted by the parameters of the
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odel, e is the residual, and m and n represent the numbers of lines
nd columns from the matrices, respectively.

Eq. (5) is solved by using a statistical approach called the method
f least square (MLS) [6]. MLS is a multiple regression technique
sed to fit a mathematical model to a set of experimental data
enerating the lowest residual possible. After mathematical trans-
ormations of Eq. (5), a vector b containing the parameters can be
btained by the following equation:

n·1 = (XT
n·mXm·n)

−1
(XT

n·mym·i) (6)

Eq. (6) is used in the construction of the response surface that
escribes the behavior of the response in the experimental domain.
he great advantage of Eq. (6) is the low computational cost neces-
ary to determine the b coefficients.

In the LSM, it is assumed that errors present a random distri-
ution profile with a zero mean and a common unknown variance
nd that these errors are independent of each other. In this way,
he variance estimate to each component of vector b is commonly
btained by authentic repetitions of the central point according to
q. (7):

ˆ (b)n·n = (XT
n·mXm·n)

−1
s2 (7)

Thus, extracting the square root for each component of V̂(b)
eads to obtaining the standard errors for the b coefficients that
ompose the equation of the response surface, allowing the evalu-
tion of its significance.

.4. Evaluation of the fitted model

The mathematical model found after fitting the function to the
ata can sometimes not satisfactorily describe the experimental
omain studied. The more reliable way to evaluate the quality of the
odel fitted is by the application of analysis of variance (ANOVA).

he central idea of ANOVA is to compare the variation due to the
reatment (change in the combination of variable levels) with the
ariation due to random errors inherent to the measurements of
he generated responses [7]. From this comparison, it is possible to
valuate the significance of the regression used to foresee responses
onsidering the sources of experimental variance.

In ANOVA, the evaluation of data set variation is made by study-
ng its dispersion. The evaluation of the deviation (di) that each
bservation (yi) or its replicates (yij) present in relation to the media
ȳ), or, more precisely, the square of this deviation, is presented in
q. (8):

2
i = (yij − ȳ)2 (8)

The sum of the square for all observation deviations in relation
o the media is called the total sum of the square (SStot); it can be
ismembered in the sum of the square due to the fitted mathemat-

cal model, that is, due to regression (SSreg), and in the sum of the
quare due to residuals generated by the model (SSres), as shown
elow:

Stot = SSreg + SSres (9)

As replicates of the central point are made, it is possible to esti-
ate the pure error associated with repetitions. Thus, the sum of

he square for residuals can be dismembered into two more parcels:
he sum of the square due to pure error (SSpe) and the sum of the
quare due the lack of fit (SSlof), as shown below:
Sres = SSpe + SSlof (10)

When the division of the sum of the square for each source of
ariation (total, regression, residual, lack of fit, and pure error) is
ade by its respective numbers of degrees of freedom (d.f.), the
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Table 1
Analysis of variance for fitted mathematical model to an experimental data set using multiple regression

Variation source Sum of the square Degree of freedom Media of the square

Regression SSreg =
∑m

i

∑n1

j
(ŷi − ȳ)2 p − 1 MSreg = SSreg

p−1

Residuals SSres =
∑m

i

∑n1

j
(yij − ŷi)

2 n − p MSreg = SSres
n−p

Lack of fit SSlof =
∑m

i

∑n1

j
(ŷi − ȳi)

2 m − p MSlof = SQlof
m−p

Pure error SSpe =
∑m

i

∑ni

j
(yij − ȳi)

2 n − m MSpe = SSpe
n−m
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i , number of observations; m, total number of levels in the design; p, number of p
eplicates performed in each individual levels; ȳi , media of replicates performed in

media of the square” (MS) are obtained. The numbers of degree of
reedom for these sources of variation are calculated by the expres-
ions presented in the third column of Table 1, where p represents
he number of coefficients of the mathematical model, n represents
he number of total observations, and m represents the numbers of
evels used in the investigation. Equations related to the source of
ariations for the calculation of SSs and MSs are also presented in
able 1 [5,10].

The significance of regression can be evaluated by the ratio
etween the media of the square of regression (MSreg) and the
edia of the square of residuals (MSres) and by comparing these

ariation sources using the Fisher distribution (F test), taking into
ccount its respective degrees of freedom associated to regression
vreg) and to residual (vres) variances:

MSreg

MSres
≈ Fvreg,vres (11)

Thus, a statistically significant value for this ratio must be higher
han the tabulated value for F. This is an indication that the math-
matical model is well fitted to the experimental data.

Another way to evaluate the model is the lack of fit test. If the
athematical model is well fitted to the experimental data, MSlof

hould reflect only the random errors inherent to the system. Addi-
ionally, MSpe is also an estimate of these random errors, and it is
ssumed that these two values are not statistically different. This is
he key idea of the lack of fit test. It is possible to use the F distribu-
ion to evaluate if there is some statistical difference between these
wo media, in the same way that the significance of regression was
erified:

MSlof

MSpe
≈ Fvlof,vpe (12)

here, vlof and vpe are, respectively, the degree of freedom associ-
ted with the lack of fit and the pure error variances. If this ratio
s higher than the tabulated value of F, it is concluded that there is
vidence of a lack of fit and that the model needs to be improved.
owever, if the value is lower than the tabulated value, the model
tness can be considered satisfactory. To apply a lack of fit test, the
xperimental design must be performed with authentic repetitions
t least in its central point.

In short, a model will be well fitted to the experimental data
f it presents a significant regression and a non-significant lack of
t. In other words, the major part of variation observation must
e described by the equation of regression, and the remainder of
he variation will certainly be due to the residuals. Most variation
elated to residuals is due to pure error (random fluctuation of mea-
urements) and not to the lack of fit, which is directly related to the

odel quality [8,9].
The visual inspection of the residual graphs can also gener-

te valuable information about the model suitability. Thus, if the
athematical model is well fitted, its graph of residuals presents a

ehavior that suggests a normal distribution. If the model generates

p
t
r
s
r

n − 1

ter of model; ŷi , estimated value by the model for the level i; ȳ, overall media; yij ,
me set of experimental conditions.

arger residuals, it is not adequate to make precise inferences about
he data behavior in the studied experimental area. Moreover, if
he model needs some other term, the residual graph will present a
ehavior that indicates the kind of term that must be added to the
odel [10].

.5. Determination of the optimal conditions

The surfaces generated by linear models can be used to indi-
ate the direction in which the original design must be displaced in
rder to attain the optimal conditions. However, if the experimental
egion cannot be displaced due to physical or instrumental reasons,
he research must find the best operational condition inside the
tudied experimental condition by visual inspection.

For quadratic models, the critical point can be characterized
s maximum, minimum, or saddle. It is possible to calculate the
oordinates of the critical point through the first derivate of the
athematical function, which describes the response surface and

quates it to zero. The quadratic function obtained for two variables
s described below is used to illustrate the example:

= b0 + b1x1 + b2x2 + b11x2
1 + b22x2

2 + b12x1x2 (13)

∂y

∂x1
= b1 + 2b11x1 + b12x2 = 0 (14)

∂y

∂x2
= b2 + 2b22x2 + b12x1 = 0 (15)

Thus, to calculate the coordinate of the critical point, it is nec-
ssary to solve the first grade system formed by Eqs. (14) and (15)
nd to find the x1 and x2 values.

The visualization of the predicted model equation can be
btained by the surface response plot. This graphical representa-
ion is an n-dimensional surface in the (n + 1)-dimensional space.
sually, a two-dimensional representation of a three-dimensional
lot can be drawn. Thus, if there are three or more variables, the
lot visualization is possible only if one or more variables are set
o a constant value. Fig. 1 illustrates some profile for the quadratic
esponse surface plot in the optimization of two variables. Fig. 1(a
nd b) represents surfaces where the maximum point is located
nside the experimental region. It is interesting to note that, in sur-
ace shown in Fig. 1(b), there is a plateau in relation to variable
2, indicating that variation of its levels does not affect the stud-
ed system. Surface shown in Fig. 1(c) shows that the maximum
oint is outside the experimental region and that it is necessary
o displace, if possible, the initial design to attain it. The surface
hown in Fig. 1(d) presents a minimum point, and that shown in
ig. 1(e) presents a saddle point as the critical point. The saddle

oint is an inflexion point between a relative maximum and a rela-
ive minimum. If the purpose is to obtain a maximum or minimum
esponse to a studied system, the saddle point coordinates do not
erve as optimal values. Again, it is possible to find the optimum
egion through visual inspection of the surfaces.
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ig. 1. Some profiles of surface response generated from a quadratic model in th
xperimental region, (d) minimum, and (e) saddle surfaces.

. Symmetrical second-order experimental designs and
heir applications in analytical chemistry

.1. Full three-level factorial designs

Full three-level factorial design is an experimental matrix that
as limited application in RSM when the factor number is higher
han 2 because the number of experiments required for this design
calculated by expression N = 3k, where N is experiment number
nd k is factor number) is very large, thereby losing its efficiency
n the modeling of quadratic functions. Because a complete three-
evel factorial design for more than two variables requires more

xperimental runs than can usually be accommodated in practice,
esigns that present a smaller number of experimental points, such
s the Box–Behnken, central composite, and Doehlert designs, are
ore often used [11]. However, for two variables, the efficiency is

omparable with designs such as central composite [12].

t
e
e
e
n

imization of two variables. (a) maximum, (b) plateau, (c) maximum outside the

Fig. 2(a and b) shows the representation of the three-level fac-
orial designs for the optimization of two and three variables,
espectively. Table 2(a) shows the experimental matrix for the opti-
ization of two variables using this design.
The majority of applications of three-level factorial designs are

n the area of chromatography. Table 3 shows some works in which
his experimental design was used.

.2. Box–Behnken designs

Box and Behnken [13] suggested how to select points from

he three-level factorial arrangement, which allows the efficient
stimation of the first- and second-order coefficients of the math-
matical model. These designs are, in this way, more efficient and
conomical then their corresponding 3k designs, mainly for a large
umber of variables.
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Fig. 2. Experimental designs based on the study of all variables in three levels: three-lev
and (c) Box–Behnken design for the optimization of three variables.

Table 2
Some experimental matrices for designs based on variables study in three levels: (a)
three-level factorial design for two variables and (b) Box–Behnken design for three
variables matrices

(a) (b)

x1 x2 x1 x2 x3

−1 −1 −1 −1 0
−1 0 1 −1 0
−1 1 −1 1 0

0 −1 1 1 0
0 0 −1 0 −1
0 1 1 0 −1
1 −1 −1 0 1
1 0 1 0 1
1 1 0 −1 −1

0 1 −1
0 −1 1
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In Box–Behnken designs [14,15], the experimental points are
ocated on a hypersphere equidistant from the central point, as
xemplified for a three-factor design in Fig. 2(c). Its principal char-
cteristics are:

1) requires an experiment number according to N = 2k(k − 1) + cp,

where k is the number of factors and (cp) is the number of the
central points;

2) all factor levels have to be adjusted only at three levels (−1, 0,
+1) with equally spaced intervals between these levels.

(

(

able 3
ome applications of three-level factorial design in analytical chemistry

nalytes Samples Analytical tec

affeine, theobromine and
heophylline

Coffee, tea and human urine Reversed-pha

iacin Fresh and dry-cured pork
products

Ion chromatog

nionic, cationic, and neutral drugs Pharmaceutical formulations Electrokinetic

lothiapine, clozapine, olanzapine, and
uetiapine

Pharmaceutical formulations Capillary zone

ulfonamides Foodstuffs HPLC

andesartan, eprosartan, irbesartan,
osartan potassium, telmisartan, and
alsartan

Pharmaceutical formulations Capillary zone

nderivatized phenol and cresols Soil samples with a high
content of carbon

GC

opper Petroleum condensate GF AAS
el factorial design for the optimization of (a) two variables and (b) three variables

Fig. 2(c) presents the Box–Behnken design for three-variable
ptimization with its 13 experimental points. In comparison with
he original 33 design with 27 experiments (Fig. 2(b)), it is noted that
his design is more economical and efficient. Table 2(b) presents the
oded values to the application of this design for three variables.

This experimental design has been applied for the optimization
f several chemical and physical processes; however, its application
n analytical chemistry is still much smaller in comparison with
entral composite design. Table 4 shows some applications of the
ox–Behnken design in analytical chemistry.

.3. Central composite design

The central composite design was presented by Box and Wilson
16]. This design consists of the following parts: (1) a full factorial
r fractional factorial design; (2) an additional design, often a star
esign in which experimental points are at a distance ˛ from its cen-
er; and (3) a central point. Fig. 3(a and b) illustrates the full central
omposite design for optimization of two and three variables.

Full uniformly routable central composite designs present the
ollowing characteristics:

1) require an experiment number according to N = k2 + 2k + cp,
where k is the factor number and (cp) is the replicate number
2) ˛-values depend on the number of variables and can be calcu-
lated by ˛ = 2(k − p)/4. For two, three, and four variables, they are,
respectively, 1.41, 1.68, and 2.00;

3) all factors are studied in five levels (−˛, −1, 0, +1, +˛).

hnique Objective of study Ref.

se HPLC Improving the chromatographic resolution among
these three substances

[24]

raphy Optimizing the mobile phase composition [25]

chromatography Stabilising the effects of the sodium dodecyl sulfate
and 2-propanol concentration in the separation of
these analytes

[26]

electrophoresis Development of a method for separation of these four
atypical antipsychotics

[27]

Developing a molecularly imprinted polymer for
separation of the analytes

[28]

electrophoresis Optimizing the separation of these
angiotensin-II-receptor antagonists

[29]

Optimizing the supercritical fluid extraction of these
analytes

[30]

Developing a method for the direct determination of
analyte using detergentless microemulsions

[31]
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ig. 3. Central composite designs for the optimization of: (a) two variables (˛ = 1.41
entral point.

Fig. 3(a and b) shows representations of central composite
esigns for two- and three-variable optimization, respectively.

able 5(a and b) presents the coded values of the experimental
atrices for the application of these designs.
Many applications of the central composite design in the opti-

ization of analytical procedures can be found in the literature.
able 6 shows a limited number of applications as recent exam-

4

n

able 4
ome applications of Box–Behnken design in analytical chemistry

nalytes Samples Analytical techniqu

liphatic aldehydes Potato crisps HPLC

lprenolol, oxprenolol,
romethazine and propranolol

Human serum albumin Affinity electrokine

admium Drinking water FAAS

rganochlorine pesticides Sediments GC

europeptides Biological Capillary zone elect

ead Waters ICP OES

tenolol, sotalol, betaxolol, and
etoprolol

Non-aqueous Capillary electropho

aptopril Tablets of pharmaceuticals HPLC

ulphonamides, dihydrofolate
eductase inhibitors and
eta-lactam antibiotics

Food products Capillary electropho

able 5
xperimental matrices for central composite designs: (a) two variables and (b) three vari

a) (b)

x1 x2

actorial design −1 −1 Facto
1 −1
−1 1
1 1

xial points −˛ 0
˛ 0
0 −˛
0 ˛

entral point 0 0 Axial

Centr
(b) three variables (˛ = 1.68). (�) Points of factorial design, (©) axial points and (�)

les of the utilization of this design in some areas of analytical
hemistry.
.4. Doehlert design

Developed by Doehlert [17], the design is a practical and eco-
omical alternative in relation to other second-order experimental

e Objective of the study Ref.

Establishing the optimum conditions for the
derivatization reaction of the analytes with
2,4-dinitrophenylhydrazine

[32]

tic chromatography Optimization of the chiral separation of these four
drugs

[33]

Optimizing an on-line pre-concentration system
using knotted reactor

[34]

Optimizing a microwave-assisted extraction
method for the extraction of persistent pesticides

[35]

rophoresis Optimizing the main electrophoretic parameters
involved in the analytes separation

[36]

Optimizing a flow injection system for the on-line
pre-concentration of these metal using silica gel
functionalized with methylthiosalicylate

[37]

resis Optimizing the separation of these four
beta-blocking drug substances

[38]

Optimizing the chromatographic determination of
this analyte

[39]

resis Optimizing the simultaneous separation of these
substances

[40]

ables

x1 x2 x3

rial design −1 −1 −1
1 −1 −1
−1 1 −1
1 1 −1
−1 −1 1
1 −1 1
−1 1 1
1 1 1

points −˛ 0 0
˛ 0 0
0 −˛ 0
0 ˛ 0
0 0 −˛
0 0 ˛

al point 0 0 0
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Table 6
Some applications of central composite design in analytical chemistry

Analytes Samples Analytical technique Objective of the study Ref.

Chlorobenzenes Environmental water HPLC Developing a headspace single-drop micro-extraction
procedure using room temperature ionic liquid for
determination of trace amounts of these substances

[41]

Human immunoglobulin G Artificial mixture of proteins Affinity HPLC Optimizing the purification of these proteins from a
mixture

[42]

Organochlorine pesticides and
polychlorinated biphenyls

Human serum GC Developing a procedure for the determination of these
substances using headspace solid-phase
micro-extraction

[43]

Tetracycline, chlortetracycline,
oxytetracycline and doxycycline

Pharmaceuticals Capillary zone electrophoresis Investigating the influence of the electrolyte
composition, pH and concentration, as well as
temperature and applied voltage in the separation of
the analytes

[44]

Volatile compounds Vinegar GC Optimizing the extraction and desorption analytical
conditions of a stir bar sorptive extraction for these
analytes

[45]

Polybrominated diphenyl ethers,
polybrominated biphenyls and
polychlorinated naphthalenes

Sediment samples GC–MS Optimization of the experimental conditions for a
method involving microwave-assisted extraction and
large-volume injection

[46]

Amlodipine, nitrendipine, felodipine,
lacidipine and lercanidipine

Human plasma HPLC Developing a liquid–liquid extraction method using
diethyl ether as organic solvent for determination of
five 1,4-dihydropyridines

[47]

Nickel Petroleum GF AAS Developing a procedure for the direct determination of
Ni using a solid sampling strategy

[48]

Aluminum Juices and soft drink GF AAS Developing a preparation method based on
ultrasound-assisted pseudo-digestion

[49]

Mercury Gasoline CV AAS Optimizing a method for direct aqueous NaBH4
reduction of metal in microemulsion medium

[43]

As, Cd, Cu, Fe, Mg, Pb and Zn Mussel tissues ICP OES Evaluation of different variables affecting the [50]
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may be interested in optimizing several responses simultaneously.
The simplest strategy to adopt in this case is visual inspection.
If the amount of significant factors allows the graphical visual-
ization of adjusted models, and if the numbers of response are
ydroximethylfurfural Honey Ampero

atrices. This design describes a circular domain for two variables,
pherical for three variables, and hyperspherical for more than
hree variables, which accents the uniformity of the studied vari-
bles in the experimental domain. Although its matrices are not
outable as previous designs, it presents some advantages, such
s requiring few experimental points for its application and high
fficiency. Other characteristics are presented below:

1) requires an experiment number according to N = k2 + k + cp,
where k is the factor number and (cp) is the replicate number
of the central point;

2) each variable is studied at a different number of levels, a partic-
ularly important characteristic when some variables are subject
to restrictions such as cost and/or instrumental constraints or
when it is interesting to study a variable at a major or minor
number of levels;

3) the intervals between its levels present a uniform distribution;
4) displacement of the experimental matrix to another experi-

mental region can be achieved using previous adjacent points.

For two variables, the Doehlert design is represented by a
entral point surrounded by six points from a regular hexagon
Fig. 4). Fig. 4 also shows some possibilities of displacement of
he original experimental conditions. For three variables, this
esign is represented by a geometrical solid called a cubocta-
edron [18], and, depending on how this solid is projected in
he plane, it can generate some different experimental matrices
Fig. 5). Table 7(a) shows the experimental matrix for two variables,

nd Table 7(b and c) shows two experimental matrices for three-
ariable optimization generated by different plane projections of
he cuboctahedron.

Applications of the Doehlert design in analytical chemistry are
ncreasing in recent years, mainly because of its advantageous char-

F
f

enzymatic hydrolysis of samples by five enzymes
Development of microbiosensors built by
photolithographic techniques and based on a Pt
microelectrode chip

[51]

cteristics in relation to other designs. Some examples are shown
n Table 8 to illustrate its field of application.

. Multiple responses optimization in analytical chemistry
y using RSM

It is relatively simple to find the optimal conditions for a single
esponse using surface response designs. However, the researcher
ig. 4. Doelhert design for the optimization of two variables and some possibilities
or the displacement of the initial design using previous points.
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Table 7
Doehlert matrices (a) for two variables, (b) three variables for the plane projection
“a” of Fig. 5 and (c) three variables for the plane projection “b” of Fig. 5

(a) (b) (c)

x1 x2 x1 x2 x3 x1 x2 x3

0 0 0 0 0 0 0 0
1 0 0 −1 0 1 0 0
0.5 0.866 1 0 0 0.5 0.866 0

−1 0 0 1 0 0.5 0.289 0.817
−0.5 −0.866 −1 0 0 −1 0 0

0.5 −0.866 −0.5 −0.5 0.707 −0.5 −0.866 0
−0.5 0.866 0.5 −0.5 0.707 −0.5 −0.289 −0.817

0.5 0.5 0.707 0.5 −0.866 0
−0.5 0.5 0.707 0.5 −0.289 −0.817
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−0.5 −0.5 −0.707 −0.5 0.866 0
0.5 −0.5 −0.707 0 0.577 −0.817
0.5 0.5 −0.707 −0.5 0.289 0.817

−0.5 0.5 −0.707 0 −0.577 0.817

ot very large, the surfaces can be overlapped to enable finding
he experimental region that can satisfy all the responses studied
19,10].

If the optimal values for each response are localized in different
egions, it will be more difficult to find the conditions that simul-
aneously satisfy all responses. The level of difficulty increases as
hese optimum regions become more distant from each other and
o not intersect. It is not rare to encounter cases where all surfaces
ound do not present its optimum under the same set of experimen-
al conditions. Thus, changes in the level of a factor can improve one
pecific response and have a very negative effect on another.

An approach for solving the problem of the optimization of
everal responses is the use of a multicriteria methodology. This
ethodology is applied when various responses have to be con-

idered at the same time and it is necessary to find optimal

ompromises between the total numbers of responses taken into
ccount. The Derringer function or desirability function [20] is the
ost important and most currently used multicriteria methodol-

gy in the optimization of analytical procedures. This methodology
s initially based on constructing a desirability function for each

p
o

o
a

able 8
ome applications of Doehlert design in analytical chemistry

nalytes Samples Analytical technique

d, Cr, Cu, Mn, Ni and Pb Saline oil-refinery effluents
and vegetables

ICP OES

d Drinking water F AAS

ranium Natural waters Molecular absorption
spectrometry

e, Zn and Mn Food F AAS

i Naphta GF AAS
n Biological FI ICP OES

atechol Waters Voltammetry

uinolinic acid Human plasma Differential pulse
polarography

hloroanisoles Wine GC
holesterol Milk fat, frozen diet and egg

powder
GC

ugars Food HPLC

erbicide oxidiazin Water and soil GC–MS

rganochlorine pesticides Water GC

ropane alkaloids Belladonna extract Micellar electrokinetic
capillary chromatograp
ig. 5. Doehlert designs for the optimization of three variables originated by the
wo-plane projection of the cuboctahedron geometric solid.

ndividual response. In summary, the measured properties related
o each response are transformed into a dimensionless individual
esirability (di) scale. Through the individual functions, the analyst

ntroduces the specifications that each response must fulfill in the
easuring procedure. The scale of the individual desirability func-

ion ranges between d = 0, for a completely undesirable response,
nd d = 1, for a fully desired response, above which further improve-
ents would have no importance. This transformation makes it

ossible to combine the results obtained for properties measured

n different orders of magnitude.

With the individual desirabilities, it is then possible to obtain the
verall desirability (D). The overall desirability function D is defined
s the weighted geometric average of the individual desirability (di)

Objective of the study Ref.

Optimizing the cloud point extraction of these metals [52]

Optimizing a pre-concentration system that use a mini-column
of polyurethane foam loaded with 4-(2-pyridylazo)-resorcinol

[53]

Developing a pre-concentration procedure using cloud point
extraction

[54]

Optimizing a procedure for the food samples digestion
employing a focused microwave system

[55]

Developing a method for direct determination of the analyte [56]
Developing a procedure for pre-concentration of analyte using
a column packed with silica gel functionalized

[57]

Optimizing variables associate to the performance of the
solid-phase extraction procedure based on molecular
imprinting technology

[58]

Developing of a procedure for determining this analyte after
solid-phase extraction

[59]

Optimizing the headspace solid-phase micro-extraction [60]
Modeling of the relationship analyte/internal standard to
determine cholesterol

[61]

Investigating the derived sugars with p-nitroaniline using
microwave irradiation in a pre-column

[62]

Optimizing the chromatographic conditions to determine
oxidiazin residues

[63]

Optimizing the solid-phase micro-extraction conditions of
polyacrylate-coated fiber

[64]

hy
Optimizing the analysis of selected tropane alkaloids [65]
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ccording the following equation:

= m
√

d1d2 . . . dm (16)

here m is number of responses studied in the optimization pro-
ess. Thus, the simultaneous optimization process is reduced to
nd the levels of factors that demonstrate the maximum overall
esirability.

There are several types of transformations possible for obtaining
ndividual desirability. Thus, if the target value (T) for the response
is a maximum, the individual desirability (d) is described by the

ollowing equation:

=

⎧⎪⎨
⎪⎩

0 if y < 1(
y − L

T − L

)s

if L ≤ y ≤ T

1 if y > T

(17)

here L is the lower acceptable value to the response and s is the
eight. Thus, when s = 1, the desirability function is linear. When

> 1 is chosen, a major importance is given to the points near the
arget value. When s < 1 is chosen, this last demand is of low impor-
ance.

However, if the target value for the response y is a minimum,
he individual desirability (d) is given by:

=

⎧⎪⎨
⎪⎩

1 if T < y(
U − y

U − y

)t

if T ≤ y ≤ U

0 if y > U

(18)
here U is the upper acceptable value to the response and t is a
eight. The same idea for s is applied for t to attribute levels of

mportance to the target value.
If the target value (T) is located between the lower limit (L) and

he upper limit (U), then, a bilateral desirability function must be

c
i
o
s
n

able 9
ome applications of Desirability function in analytical chemistry

nalytes Samples Analytical tec

rganochlorines and pyrethroids Tea GC

-Timolol and other impurities S-Timolol maleate HPLC

nthraquinones and bianthrones Herbal medicine Micellar elect
chromatograp

rganomercury compounds and Hg(II) Seawater GC–MIP OES

ethyl tert-butyl ether, tert-butyl
lcohol, benzene, toluene,
thylbenzene and xylene isomers

Groundwater GC–MS

ethylmercury and Hg(II) Biological GC

ethylphenobarbital enantiomers and
henobarbital

Human plasma HPLC

ocal anesthetics Human plasma HPLC

itamins B6 and B12, dexamethasone
nd lidocaine

Pharmaceutical preparations Capillary elec

u, Bi and Li Tap-water and synthetic
alloys

Adsorptive st
voltammetry
76 (2008) 965–977

sed. This function is expressed by the following equation:

=

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

0 if y < L(
y − L

T − L

)
if L ≤ y ≤ T(

U − y

U − T

)t

if T ≤ y ≤ U

0 if y > U

(19)

As demonstrated, t and s control the variation rate of the desir-
bility functions. When these parameters are varied, it is feasible to
ttribute different desirability to the responses and, consequently,
o increase or decrease the range of acceptable values in the opti-

ization process.
The application of desirability functions in analytical chemistry

rings advantages as efficiency, economy, and objectivity in the
ptimization of multiple response procedures. Despite the obvious
dvantages of this methodology in the optimization of analytical
rocedures, there are still few applications found in the literature.
erringer functions have been more applied for optimization in
hromatographic and related techniques (electrochromatography
nd electrophoresis) principally because they can establish condi-
ions for the best resolution among several peaks simultaneously.
able 9 shows some applications of the desirability function for the
ptimization of multiple responses in analytical chemistry.

. Use of artificial neural networks in RSM

Artificial neural networks (ANNs) offer an attractive possibil-
ty for providing non-linear modeling for response surfaces and
ptimization in analytical chemistry.

ANNs are inspired by the arrangement of cerebral networks
nd consist of groups of highly interconnected processing elements

alled neurons. The neurons are arranged in a series of layers: one
nput layer with neurons representing independent variables, one
utput layer with neurons representing dependent variables, and
everal hidden layers that associate the inputs with outputs. Each
euron from one layer is connected with each neuron in the next

hnique Objective of the study Ref.

Optimizing a method based on matrix solid-phase
dispersion and gas chromatography for the
determination of multi-residue pesticides

[66]

Finding the optimal chromatographic condition for the
simultaneous determination of analytes

[67]

rokinetic
hy

Developing a chromatography method for the analysis
of anthraquinones and bianthrones in rhubarb crude
drugs

[68]

Developing a method for determination of these
species

[69]

Developing a method for the simultaneous
determination of these substances

[70]

Developing a method for the extraction based
microwave-assisted extraction and solid-phase
micro-extraction

[71]

Developing an automated liquid chromatographic
method for the simultaneous determination of analytes

[72]

Developing an automated method involving dialysis,
clean-up and enrichment of the dialysate on a
pre-column packed with a strong cation-exchange
phase

[73]

trophoresis Developing a method for the simultaneous
determination of these four substances in
pharmaceutical preparations

[74]

ripping Developing a method for simultaneous determination
of these metals

[75]
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f a single neuron.

ayer. The pattern of interconnection among the neurons is called
he network “architecture”, and it can be conveniently represented
n a graph (Fig. 6(a)). Data generated from the experimental design
an be used as relevant inputs, as well as outputs, for ANN training
21–23].

The training is carried out by adjusting the strength of connec-
ions between neurons with the aim to adapt the outputs of the

ntire network to be closer to the desired outputs or to minimize
he sum of the training data. During the training phase, each neu-
on receives the input signals xi from n neurons, aggregates them
y using the weights (wij) of the synapses, and passes the result
fter suitable transformation as the output signal yi (Fig. 6(b)) as a

t

h
m
w

able 10
ome applications of RSM combined with artificial neural networks in analytical chemist

nalytes Samples Analytical te

osinopril sodium and its degradation
roduct fosinoprilat

Pharmaceuticals GC–MS

erbicides Waters HPLC

europrotective peptides Mixture of peptides HPLC

uperzine A Pharmaceutical products and
biological liquids

Capillary ele

is- and trans-resveratrol Australians wine Capillary zo
electrophor

riazine herbicides Waters HPLC
ntimicrobial agents Cosmetics HPLC

uthenium Refined ore Spectrophot

ydrochlorothiazide and amiloride Pharmaceuticals HPLC
76 (2008) 965–977 975

unction of the sum, according to Eq. (20):

i = f
(∑n

i=1
xiwij

)
(20)

here f is the transfer function that is necessary to transform the
eighted sum of all the signals connecting with a neuron. The most
idely used transfer function is presented in Eq. (21):

= 1
1 + e−cx

(21)

here c is a constant that determines the slope of the sigmoid
unction.

The training phase is finished when the square error is mini-
ized across all training experiments. Once ANN has been trained,

t has a good predictive capability and ability to accurately describe
he response surface even without any knowledge about the phys-
cal and chemical background of the modeled system [14,22].

ANN offers an alternative to the polynomial regression method
s a modeling tool. Classical RSM requires the specification of
polynomial function such as linear, first-order interaction, or

econd-order quadratic, to be regressed. Moreover, the number of
erms in the polynomial is limited to the number of experimen-
al design points, and the selection of the appropriate polynomial
quation can be extremely cumbersome because each response
equires its own individual polynomial equation.

The ANN methodology provides the modeling of complex rela-
ionships, especially non-linear ones, that may be investigated
ithout complicated equations. ANN analysis is quite flexible in

egards to the number and form of the experimental data, which
akes it possible to use more informal experimental designs than
ith statistical approaches. Also, neural network models might
ave better predictive power than regression models. Regression
nalyses are dependent on predetermined statistical significance
evels, and less significant terms are usually not included in the

odel. With the ANN method, all data are used, potentially making

he models more accurate [82].

Using ANN modeling for the optimization of analytical methods
as been applied mainly for the development of chromatographic
ethods. Table 10 shows some applications of artificial neural net-
ork modeling in analytical chemistry.

ry

chnique Objective of the study Ref.

Combining central composite design and ANNs in
optimization of mobile phase composition for analysis

[76]

Optimizing of the linear gradient separation of 10
herbicides consisting of a mixture of acids, bases and
neutrals employing a single ANN for modeling the
response surface

[77]

Using experimental design conjunction with artificial
neural networks for optimization of isocratic ion-pair
separation of neuroprotective peptides

[22]

ctrophoresis Using of the experimental design combined with the
artificial neural networks for optimization of the drug
separation

[78]

ne
esis

Optimizing the solid-phase extraction employing
central composition design and ANN

[79]

Prediction of retention factors of the studied herbicides [80]
Using of experimental design/ANN to correlate the
retention time of each analyte (20 typical antimicrobial
substances) to the variables and their interactions

[81]

ometry Coupling experimental design and ANN for the
optimization of an on-line microwave flow injection
system

[82]

Comparing artificial neural networks for response
surface modeling in HPLC with multiple regression
methods

[83]
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. Conclusions

Application of response surface methodology in the opti-
ization of analytical procedures is today largely diffused and

onsolidated principally because of its advantages to classical
ne-variable-a-time optimization, such as the generation of large
mounts of information from a small number of experiments and
he possibility of evaluating the interaction effect between the vari-
bles on the response.

In order to employ this methodology in experimental optimiza-
ion, it is necessary to choose an experimental design, to fit an
dequate mathematical function, and to evaluate the quality of the
tted model and its accuracy to make previsions in relation to the
xperimental data obtained.

The central composite design is still the symmetrical second-
rder experimental design most utilized for the development
f analytical procedures. The application of three-level factorial
esigns is not frequent, and the use of this design has been limited
o the optimization of two variables because its efficiency is very
ow for higher numbers of variables. However, the Box–Behnken
nd Doehlert designs present more efficient matrices and have
ncreased the number of published works in recent years.

Multiple response optimization using desirability functions has
ntil now had its utilization limited to the chromatographic field, its
elated techniques, and to electrochemical methods. However, its
rinciples can be applied to the development of procedures using
arious analytical techniques, which demand a search for optimal
onditions for a set of responses simultaneously.

Finally, as an alternative to classical modeling, an adaptive
earning technique that utilizes neural networks combined with
xperimental design, can be employed to model a dependence rela-
ion. This approach has demonstrated a superior accuracy in data
earning and prediction over the traditional RSM.
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o Rio de Janeiro (FAPERJ), Coordenação de Aperfeiçoamento de
essoal de Nı́vel Superior (CAPES), and Pró-Reitoria de Pesquisa e
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22] K. Novotná, J. Havlis, J. Havel, J. Chromatogr. A 1096 (2005) 50.
23] H.M. Cartwright, Application of Artificial Intelligence in Chemistry, Oxford Sci-

ence Publications, Oxford, 1993.
24] N.M. Aragão, M.C.C. Veloso, M.S. Bispo, S.L.C. Ferreira, J.B. Andrade, Talanta 67

(2005) 1007.
25] G. Saccani, E. Tanzi, S. Mallozzi, S. Cavalli, Food Chem. 92 (2005) 373.
26] V. Harang, S.P. Jacobsson, D. Westerlund, Electrophoresis 25 (2004) 1792.
27] S. Hilaert, L. Snoeck, W.V. Bossche, J. Chromatogr. A 1033 (2004) 357.
28] M.P. Davies, V.D. Biasi, D. Perrett, Anal. Chim. Acta 504 (2004) 7.
29] S. Hillaert, W.V.D. Bossche, J. Chromatogr. A 979 (2002) 323.
30] M.P. Llompart, R.A. Lorenzo, R. Cela, J. Chromatogr. A 723 (1996) 123.
31] W.N.L. Santos, F.S. Dias, M.S. Fernandes, M.V. Rebouças, M.G.R. Vale, B. Welz,

S.L.C. Ferreira, J. Anal. At. Spectrom. 20 (2005) 127.
32] A. Stafiej, K. Pyrzynska, A. Ranz, E. Lankmayr, J. Biochem. Biophys. Methods 69

(2006) 15.
33] M.A.M. Gomez, R.M.V. Camanas, S. Sagrado, M.J.M. Hernandez, Electrophoresis

26 (2005) 4116.
34] A.S. Souza, W.N.L. Santos, S.L.C. Ferreira, Spectrochim. Acta B 60 (2005) 737.
35] M. Gfrerer, E. Lankmayr, Anal. Chim. Acta 533 (2005) 203.
36] C.V.S. Babu, B.C. Chung, Y.S. Yoo, Anal. Lett. 37 (2004) 2485.
37] A. Zougagh, A.G. Torres, E.V. Alonso, J.M.C. Pavon, Talanta 62 (2004) 503.
38] A.C. Servais, M. Fillet, P. Chiap, A.M. Abushoffa, P. Hubert, J. Crommen, J. Sep.

Sci. 25 (2002) 1087.
39] T. Mirza, H.I.S. Tan, J. Pharm. Biomed. 25 (2001) 39.
40] M.E.P. Hows, D. Perrett, J. Kay, J. Chromatogr. A 768 (1997) 97.
41] L. Vidal, E. Psillakis, C.E. Domini, N. Grané, F. Marken, A. Canals, Anal. Chim. Acta
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a b s t r a c t

Determination of organochlorine pesticides (OCPs) in sediments implicates extraction of these com-
pounds from the matrix, which is difficult owing to strong interaction among OCPs and different
constituents of the sediments, particularly organic content. The method here described is a combina-
tion of microwave assisted extraction (MAE), headspace solid-phase microextraction (HS-SPME) and gas
chromatography–mass spectrometry (GC–MS), acting in selected-ion storage mode, or GC-electron cap-
ture detector (ECD, for routine analysis). Methanol was used as extracting solvent and aliquots of the MAE
extracts (after inclusion of a step for sulfur elimination when required) were used to prepare aqueous
solutions for HS-SPME. A complete automation of the SPME procedure increases the sample throughput,
including standard addition for calibration purpose. The procedure has the advantage of exclude addi-
tional clean-up steps and pre-concentration before SPME. Application to reference sediments of different
characteristics revealed absence of significant interferences from the matrix for �-lindane, �-lindane,
aldrin, dieldrin, endrin, 4,4′-DDT, 4,4′-DDD, 4,4′-DDE, heptachlor, heptachlor epoxide and good sensitiv-
ity. Detection limits ranged from 0.005 to 0.11 ng of OCP per gram of dried sediment using GC–MS and
from 0.01 to 0.26 ng g−1 using GC-ECD. The linear response ranges embraced 5–6 orders of magnitude (up
to 1000 ng g−1) in GC–MS, being narrower for GC-ECD. The method was successfully applied to sandy and

muddy sediments from Portuguese rivers estuaries, enabling quantification of seven OCPs. The method
resulted effective, relatively simple and fast, being suitable for routine monitoring of residues of OCPs from
sediments of different grain size and organic matter content, which influence concentration, mobility and

ts.
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. Introduction

Organochlorine pesticides (OCPs) integrate the semi volatile
ersistent organic compounds (POPs) that exhibit potentially
armful effects to the environment [1]. As most of the POPs, OCPs
re lipophilic, persist in various media and some can be trans-
orted over long distances to regions where they have never been

sed [2]. OCPs can be introduced into the aquatic environment and
ccumulated in sediments by several pathways. As sediments are
epositories of these toxic substances, owing to their low solubil-

ty and association with suspended particulate matter [3], levels of
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CPs in sediments should be determined and controlled whenever
ossible.

Analysis of OCPs implicates extraction of these compounds
rom the sediment, which is difficult owing to strong interaction
mong OCPs and different constituents of the sediments, partic-
larly organic content. Conventional techniques to extract low
mounts of organic contaminants from complex solid matrix, like
hose of sediments, involve a long time consuming extraction/pre-
oncentration procedure, which is often the limiting step of the
verall analytical method. To overcome such constrain, new extrac-

ion procedures have been developed in the last years, namely

icrowave assisted extraction (MAE), pressurized fluid extraction
PFE), supercritical fluid extraction (SFE) and ultrasonic solvent
xtraction (USE) [4,5], all requiring shorter extraction time and
mall amount of solvent while sometimes gave higher recovery
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Moon Bay, CA) and a CP-Sil 8CB Low Bleed/MS (Varian) column
(60 m length × 0.250 mm diameter, 0.25 �m film thickness). The
carrier gas was helium of high purity (99.9995% from Air Liquide).
The Varian computer software MS Workstation 6.30 controlled the
GC–MS.

Table 1
SPME conditions

Extraction mode Headspace (HS)

Fiber type 100 �m film thickness PDMS
Salting out 2 g NaCl
Pre-incubation time 30 min
Pre-incubation temperature 80 ◦C
P.N. Carvalho et al. / Ta

ields of the analytes when compared with classical extraction pro-
edures [6]. Even so, in previous cases of MAE successful application
o pre-extract OCPs from soils and sediments [7–9], the obtained
xtracts have needed clean-up [8,9] and/or pre-concentration [7]
efore analysis.

Solid-phase microextraction (SPME) has been increasingly used
n the analysis of trace organic compounds, having the advantage
f combining extraction and concentration in a single step [10].
eadspace (HS) SPME coupled to gas chromatography (GC) with
lectron capture detection (ECD) has been already applied for deter-
ination of OCPs in aqueous slurries of soil and sediments [11–13].
owever, in those works the possible occurrence of sulfur in sed-

ments, which acts as an interference, has not been considered.
dditionally, the use of sediment slurries for OCPs determination by
eans of HS-SPME requires relatively low mass of sample aliquots

13], which may not be representative of the sediment composition,
nless the sample is perfectly homogeneous. This is particularly dif-
cult to attain in sandy sediments. As sample dilution is not possible
hen HS-SPME is directly applied to sediment slurries, very small

liquots of sediments have to be used in case of sediments with
igh levels of OCPs residues, which stresses the problem of lack of
ample homogeneity and representativity. Moreover, to enhance
esorption efficiency of OCPs from sediment with matrices very
omplex and rich in organic matter, a step of pre-extraction of the
nalytes is required.

Therefore, a combination of MAE and HS-SPME can be much
ore effective than each one of these procedures acting separately,

s it permits pre-concentration of analytes at the fiber and min-
mizes the need of a pre-clean up of the extract from MAE, since
he microextraction is performed in the headspace. Even so, the
omplexity of the matrix in sediments makes the identification
nd quantification of OCPs a difficult task. Sulfur can be an impor-
ant interference as it has solubility similar to OCPs and can form
o-extracts with them, causing a broad overlapping peak in gas
hromatography (GC) and reducing the accuracy of quantitative
easurements [14]. As reported in a recent work on pesticides

etermination in soil [7] which has used MAE followed by HS-SPME
nd GC coupled to tandem mass spectrometry (MS/MS), recovery
as been found to be dependent on the type of soil due to matrix
ffects.

To our knowledge, a combination of MAE, HS-SPME and GC–MS
as never been successfully applied before to the determination
f OCPs in estuarine sediments. The method here described used
recisely this combination, as well as a similar one with GC-ECD
or routine analysis, with complete automation of the SPME proce-
ure (which increases the sample throughput). To minimize matrix
ffects, a step for elimination of sulfur interference was included
hen required and standard addition was used for calibration pur-
ose. The method resulted effective, relatively simple and fast,
eing suitable for simultaneous monitoring of residues of ten OCPs
rom sediments of different grain size and organic matter content.

. Experimental

.1. Reagents and solutions

Solvents and reagents were analytical grade unless further
nformation. Methanol, Chromasolv® for HPLC, was obtained from
igma–Aldrich (Darmstadt, Germany). The water used was de-

onized with conductivity <0.1 �S cm−1. Sodium sulfite (purity
8%) and copper fine powder (purity 99.7%) for sample desul-
uration were obtained from Riedel-de Haën (Seelze, Germany)
nd Merck (Darmstadt, Germany) respectively. Sodium chloride
purity 99.5%) was also from Merck. A mixture of eighteen OCPs
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HCHs, aldrin, dieldrin, endrin, endrin ketone, endrin aldehyde,
ndosulfan I (�), endosulfan II (�), endosulfan sulfate, 4,4′-DDT,
,4′-DDD, 4,4′-DDE, heptachlor, heptachlor epoxide and methoxy-
hlor) in toluene:hexane (1:1) at concentrations of 2000 mg L−1,
rom Supelco (Bellefonte, PA, USA), was used to prepare stock stan-
ard diluted solutions in methanol and stored at 4 ◦C. Working
olutions of pesticides were prepared daily by appropriate dilutions
ith water. Reference sediments MetranalTM 16 from Analytika Ltd.

Prague, Czech Republic) and CNS300-04-100 from Resource Tech-
ology Corporation (Salisbury, United Kingdom) were used in the
ethod validation. For decontamination, all the glass and plastic
are was washed with soap, rinsed with water, soaked overnight

n 20% nitric acid aqueous solutions and rinsed with water again
nd methanol.

.2. Extraction conditions

MAE was carried out using a laboratory microwave system Ethos
Milestone (Sorisole, Italy), provided with Teflon extraction ves-

els, where 10 mL of methanol and a suitable mass of sediment
ranging from 0.25 to 10 g, according to OCPs concentration) were
ntroduced. The polydimethylsiloxane SPME fibers (PDMS, 100 �m)
sed were purchased from Supelco (Bellefonte, PA, USA). Fibers
ere conditioned in the GC injector as indicated by the manufac-

urer before use. For the first optimization steps, spiked aqueous
olutions (10 mL) were introduced in 22 mL vials, sealed with caps
nd septa, thermostated, and stirred using PTFE covered magnetic
tirring bars. For method validation and real sediment analysis
00 �L aliquots of MAE extracts of sediment (after centrifugation)
ere added to the volume of water necessary to obtain 10 mL solu-

ions contained in 20 mL sealed vials (18 mm magnetic ultraclean
losers suitable for autosampler). Real estuarine sediments were
reviously dried at room temperature and sieved through a screen
pore size 2 mm).

In a first optimization step the fiber was manually inserted in the
C injector. In further experiments the HS-SPME was performed
sing an autosampler (CTC Analytics, Combi Pal model). The opti-
ized conditions are presented in Table 1. Blanks were processed
ith the samples every working day for control purposes. Unless

urther indication, all tests were performed in triplicate.

.3. Chromatographic conditions

GC–MS analysis were performed by using a Varian Saturn 2000
ass spectrometer (Walnut Creek, CA) coupled to a Varian 3900

as chromatograph equipped with a split/splitless injector port, a
PME liner (0.75 mm ID), a microseal septum system (Merlin, Half
re-incubation rotation 500 rpma

xtraction time 60 min
xtraction temperature 80 ◦C
xtraction rotation 250 rpma

a Rotation per minute.
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Table 2
GC operation conditions for both GC–MS and GC-ECDa

Injection Splitless (7 min)
Injector temperature 250 ◦C
Flow He, 1.0 mL min−1

Temperature program 40 ◦C (5 min)
+30 ◦C min−1 up to 160 ◦C
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Table 3
Mass spectrometry operation parameters

Transfer line temperature 230 ◦C
Ion trap temperature 200 ◦C
Ionization mode Electrical ionization/automode

SIS (selected ion storage)

OCP Retention time (min) Quantification ions (m/z)

�-Lindane 20.86 109, 111, 181, 183, 217, 219
�-Lindane 22.07 109, 111, 181, 183, 217, 219, 221
Heptachlor 24.73 100, 270, 272, 274
Aldrin 26.11 66, 79, 91, 263
Heptachlor epoxide 27.52 351, 353, 355
DDE 29.53 246, 248, 316, 318
Dieldrin 30.00 79
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+5 ◦C min−1 up to 275 ◦C
+30 ◦C min−1 up to 300 ◦C (3 min)

a In GC-ECD He flow rate was 1.5 mL min−1.

Analysis by GC-ECD were performed using a Varian CP-3800
as chromatograph prepared for the simultaneous ECD and FID
etection by split of the gas flux, with the same characteristics
injector, Merlin microseal and column) as the GC–MS equipment.
he carrier gas, helium, was mixed with make-up gas nitrogen
99.999%) with volume mixing ratio of 1:5. The Varian computer
oftware Star Chromatography Workstation 6.30 controlled the
C-ECD.

The optimized conditions are listed in Table 2 (GC conditions)
nd Table 3 (MS conditions). ECD detection was carried out with
he oven at 320 ◦C. The mass spectrometer was operated in full
can mode for retention time determinations, using library search
m/z = 40–600) and in SIS mode for chromatographic runs. Acqui-
ition data was chosen based on storage of the characteristic ions
ith relative abundance higher than 500 and ejection of interfering

ons from the matrix. Analyses performed by GC-ECD were carried
ut after the complete optimization and validation of the GC–MS
ethod using exactly the same conditions for comparison of the

nalytical results. Pesticides quantification was performed by stan-
ard addition method.

. Results and discussion
.1. Optimization of MAE procedure

The MAE program was developed based on the extraction appli-
ation note (EX-EN-03, Milestone extraction application guide). The

w
m
W
t

Fig. 1. Solvent influence on MAE. The analytical signals sho
Endrin 30.84 67, 79, 81, 82, 261, 263, 265, 281
DDD 31.12 165, 235, 237
DDT 32.50 165, 235, 237

emperature control limit was fixed at 105 ◦C, which was attained
ithin 5 min (the equipment controls the necessary power), the

otal duration of the program being 20 min. Selection of the solvent
as carried out by comparison of efficiency of OCPs extraction from

piked real sediments using either water or methanol. Methanol
as the solvent chosen because it provided much higher analytical

ignals (Fig. 1). The amount of solvent used was always 10 mL (mini-
um volume required) and the amount of sediment used depended

n the OCPs concentration present (0.25 g of sediment was used for
g g−1 level, and 2 g were used for ng g−1 level).

In some cases, the characteristics of the analytical signals
btained for sediment samples in full scan chromatograms revealed
he presence of interfering sulfur. Even working in SIS mode, it
as observed that this interference reduced the accuracy of the

nalysis, so requiring a previous elimination of sulfur. Depending
n the amount of sulfur in the sediment, two alternative pro-
edures were carried out for this purpose. When sulfur content

as relatively low, addition of sodium sulfite to the samples in
ethanol and sonication for 15 min, before MAE, was sufficient.
hen that procedure failed due to too high sulfur content in

he sediment, an elimination process similar to that frequently

wn were obtained using MAE, HS-SPME and GC–MS.
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ig. 2. Salting out effect on HS-SPME. Comparison of the signals observed (using M
f Na2SO3 or 1 g of NaCl or 1 g of both Na2SO3 and NaCl.

sed in the classical Soxhlet extraction [14] (addition of excess of
ctivated copper to the sediment extract – the supernatant after
AE – and reaction for 1 h in an ultrasound bath) could solve the

roblem.

.2. Optimization of the HS-SPME procedure

Polydimethylsiloxane SPME fiber (PDMS, 100 �m of coating)
as chosen based on previous works [15].

Optimization of both temperature and time for HS-SPME extrac-
ion was carried out using spiked aqueous solutions.

The choice of 80 ◦C as extraction temperature was based on a
ompromise between the increase in the peak area with the tem-
erature observed for some pesticides (p.e. DDT, DDE, DDD and
ldrin) and the decrease of the peak areas with the temperature
bserved for others (p.e. �-lindane).

The best time for the microextraction was 60 min, similar to
revious results [15,16].

The effect of salt addition is known to influence the signal inten-
ity of several compounds including OCPs [16]. The introduction
f a salt varies the ionic strength of the solution, changing the
quilibrium of the pesticides between solution and headspace.
ptimization of conditions for salting out effect was carried out
n spiked sediment extract. Fig. 2 shows that in the presence of
a2SO3 (when 1 g of this salt had been added to eliminate low sulfur
ontent in sediment), addition of 1 g of NaCl increased peak areas
f lindanes, heptachlor and aldrin but decreased those for DDT’s
nd methoxychlor (dichlorodiphenylethanes), for which the pres-
nce of only Na2SO3 was preferable. As salting out effect depends
n the salt concentration, different amounts of NaCl were tested
n the absence of Na2SO3 (when it was not used to eliminate
ulfur). Based on the equilibrium between the increase of sig-
als for the pesticides that presented lower peak areas and the
ecrease for those which presented higher peak areas, 2 g were

hosen for the further experiments. A similar behavior has been
reviously observed [12]. In general, the results showed that the
ddition of only NaCl (instead a mixture of NaCl and Na2SO3) to
he vials gave better salting out effect (higher intensity of the
ignals).

t
o
r
a
t

-SPME, GC/MS) for sediment extract without salt addition and after addition of 1 g

.3. Characteristics of the method, validation and application to
eal sediments

The method (MAE, HS-SPME–GC/MS) was efficiently validated
or ten OCPs: �-lindane, �-lindane, aldrin, dieldrin, endrin, 4,4′-
DT, 4,4′-DDD, 4,4′-DDE, heptachlor and heptachlor epoxide.

Among the remaining OCPs present in the standard mixture
sed, endosulfan I was the only present, with a certificated value,

n the reference materials used, therefore the only which was
usceptible of validation. Endrin cetone, endrin aldeyde and endo-
ulfan sulfate could not be detected either in standard solutions
r in sediment extracts, probably due to their higher polarity and
onsequent lower affinity to the PDMS fiber used. Methoxychlor, �-
indane, �-lindane, endosulfan I and endosulfan II could be detected
n the aqueous standard solutions (LOD ≥ 10 ng L−1 for methoxy-
hlor, endosulfan I, endosulfan II and LOD > 200 ng L−1 for �-lindane
nd �-lindane). In sediment extracts too high LODs (>10 ng g−1

or methoxychlor; >100 ng g−1 for endosulfan I and II and even
igher for �-lindane and �-lindane) prevented their determination

n sediments. To our knowledge these compounds have not been
etermined before in sediments by HS-SPME–GC/MS. A few of the
on-validated OCPs have been determined by HS-SPME–GC/ECD
e.g. [12,13]). However ECD does not provide an unambiguous
dentification of the compounds in complex matrix like that of
ediments.

Limit of detection (LOD) and limit of quantification (LOQ) of
he overall analytical procedure were determined using extracts of
amples of reference sediments, based on the concentrations which
ave rise to peaks with signal-to-noise ratios of 3 and 10, respec-
ively. LODs (Table 4) were at the ng g−1 level, similar or lower than
hose provided by previous methods using MAE combined with HS-
PME and GC–MS/MS for soils [7] or for aqueous slurries of soils
12,15] or sediments [13] using HS-SPME coupled to GC-ECD.

Linear response ranges were studied by spiking aqueous solu-

ions and real estuarine sediment samples with increasing amounts
f standard solution until linearity was lost (R2 < 0.98). The wider
anges obtained were 0.5–1000 ng L−1 for OCPs in aqueous solution
nd 0.02–1000 ng g−1 of OCPs in sediment samples, depending on
he OCP (Table 4). Therefore, this method provided linear range
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Table 4
Characteristics of the optimized methods

OCP GC–MS GC-ECD

Linear rangea

(R2 ≥ 0.98)
Linear rangeb

(R2 ≥ 0.98)
LOD (ng g−1) LOQ (ng g−1) RSD (%) Linear rangea

(R2 ≥ 0.98)
Linear rangeb

(R2 ≥ 0.98)
LOD (ng g−1) LOQ (ng g−1) RSD (%)

�-Lindane 3–800 0.15–1000 0.04 0.15 9 4–300 0.20–102 0.09 0.20 13
�-Lindane 8–800 0.35–1000 0.11 0.35 7 1–200 0.06–255 0.05 0.06 18
Heptachlor 9–600 0.36–1000 0.11 0.36 17 10–150 0.51–255 0.26 0.51 16
Aldrin 3–1000 0.15–1000 0.05 0.15 9 2–100 0.10–55 0.04 0.10 15
Heptachlor epoxide 0.3–800 0.02–1000 0.01 0.02 12 3–100 0.15–25 0.06 0.15 6
DDE 0.5–1000 0.02–1000 0.005 0.02 8 0.7–100 0.03–28 0.02 0.03 7
Dieldrin 0.2–800 0.09–1000 0.04 0.09 14 2–100 0.12–31 0.05 0.12 11
Endrin 2–1000 0.45–1000 0.04 0.45 16 0.2–300 0.01–53 0.01 0.01 11
DDD 2–1000 0.11–1000 0.04 0.11 17 1–150 0.07–53 0.03 0.07 11
DDT 1–1000 0.06–1000 0.04 0.06 14 0.8–150 0.04–110 0.02 0.04 9

a In aqueous solution, as ng of OCP per liter of solution.
b In sediment, as ng of OCP per gram of dry sediment.

Table 5
Results obtained for certified reference materials

OCP Metranal 16 reference
values (�g g−1)

Metranal 16a

(�g g−1) by GC–MS
Metranal 16a (�g g−1)
by GC-ECD

CNS300-04-100
reference values (ng g−1)

CNS300-04-100a

(ng g−1) by GC–MS
CNS300-04-100a

(ng g−1) by GC-ECD

�-Lindane 16 ± 3 16 ± 3 17 ± 3 284 ± 70 287 ± 20 288 ± 37
�-Lindane 44 ± 8 43 ± 3 43 ± 7 363 ± 84 315 ± 34 323 ± 57
Heptachlor 45 ± 6 39 ± 6 398 ± 107 355 ± 62 461 ± 75
Aldrin 4.0 ± 0.3 3.1 ± 0.3 125 ± 28 121 ± 11 95 ± 14
Heptachlor epoxide 11 ± 1 49 ± 15 50 ± 6 46 ± 3
DDE 39 ± 8 38 ± 7 41 ± 2 299 ± 55 312 ± 22 286 ± 20
Dieldrin 45 ± 9 46 ± 6 48 ± 7 370 ± 77 402 ± 31 361 ± 41
Endrin 19 ± 4 20 ± 3 370 ± 101 416 ± 67 395 ± 46
D
D
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DD 39 ± 8 36 ± 5 39 ± 2
DT 83 ± 16 72 ± 14 79 ± 10

a Mean and standard deviation (n = 6) expressed in mass of OCP per gram of dry s

arger than those tested previously for soils [12,15] and sediment
13] in slurries using ECD. The linear ranges in aqueous solution
ere narrower than those for sediments because the first ones

nly reflected the response of the equipment while the second ones
nhanced all the experimental procedure.

Assays of repeatability and reproducibility according to IUPAC
uide [17] were performed using reference sediment samples. The
ethod presented relative standard deviation (RSD) lower than

7%, with better repeatability than reproducibility as expected.
To evaluate the accuracy of the method, commercially avail-

ble reference sediments with different characteristics, MetranalTM

6 and CRM CNS300-04-100 were analyzed. For the different

esticides present in the reference sediments, Table 5 shows
hat concentration values were obtained inside the reference
anges.

The method was applied to analysis of OCPs in sediments
rom Minho and Cávado rivers estuaries, north of Portugal. Sam-

t
l

i
e

able 6
esults obtained by GC–MS for real estuarine sediments

CP Minho river

Sandy sedimenta (ng g−1)

-Lindane <LOD
-Lindane <LOD
eptachlor 0.6 ± 0.2
ldrin 2.7 ± 0.4
eptachlor epoxide <LOD
DE <LOD
ieldrin <LOD
ndrin <LOD
DD <LOD
DT <LOD

a Concentration expressed in ng of OCP per gram of dry sediment.
287 ± 33 278 ± 102 277 ± 30

nt.

les organic contents were of 0.6% and 6% for sandy and muddy
inho sediments, respectively, and of 11% for muddy Cávado

ediment. As Table 6 shows, sandy sediments from Minho river
stuary displayed measurable levels of heptachlor and aldrin,
hereas muddy sediments from the same estuary displayed the

ame compounds but also �-lindane, DDT and DDE. However,
he concentrations were very low in both cases (≤2.7 ng of OCP
er gram of dried sediment) the highest values being of aldrin
nd heptachlor. Muddy sediment from Cávado river estuary pre-
ented measurable levels of heptachlor, dieldrin, DDE, DDD and
DT, the highest value (4 ng g−1) occurring for heptachlor. These

esults demonstrated the presence of some avoided OCPs in the

ested estuarine sediments, mainly in muddy ones, though at low
evels.

Therefore, the proposed method overcomes the problem of
nefficient OCPs extraction from complex matrices, like those of
stuarine sediments, which could difficult or even hinder direct

Cávado river

Muddy sedimenta (ng g−1) Muddy sedimenta (ng g−1)

<LOD <LOD
1.5 ± 0.3 <LOD
2.6 ± 0.1 4.0 ± 0.9
2.3 ± 0.1 <LOD
<LOD <LOD
0.10 ± 0.06 3 ± 1
<LOD 1.5 ± 0.8
<LOD <LOD
<LOD 1.4 ± 0.2
0.3 ± 0.1 2.3 ± 0.5
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pplication of the HS-SPME of sediment slurries, as mentioned in
ntroduction.

In a previous work carried out only in soils [7], which has
mployed MAE and HS-SPME coupled to GC–MS/MS, after MAE a
tep of filtration of the supernatant, evaporation to dryness of the
olvent extraction mixture and redissolution in a solvent suitable
or HS-SPME has been required additionally. In this work, MAE com-
ined with sulfur elimination combined with automatic HS-SPME
ispensed further clean-up and pre-concentration steps, result-

ng in a quick and efficient procedure of sample preparation for
C–MS determination of OCPs in sediments from different origins
nd characteristics.

The described procedure of sample preparation was further
ombined with GC-ECD and applied to the same samples (either
eference sediments or real estuarine sediments) for comparison
urposes. For the real estuarine sediments the levels of quantified
CPs were not significantly different of those shown in Table 6. For

he two tested reference sediments acceptable values were also
btained by GC-ECD (Table 5), this system providing LOD and LOQ
f the same order of magnitude as those obtained with GC–MS
Table 4). However, the linear response ranges were much narrower
han those provided by GC–MS, as it was expected owing to the

haracteristics of the two detectors.

In conclusion, the approach here described resulted in rela-
ively fast and effective method for simultaneous determination
f ten OCPs in sediments with varied characteristics (grain size and
rganic matter content) being suitable for routine analysis.
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a b s t r a c t

A simple, novel electrochemiluminescence (ECL) method for the detection of dichlorvos pesticide (DDVP)
with high sensitivity was discovered. Detection was carried out in a static ECL system, in which a glassy
carbon electrode was selected as the working electrode. ECL parameters, including the concentrations
of cetyrltrimethylammonium bromide and luminol, the solution pH, and the scan rate of the applied
eywords:
lectrochemiluminescence
ichlorvos pesticide
uminol

potential, were optimized. Under these optimal conditions, the linear response of ECL-emission versus
DDVP concentration was valid in the range 5–8000 ng/L (r2 = 0.9982) with a relative standard deviation of
4.3% at 2000 ng/L (n = 10), yielding a detection limit (S/N = 3) of 0.42 ng/L. The ECL emission was caused by a
radical reaction process, in which the dissolved oxygen in the luminol solution reacted with the DDVP and
generated free radicals. The free radicals reacted with the luminol anion and yielded the luminol radical.
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samples.

. Introduction

In recent years, the use of organophosphorus pesticides (OPPs)
uch as dichlorvos pesticide (DDVP) has become widespread
ecause of their low persistence in the environment [1]. However,
hey have a highly acute toxicity since they cause protein adduction,
nd the lasting nature of this makes them a candidate responsible
or the production of continuing ill health [2]. The dermal toxi-
ity of DDVP is similar to its oral toxicity and dermal exposure
laces a premium on cancer [3]. Because of these possible health
isks, efforts are continuing towards the development of rapid and
ccurate analytical methods for the determination of OPPs.

Several approaches have been developed for DDVP determina-
ion including gas chromatography [4–9], high performance liquid
hromatography [10–12], fluorescence spectrometry [13,14] and
hemiluminescence (CL) [15–17]. Generally, the above approaches

re performed in centralized laboratories, requiring extensive labor
nd analytical resources, and often result in a lengthy turnaround
ime. Although several immunoassays and enzymatic methods
ave also been reported [18–25], the use of expensive enzymes such

∗ Corresponding author at: Department of Chemistry and Key Laboratory of Ana-
ytical Sciences of the Ministry of Education, College of Chemistry and Chemical
ngineering, Xiamen University, Xiamen, 361005, China. Tel.: +86 592 2184530;
ax: +86 592 2184530.

E-mail address: xichen@xmu.edu.cn (X. Chen).

0
d
t

2

2

(

039-9140/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2008.05.007
uccessfully applied to the determination of DDVP residues in vegetable

© 2008 Elsevier B.V. All rights reserved.

s acetylcholinesterase limits their application. As a result, a novel,
imple, and sensitive method with a low cost is of considerable
nterest.

Electrogenerated chemiluminescence (ECL) is a well-known
igh sensitivity detection method depending on the generation of
n optical signal triggered by an electrochemical reaction [26,27].
o our knowledge, there has been no report concerning the detec-
ion of DDVP using ECL. Based on our experiment results, at an
pplied potential of −0.38 V, the oxygen can be reduced to OOH−

n a glassy carbon (GC) working electrode [28–30], which could
nhance the ECL reaction of luminol and DDVP. The concentra-
ions of cetyrltrimethylammonium bromide (CTAB) and luminol,
he solution pH and the applied potential scan rate affected the
CL intensity. The experimental results revealed that the linear
esponse of ECL-emission versus DDVP concentration was valid
n the range 5–8000 ng/L, and the detection limit (S/N = 3) was
.42 ng/L. The ECL mechanism of DDVP in luminol solution was also
iscussed. The method was successfully applied to the determina-
ion of DDVP residue in vegetable samples.

. Experimental
.1. Chemicals and solutions

Luminol was purchased from Wake Pure Chemicals Co. Ltd.
Osaka, Japan). A 1.0 × 10−2 mol/L luminol stock solution was pre-
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ared by dissolving luminol in 0.1 mol/L sodium hydroxide solution
NaOH) and diluted to 1.0 × 10−4 mol/L with pure water. DDVP
as obtained from China Standard Technology Development Corp.

Beijing, China). The standard solution of DDVP (0.001 g/L) was
repared by diluting DDVP (0.1 g/L) with acetone. Tween-100,
olyvinylol (PVA), polyvinylpyrrolidone (PVP), sodium dodecyl
ulphate (SDS), cetyrltrimethylammonium chlorine (CTAC) and
TAB were obtained from Sinopharm Chemical Reagent Co. Ltd.
Guangzhou, China). The pH of the working solution was adjusted
sing NaOH solution. GC plates (1 cm (W) × 1 cm (L) × 0.2 cm (H))
ere purchased from BAS Co. Ltd. (Japan). All other reagents were

f analytical grade. The pure water for solution preparation was
repared using a Millipore Autopure WR600A (Millipore Ltd., USA).

.2. Sample preparation

Cabbages were purchased from a local supermarket. Each cab-
age was divided into three samples; each weighing 10 g. Different
mounts of DDVP were spayed onto each of the three samples. All
amples were processed using the following procedure: the cab-
age were first placed in a ventilation cabinet for 2 h at 25 ◦C, then
ample leaves were eluted with pure water for 15 s, and finally, the
luted solution was collected and analyzed.

.3. Preparation of the GC electrode

For the electrochemical (EC) or ECL experiments, a GC electrode
as employed as a working electrode, and was fabricated as fol-

ows: a strip of copper adhesive tape was attached to a GC plate
nd used as an electrical connection; a piece of a waterproof adhe-
ive tape with a 5 mm diameter circular window was then attached
o the GC plate. During electrochemical measurements, the work-
ng surface of the GC plate in contact with the solution was thus
he exposed area of 19.63 mm2.

.4. EC and ECL measurements

Cyclic voltammetry (CV) and ECL measurements were per-
ormed using a homemade ECL/EC system, which was assembled
rom an electrochemical working station (CHI 660B, Chenhua Inc.,

hina) and a model GD-1 luminometer (Ruike electronic equip-
ent Co., China). As shown in Fig. 1, a three-electrode system

mploying the GC working electrode was assembled in a T-type
CL cell.

ig. 1. Electrochemiluminescence cell assembly: (a) outer cell, (b) T-type cell body,
c) working electrode, (d) reference electrode, and (e) counter electrode.

o
b
h
t
E
d
s

F
d

ig. 2. IECL/E and CV curves of blank (dotted line) and DDVP solution (solid
ine). Experimental conditions: DDVP 2 ng/mL; CTAB 0.05 mol/L; pH 13.5, luminol
.0 �mol/L; scan rate 20 mV/s, high voltage applied to the PMT, −800 V.

. Results and discussion

.1. ECL behavior

IECL/E and CV curves obtained with and without DDVP solution
t pH 13.5 using the GC electrode are shown in Fig. 2. In the IECL/E
urves, a CL intensity of about 20 mV was obtained from both the
lank solution and the DDVP solution. Comparatively, a clear ECL
ignal at −0.38 V was observed in the cathodic scan when the solu-
ion contained DDVP. The results indicated that the ECL signal at
0.38 V was applicable to the detection of DDVP.

.2. Effect of pH

The dissociation constants of luminol are pKa1 6.00 and pKa2
3.00, therefore, a higher pH favors the formation of the lumi-
ol anion [31]. Based on the reaction mechanism of luminol ECL
LH−–e− → LH• → L•− + H+), a higher pH is helpful for the gen-
ration of luminol radicals. At the same time, at more basic
oncentrations, more hydroxide ions exist on the electrode sur-
ace, which can interfere with the adsorption of luminol. Based
n these considerations, the solution pH was optimized for the
est ECL response. Among several alkaline buffer solutions (sodium
ydroxide, phosphate and borax), the experimental results showed

hat sodium hydroxide solution was the most suitable medium for
CL measurement since the higher pH (>12.0) could be achieved by
iluting sodium hydroxide solution. As shown in Fig. 3, ECL inten-
ity was increased with the increase of pH and the maximum signal

ig. 3. Effect of solution pH on the ECL response of DDVP. Other experimental con-
itions were the same as in Fig. 2.
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tion coefficient of 0.9982. The relative standard deviation (R.S.D.)
was 4.3% for 10 replicate analyses of 2000 ng/L DDVP. The limit of
detection (S/N = 3) for DDVP was 0.42 ng/L.
ig. 4. ECL response of DDVP towards various concentrations of luminol. Other
xperimental conditions were the same as in Fig. 2.

as obtained at pH 13.5. In the following experiments, sodium
ydroxide solution with pH 13.5 was selected.

.3. Effect of the concentration of luminol

Luminol played a key role in the ECL determination of DDVP.
orrespondingly, its concentration greatly affected the ECL inten-
ity. The effect of luminol concentration (from 0 to 3.0 �mol/L)
n the relative ECL intensity was studied. As can be seen from
ig. 4, the relative intensity increased with the increase of lumi-
ol concentration, whereas it was reduced at concentrations higher
han 1.0 �mol/L. Based on the experimental results in the applied
otential range of −0.6 to −0.1 V, higher luminescence intensity
ould be obtained when the luminol concentration was higher
han 2.0 �mol/L, and this had an obvious effect on the ECL signal
t −0.38 V. Therefore, a luminol concentration of 1.0 �mol/L was
hosen.

.4. Effect of surfactants

Experimental results indicated that the species and concen-
ration of surfactant used affected the ECL of luminol. In the

edium without any surfactant, a very weak luminol ECL signal
as obtained, and when the luminol–DDVP ECL intensity was com-
ared in media containing different surfactants such as Tween-100,
VA, PVP, CTAB, CTAC and SDS, only the cation surfactants like CTAC,
TAB could obviously enhance the ECL intensity, and CTAB was the
est surfactant. This result suggested that the CTA+ adsorbed the
issociated luminol anion and the DDV anion to form a reversed
icelle microreactor, which concentrated the reactants and made

hem react effectively to generate ECL emission. The fact that the
eutral and anionic surfactants could not enhance ECL intensity
lso proved this.

An optimized concentration of CTAB was selected for ECL
easurement. As shown in Fig. 5, when 0.05 mol/L CTAB was

mployed, the brightest relative ECL intensity was obtained. In
eneral, when the concentration of CTAB was slightly higher than
ts second critical micelle concentration (cmc: 2.1 × 10−2 mol/L),
he clubbed micelles increased the local concentration of lumi-
ol and DDVP by the hydrophilic micelle, which protected the
nergy of the excited state 3-aminophthalate anion. In addition,
he experimental results indicated that when the CTAB con-
entration exceeded 0.05 mol/L, the higher CTAB concentration
aused a relative ECL intensity decrease because of CTAB crystal-
ization. CTAB crystals blocked and reflected the light from ECL
mission.
.5. Effect of the applied potential scan rate and scan range

The applied potential scan rate affected the ECL intensity
f luminol–DDVP. As shown in Fig. 6, in the scan rate range

F
s

ig. 5. Influence of CTAB concentration on the ECL response of DDVP. Experimental
onditions were the same as in Fig. 2 except for the CTAB concentration.

.01–0.05 V/s, the ECL intensity reached its highest value at the
ate of 0.02 V/s and decreased drastically if the scan rate was over
.03 V/s. The scan rate was maintained at 0.02 V/s in the following
tudy, therefore.

The effect of the potential scan range on the ECL intensity was
nvestigated. If the potential scan range of −1.0 to 1.0 V was selected,
our peaks appeared in the ECL curve. Except for the ECL peak at
0.38 V, there was no obvious ECL difference in the solutions with
nd without DDVP solution. In the selected potential scan range, a
right and broad ECL emission was observed at about 0.6 V. The ECL
eak had an obvious effect on the detection of DDVP at−0.38 V since
he ECL peaks overlapped. Previous study suggests that oxidative
pecies are necessary for the conversion of the luminol radical into
P*2− [32]. In the negative scan direction, OOH− was produced at a
egative potential (about −0.40 V); meanwhile, no other peak could
e found in the potential range from −0.6 to −0.1 V. An applied
otential scan range of −0.6 to −0.1 V was helpful in avoiding the
ffect of the ECL peak at 0.6 V.

.6. Calibration curve and detection limit

Under optimized conditions, ECL responses to different concen-
rations of DDVP solution were measured. A typical ECL response
ith different concentrations of DDVP solution is presented in

ig. 7. The linear range between the DDVP concentration and the
CL intensity was from 5 to 8000 ng/L, and the regression equation
as log I = 0.3575 + 0.4838 × log CDDVP (CDDVP: ng/L) with a correla-
ig. 6. Scan rate effects on ECL response of DDVP. Experimental conditions were the
ame with Fig. 2 without the scan rate.
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Table 1
Recovery tests of DDVP for cabbage samples

Sample no. Residue (g mL−1) Added (×10−9 g mL−1) Found (×10−9 g mL−1) Recovery (%) R.S.D. (%) (n = 5)

1

– 1.00 0.94 94.00 3.29
3.00 2.85 95.00 2.74
5.00 5.13 102.60 2.68

2

– 1.00 0.96 96.00 4.15
3.00 2.83 94.33 2.93
5.00 4.97 99.40 3.17

3

– 1.00
3.00
5.00

3
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ative to −0.38 V. This proved that the luminescence was cause by
Fig. 7. Calibration curve of DDVP concentration and ECL intensity.

.7. Interference studies

The interference of co-existing substances was taken into
ccount for applications. In the study, 2.0 ng/mL DDVP was selected
s a typical concentration. The tolerant maximum concentration of
he co-existing substance was determined, in which the substance
aused an ECL intensity change of approximately ±5%. Based on the

xperimental results, the tolerant ratio of a co-existing substance
o 2.0 ng/mL DDVP was found to be 1000-fold for Ba2+, K+ and Na+,
00-fold for Mg2+, NH4

+ and Ca2+, 100-fold for Zn2+ and 10-fold
or Fe3+, glucose and fructose. We also study the effect of the inor-

t
p
r
e

Scheme 1. Possible mechanism for the detecti
0.95 95.00 4.89
2.79 93.00 3.15
5.19 103.8 2.97

anic anions like NO3
−, SO4

2−, Cl−, CO3
2− and PO4

3−, and found
hat they did not affect the results. Though Co2+, Cr3+ and Cu2+ cause
he effect (onefold), but in the real sample, their concentrations are
o low and we could eliminate them by using a cation exchange
olumn. In our study, other organophosphorus pesticides in this
ptimized condition are hardly to be detected, so the method to
etect DDVP is very selective.

.8. Sample analysis

Recovery tests were performed for each sample group by adding
known amount of DDVP into the elution solution. A calibration

raph as shown in Fig. 7 was applied for calculation of the DDVP
oncentration. As shown in Table 1, the recoveries for different
DVP concentrations varied from 93 to 103.8%, and the R.S.D. (n = 5)

anged from 2.68 to 4.89%.

.9. Possible ECL mechanism of luminol–DDVP

Zhang et al. [15] report the CL mechanism of the luminol and
PP. Generally, the P–O group in DDVP was oxidized by OOH− in
n alkaline solution at first, and then the superphosphate reacted
ith the luminol anion to generate the excited 3-aminophthalate

hat yielded CL emission. In this study, a possible ECL mechanism
as proposed and is shown in Scheme 1. Based on the experiment

esults, the ECL signal only appeared in the scan direction from neg-
he reaction of OOH− but not O2
•− (OOH− is oxidized to O2

•− in the
ositive potential direction [30]). To further support the proposed
eaction mechanism, the effect of the applied potential with differ-
nt scan directions was studied. The experimental results showed

on of DDVP using a luminol ECL system.
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Fig. 8. IECL/E curves of DDVP solution with initial negative scan direction (dotted
line) and positive scan direction (solid line).
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hat there was no obvious difference in the ECL intensity when
he positive or negative direction potential scan was selected. In
ig. 8, as indicated in the solid line, the ECL signal was generated
n the positive direction potential scan from −0.6 to −0.1 V and
hen back to the initial potential of −0.6 V. The ECL signal could
e clearly observed and its intensity remained the same in the
egative direction potential scan (dotted line in Fig. 8). The result

ndicated that the electrochemically generated products during the
ositive potential scan did not affect ECL generation. In addition,
he difference of ECL intensities in nitrogen, air or oxygen saturated
olution was compared (Fig. 9). Experimental results indicated that
he concentration of oxygen in the solution greatly affected the

CL emission. The ECL intensity increased remarkably in O2 sat-
rated solution, but decreased in N2 saturated solution. Obviously,
igher concentration of oxygen in the solution increased the gen-
ration of OOH− at the potential of −0.38 V, which was helpful to
he generation of a bright ECL emission.

[
[
[
[
[
[

6 (2008) 1083–1087 1087

. Conclusion

A novel ECL approach was proposed for the determination of
DVP based on its oxidation reaction with luminol and hydrogen
eroxide in a CTAB alkaline medium. In addition to its simplicity,
apidity and satisfactory accuracy, the method afforded very high
ensitivity in the determination of DDVP, which raises a new poten-
ial for the analytical applications of ECL detection in environmental
amples and pesticide residues.
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a b s t r a c t

The promotion effect of titania nanoparticles (nano-TiO2) on the direct electron transfer between lactate
dehydrogenase (LDH) and the silica sol–gel modified gold electrode was investigated by adding nano-TiO2

(50 nm) in the modification process. This nano-TiO2–LDH electrode showed a pair of quasi-reversible cyclic
voltammetry peaks with the formal potential of 70 mV (vs. SCE). Compared to the previous result of LDH
modified electrode with only an irreversible cathodic peak, an anodic peak appeared and the cathodic peak
potential shifted to the positive direction on this nano-TiO2–LDH electrode, which demonstrated that the
direct electrochemistry of LDH was enhanced by nano-TiO2. We supposed that the direct electrochemistry
irect electrochemistry
ol–Gel
ano-TiO2

actic acid

of LDH may be due to the redox reaction of some electroactive amino acids in the LDH molecule. The surface
morphologies of electrodes characterized by SEM indicated that LDH was successfully immobilized on the
sol–gel matrix and also had some interactions with nano-TiO2. This electrode can be used as a biosensor
for the determination of lactic acid. The calibration range of lactic acid was from 1.0 to 20 �mol L−1 and
the detection limit was 0.4 �mol L−1. Meanwhile, the small Kapp

m value (2.2 �mol L−1) suggested that LDH
possessed high enzymatic activity and good affinity to lactic acid owing to the promotion effect of nano-
TiO2.
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. Introduction

The direct electrochemistry of enzymes has become a subject of
xtensive research owing to its great significances in the kinetic
tudies of biological redox process and the fabrication of third-
eneration biosensors [1–3]. Nowadays, more and more attentions
ave focused on this research [4–12]. Common enzyme contains
edox center in its molecule to have the direct electrochemistry,
nd the redox center also acts as the active site for the catal-
sis on substrates [9–12]. But lactate dehydrogenase (LDH) (EC
.1.1.27) is different from these kinds of enzyme. The conversion
etween pyruvate and lactate catalyzed by LDH must be added
ADH (or NAD+) as a cofactor by combining it in the modifying

rocess or into the experimental solutions [13–16]. Considering the
ey role of LDH in the areas of medicine, biology and environmen-
al assessment [17–19], the study of direct electron transfer (DET)
etween LDH and electrode will give a fundamental theoretical

∗ Corresponding author. Tel.: +86 25 86205840; fax: +86 25 83317761.
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nderstanding of LDH and also stimulate its potential applica-
ion.

However, the DET rates of enzymes are usually prohibitively
low because of the deep burying of the electroactive prosthetic
roups, the adsorptive denaturation of enzymes onto electrodes,
nd the unfavourable orientations at the electrodes [7,8]. Great
ffort has been made to enhance the DET between enzymes
nd electrode, for example, the protein-film techniques com-
ined with nanotechnology provide a promising access due to
he high electrical conductivity, chemical stability, and significant

echanical strength of nanomaterials. Various kinds of nano-
aterials, such as carbon nanotubes [20,21], gold nanoparticles

22,23], titania nanoparticles (nano-TiO2) [24,25] and clay nanopar-
icles [26,27] are generally applied to promote the DET. Among
hese nanomaterials, the nano-TiO2 has been widely used in solar
ell, electronic devices, catalyst supports and immobilization of

roteins and enzymes for bioanalytical applications because of

ts remarkable chemical, electronic, and optical characteristics
25,28–34]. Moreover, the investigation on nano-TiO2 has also
hown that it could be used as a good promoter for the DET of
nzymes due to its good biocompatibility, specific binding with
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Fig. 1. Cyclic voltammograms of (a) bare Au electrode (. . .); (b) sol–gel/
PVA/TiO2/Au electrode (– – –); (c) sol–gel/PVA/TiO2–LDH/Au electrode
(—); (d) sol–gel/PVA–LDH/Au electrode (–·–·) at 100 mV s−1 in 0.03 mol L−1
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olecules, high loading and less denaturation of absorbed proteins
24].

In this paper, we study on the promotion effect of nano-
aterial on the direct electrochemistry of LDH. Compared with

ur previous work about the irreversible direct electrochem-
stry of LDH sol–gel modified electrode [35], we found that the
ET of LDH was promoted by immobilizing LDH on the gold
lectrode by silica sol–gel process with the addition of titania
natase nanoparticles (nano-TiO2). A series of other promoters,
uch as carbon nanotubes, C60, gold nanoparticles, nano-Al2O3
ere also chosen to test their influence on the DET of LDH, but
o effect of promotion was found. The surface morphology char-
cterization, the condition optimization and the application of
ano-TiO2–LDH electrode as a lactic acid biosensor were also inves-
igated.

. Experimental

.1. Reagents

l-Lactic dehydrogenase solution (from Bovine Heart,
49 Unit mg−1) was purchased from Sigma (St. Louis, MO, USA).
odium silicate (Na2SiO3·9H2O, Sinopharm Chemical Reagent
o., Ltd., China) was used to prepare the silica sol–gel. A 0.1%
VA stock solution was prepared by polyvinyl alcohol (Shanghai
hemical Reagent Plant imported from Japan). Nano-TiO2 (Anatase
ype of titania, 50 nm, Taishan Nanomaterials Ltd., China) was
sed for modification as a kind of promoter. A NAD+ solution
as prepared by dissolving �-nicotinamide adenine dinucleotide

Shanghai Bio. Life Science & Technology Co., Ltd., China) in
wice distilled water. l-Lactic acid stock solution was prepared
y dissolving l-lactic acid (Sinopharm Chemical Reagent Co.,
td., China) in twice distilled water. A 0.03 mol L−1 phosphate
uffer solution (PBS) was prepared by Na2HPO4 and KH2PO4. All
he chemicals were of analytical grade and were used without
urther purification. Water was twice distilled with a quartz
pparatus.

.2. Apparatus

BAS 100B electrochemical workstation (Bioanalytical Systems
nc., West Lafayette, IN, USA) and CHI660B Electrochemical
orkstation (CH Instruments Inc., USA) were employed for the

lectrochemical measurement. A three-electrode voltammetric

ystem was consisted by an LDH-modified gold electrode as work
lectrode, a platinum counter electrode and a saturated calomel
eference electrode (SCE). All the experiments were carried out at
7 ◦C and in pH 7.0 PBS buffers deaerated by N2 except the especial
xplanations. Scanning electron microscopy (SEM) measurement

w
0
F
4
c

Fig. 2. SEM view with the same magnification: (A) sol–g
a2HPO4–KH2PO4 (pH 7.0, 37 ◦C). Inset: plot of peak current vs. scan rate. Scan rate
mV s−1): 20, 50, 100, 200, 300, 400, 500 and 600. (�) Cathodic peak current and
©) anodic peak current.

as carried out by a JSM-5610LV Scanning Electron Microscope
JEOL Ltd., Japan).

.3. Preparation of the nano-TiO2–LDH electrode

The preparation of silica colloidal sol was as previously
escribed [35–37]. The LDH modified electrode was prepared
ccording to the steps thereinafter. The gold electrode (2 mm in
iameter, CH Instruments Inc., USA) was first polished with sand
aper followed by 1.0, 0.3, 0.05 �m alumina slurry, then sonicated

n ethanol and twice distilled water for 15 min, respectively. The
leaned electrode was dipped into the freshly prepared Piranha
olution (H2SO4:30% H2O2 = 3:1) for 2 min and pretreated elec-
rochemically in 0.5 mol L−1 H2SO4 by cyclic voltammetry in the
otential range of −0.4 to 1.5 V at a potential scan rate of 100 mV s−1

o obtain a steady state cyclic voltammogram of a clear and repro-
ucible gold surface. The nano-TiO2 solution used as promoters
as made by dispersing the TiO2 nanoparticles in twice distilled
ater in the magnetic stirrer. Then, the solution for modification
as prepared by mixing nano-TiO solution with silica colloidal sol,
2
.1% PVA solution, LDH solution (the ratio of volume was 2:5:2:7).
inally, the gold electrode was dipped into the mixed solution for
–7 h at 4 ◦C in the refrigerator, then dried by N2 for the electro-
hemical measurements.

el/PVA/TiO2 film; (B) sol–gel/PVA/TiO2–LDH film.
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Fig. 3. Optimization of the experimental parameters for preparation of the LDH-
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. Results and discussion

.1. The promotion of nano-TiO2 on the direct electron transfer
etween LDH and electrode

The promotion effect of nano-TiO2 on the direct electro-
hemistry of LDH sol–gel modified gold electrode can be seen
n Fig. 1. There are no redox peak at the bare Au electrode
nd sol–gel/PVA/TiO2/Au electrode. Meanwhile, a pair of voltam-
etric peaks with a formal potential (E◦′) of 70 mV (vs. SCE)

s observed at the sol–gel/PVA/TiO2–LDH/Au electrode, reflect-
ng the direct electrochemistry of LDH (Fig. 1, curve c). The
urrent ratio of the cathodic peak current to the anodic one
Ipc/Ipc = 1.87 at 100 mV s−1) and the separation between the anodic
nd cathodic peak potentials (Epa–Epc = 160 mV at 100 mV s−1)
ndicated that the electrode process of LDH was quasi-reversible
n the gold electrode. There were several evidences that indi-
ated the promotion effect of nano-TiO2 on the DET between
DH and electrode (Fig. 1, curves c and d [35]): (1) the pos-
tive shift of cathodic peak potential (Epc = −10 mV) compared

ith the result of LDH modified electrode without nano-TiO2
Epc = −200 mV); (2) the quasi-reversible electrode process com-
ared with the irreversible electrode process without nano-TiO2;
3) the increased cathodic peak current (Ipc = 300 nA) compared
ith the value of 200 nA for Ipc without nano-TiO2. On the other
and, the cathodic and anodic peak currents exhibited a linear
elationship with the scan rate in the range of 20–600 mV s−1

s shown in inset of Fig. 1. This suggested that the electro-
hemical reaction of LDH immobilized in silica sol–gel film was
ypical of surface-controlled process which was in accordance
ith the reports on the direct electrochemistry of other enzymes

36,38,39]. The pure TiO2 modified electrode, pure LDH modified
lectrode and TiO2–LDH modified electrode are also characterized
y CV and no obvious redox peaks were found (figures are not
hown).

.2. Characterization of the surface morphology of
ano-TiO2–LDH electrode

The surface morphologies of different electrodes were charac-
erized by SEM (as shown in Fig. 2) since the morphology was
lso related to the performance of electrode. The top view of silica
ol–gel membrane displays a three-dimensional uniform structure
nd the titania nanoparticles attached on the sol–gel matrix aggre-
ate into a spherical structure, which is similar to the results of
ther reports [40–43] (Fig. 2A). When LDH is entrapped in the
ol–gel matrix, an agglomerate crystal structure of LDH is observed
rom Fig. 2B. The disappearance of spherical titania nanoparticles
n the sol–gel/PVA/TiO2–LDH film suggests that there exists inter-
ction between LDH and TiO2. The comparison of the two films
lso indicated that LDH has successfully immobilized in the sol–gel
atrix [44,45].

.3. Condition optimization and stability of the nano-TiO2–LDH
lectrode

The experimental conditions were optimized by investigating
he cathodic current response in the cyclic voltammograms of dif-
erent modified electrodes. A maximum response occurred at 37 ◦C
nd pH 7.0. The optimal concentrations of LDH and nano-TiO2 were

ound to be 400–650 Unit mL−1 and 2–20 mg mL−1, and 7 h was
hosen as the modifying time (as shown in Fig. 3). The reproducibil-
ty of the nano-TiO2–LDH electrode is good with a relative standard
erivation of 5.6% (n = 8) by measuring the cathodic peak current
hich is similar to the results reported by other group [21,46,47].

T
W
i
a
a

b) concentration of LDH (– – –) on Ipc; (C) effect of (a) concentration of TiO2

—) and (b) modifying time (– – –) on Ipc. The other conditions are the same as
ig. 1.

he storage stability of the LDH-modified electrode was also tested.
◦
hen the enzyme electrode was not in use, it can be stored at 4 C

n refrigerator. The signal of the direct electrochemistry retained
bout 92% of its initial current response after a week and about 86%
fter a month.
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Fig. 4. The calibration curve of the biosensor for lactic acid determination.
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nset: differential pulse voltammograms of sol–gel/PVA/TiO2–LDH/Au electrode in
.03 mol L−1 Na2HPO4–KH2PO4 (pH 7.0, 37 ◦C) in the presence of 1.0 mmol L−1 NAD+

nd lactic acid with different concentrations (�mol L−1): (a) 0, (b) 1.0, (c) 2.0, (d) 5.0,
e) 10, (f) 15 and (g) 20. Scan rate: 100 mV s−1.

.4. Application of the nano-TiO2–LDH electrode as a sensitive
actic acid biosensor with lower detection limit and smaller

ichaelis–Menten constant

The electrocatalytic behavior of nano-TiO2–LDH electrode for
actic acid was also tested according to the method described in
revious report [35]. The changes of differential pulse voltammo-
rams were monitored in the 1.0 mmol L−1 NAD+ solution by the
dditions of lactic acid (inset of Fig. 4). The reaction of lactic acid cat-

lyzed by LDH is: lactate + NAD+LDH
� pyruvate + NADH + H+. From

he corresponding relationship between the regenerated NADH and
he consumed lactic acid according to the reaction formula, the
ncreased anodic current response of NADH was used to repre-
ent the increasing lactic acid concentration. The calibration range
or determination of lactic acid was from 1.0 to 20 �mol L−1 (see
ig. 4). The linear calibration equation was I (�A) = 1.72 + 0.0493 C
�mol L−1) with a correlation coefficient of 0.9988. The detection
imit calculated at signal-to-noise ratio of 3 was 0.4 �mol L−1 which
as lower than the result of 2.0 �mol L−1 by only immobilizing

DH on the electrode [35]. The relative standard derivation was
.5% for five successive assays. The calibration curve also showed
he characteristic of the Michaelis–Menten kinetic mechanism. The
pparent Michaelis–Menten constant (Kapp

m ), can be determined
rom the electrochemical version of the Lineweaver–Burk equa-
ion [48]: 1/Iss = 1/Imax + Kapp

m /Imaxc, where Iss is the steady-state
urrent after the addition of substrate, c is the bulk concentra-
ion of the substrate and Imax is the maximum current measured
nder saturated substrate condition. The Kapp

m was calculated as
.2 �mol L−1 by analysis of the slope and intercept of 1/Iss vs. 1/c
lot. This value is lower than the result of 6.4 �mol L−1 without
ano-TiO2. The smaller Kapp

m value means that the immobilized LDH
n sol–gel/PVA/TiO2 film possesses higher enzymatic activity and
igher affinity to lactic acid [20,49,50] which was attributed to the
ddition of nano-TiO2. The sensor retained about 85% of its ini-
ial catalytic response on lactic acid after intermittent use after 1

onth.
. Conclusion

In the current work, the nano-TiO2–LDH electrode was prepared
y immobilizing LDH on the silica sol–gel modified gold electrode

[
[

[
[

(2008) 1065–1069

ith the addition of nano-TiO2. Due to the promoting effect of nano-
iO2, the direct electron transfer between LDH and electrode was
nhanced and a quasi-reversible direct electrochemistry of LDH on
he gold electrode was discovered in the optimal conditions of phys-
ological situations (pH 7.0, 37 ◦C). It is difficult to conclude which
roup is definitely served for the redox action of LDH because of
ts complex structure. Considering that LDH is composed by units
f the polypeptide which may have some amino acids residues,
e supposed that the direct electrochemistry of nano-TiO2–LDH

lectrode may be due to the redox reaction of some electroactive
mino acids [51,52]. Based on this method, a new biosensor of lactic
cid was constructed, which shows a stable and sensitive response
f lactic acid. This nano-TiO2–LDH electrode could also be antici-
ated to apply to the mechanistic studies in biological systems by
onstructing the small and convenient biosensors.
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Molecularly imprinted polymers (MIPs) are novel alternative materials for solid phase extraction. Appli-
cations in flow analysis are recent and enhanced in-line separation/concentration procedures have been
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proposed. Use of flow systems is very important in the context. The aim of this review is then to high-
light the implementation of MIP as solid phase extractor in flow analysis, emphasizing potentialities,
limitations and applications.
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. Introduction

The flow system is an important tool in the context of automated
hemical analysis. Cumbersome, slow and complex analytical pro-
edures are transformed in elegant and simple protocols. Minimal
ample contamination, fast analysis, improved system ruggedness,
implicity and flexibility have been considered as the main poten-
ialities of these systems [1,2].

Flow injection analysis [3] utilizes the insertion of a sample

along the analytical path, where the chemical species are converted
to detectable products to be monitored during sample passage
through the detector. The analytical signal, ideally proportional to
the analyte content in the sample, is then recorded. In this way,
the flow injection system was considered as “the art of playing
analytical chemistry inside narrow-bored tubing” [4], allowing the
implementation of numerous analytical procedures.

The degree of automation of the flow systems has under-
gone amazing increase, especially after the inception of sequential
liquot into an unsegmented flowing carrier stream (Fig. 1), orig-
nating a reproducible sample zone that undergoes continuous
ispersion while being transported through the analytical path
owards detection. Mixing of the sample with the reagents is a con-
equence of the continuous dispersion processduring its transport

∗ Corresponding author. Tel.: +55 19 35212133; fax: +55 19 35213023.
E-mail address: acbdias@gmail.com (A.C.B. Dias).
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njection analysis [5]. The related flow analyzer comprises a multi-
osition valve able to select the sample and reagent aliquots
o be sequentially aspirated towards the holding coil (Fig. 1b).
fter flow reversal, the sample zone is directed towards detec-

ion. Other accessories and devices for sample preparation, such as

hermostatic baths and separation chambers can be linked to the

ulti-position valve. Relevant aspects are the ease of implemen-
ation of two or more methods in a single manifold for sequential
eterminations [6] and the miniaturization of the manifold. The
ab-On-Valve system [7] is analogous to the sequential injection
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Fig. 1. Flow systems exploiting MIP for in-line SPE. (a) Flow injection system.
SL = sample loop, I = injector-commuter or valve injection, P = peristaltic pump,
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= reagent solution, C = carrier solution, x = confluence point, RC = reaction coil,
= detector, W = collecting flask. (b) Sequential injection systems. SV = multi-

ort selecting valve, P = peristaltic or syringe pump, S = sample, HC = holding coil.
IP = mini-column packed with molecularly imprinted polymer.

nalyzer but includes a central sample-processing unit, positioned
n the selecting valve.

With the evolution of flow analysis, highly versatile manifolds
ave been designed with the insertion of controlled solenoid valves,
yringe pumps and solenoid pumps, resulting in the inceptions of
he multi-commuted [8], multi-syringe [9] and multi-pumping [10]
ow systems.

As a consequence of the efficient control of sample processing,
inimal sample manipulation and contamination, preservation of

he matrix, high repeatability, etc. [11,12], in-line sample treat-
ent, including analyte separation/concentration has been often

mplemented in flow systems [13]. Amongst the in-line sample
reparation strategies, solid phase extraction (SPE) has been the
ost exploited one [14,15]. Depending on the involved analytical

rocedure and aimed flow manifold, the solid phase materials have
een incorporated into mini-columns [16], membranes [17], disks
18], knotted reactors [19], renewable beads [20] or cartridges [21].

ini-columns packed with the solid phase are by far the mostly
sed strategy [21,22], and the simplicity of the strategy is associ-
ted to the ease of manufacturing, manipulation and packing, as
ell as in the feasibility to insert the mini-column in any place of

he manifold.
The main aspects related to in-line SPE are the composition of

he solid material and the way it is adapted into the flow mani-
old. This last aspect encompasses the kind of solid phase support,
ow-rate, flow pattern, automation degree, solution volumes, and
ystem ruggedness. Limitations are usually associated to the vol-
me of washing solution, sample dispersion inside the volume
upport, and composition and life-time of the solid extractor.

Constitutions of the solid phase materials are often the limi-
ation factor in the extraction efficiency, and should be carefully
elected. Ion-exchange resins [23,24] and silica-based exchangers

16,25] are mostly used in flow analysis. Alternative materials such
s polyurethane foam [26], cigarette filters [27], extracting disks
18], PTFE turnings [28], grape bagasse [29], rice husks [30], fibers
31] and bio-organisms such as Saccharomices cerevisae [32] have
een also used.
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Synthetic polymers have recently been applied as selective solid
hase extractors [33,34], and use of the molecularly imprinted
olymers (MIPs) should be highlighted in the context. Molecu-

ar imprinting is a technique used for preparing polymers with
ecognition abilities resulting from the target template molecule
analyte) impression [35]. Use of MIPs for in-line SPE has been
ncreasing mainly in relation to batch-wise analytical procedures
nd to liquid chromatography (LC), especially for sample clean-up
nd/or analyte separation/concentration. In-line procedures have
een scarcely proposed and drawbacks leading to low selectivity
nd need for extra instrumentation have been reported [33]. Flow
njection systems are then a good alternative, as simplified mani-
olds concerning ruggedness and flexibility of MIP as in-line solid
hase extractor can be designed.

The main innovations in relation to MIP in flow systems are dis-
ussed in this review. Experimental aspects as well as potentialities,
imitations and applications are described in order provide guide-
ines for the efficient implementation of MIPs as in-line extractors
n flow analysis.

. MIPs: general aspects

Briefly, the up-and-coming of MIPs started with the experi-
ents carried out by the Polyakov [36] that observed the formation

f selective cavities during silica preparation. The cavities, a
ind of impression caused by interactions between the chemical
pecies (template) and the silica, remained intact after the tem-
late removal, resulting in a selective solid phase extractor. The

mpression established in the silica was confirmed in relation to
ther kinds of supports such as globulins or silica gel [37–40],
hich were replaced by synthetic organic polymers, during the
evelopment of novel materials for polymerization and chemical

nteractions [41–45]. In this way, the organic polymers based on
ctivation of functional groups in the silica became the best alter-
ative for imprinting templates [46]. Reversible covalent bonds
etween template and functional monomer were the first inter-
ctions studied in the imprinting process, resulting in cavities
ighly selective to the template [47,48]. Non-covalent (electrostatic,
ydrophobic, van der Waals) and semi-covalent interactions were
lso exploited in order to make the template removal easier due to
he weaker bindings. Improvements in bond interactions, selectiv-
ty, molecular recognition, as well as mechanical stability have been
roposed in association with the development of chemical mate-
ials, characterization and quantification techniques and analytical
nstrumentation [46,49–52]. After considering these features it is
ossible to obtain highly selective polymers in ordinary chemical

aboratories in accordance to the required application [46,53].
As this review deals with the incorporation of MIPs in flow

ystems, a simple discussion about the imprinting process is pre-
ented.

MIPs are formed by non-covalent or covalent interactions
etween the functional groups of the template (analyte) and the
unctional monomers, being the non-covalent interactions mostly
pplicable in relation to in-line procedures. The strength associated
ith template and functional monomer is responsible for the recog-
ition sites formed after template removal (Fig. 2). The recognition
ites are cavities highly selective towards the template, and remain
ntact after the polymer finalization. In this way, different chemical
eagents and polymerization procedures have been used for MIP

ynthesis depending mainly on the physical–chemistry character-
stics of the template [44,46,54–60].

Regarding MIP synthesis, bulk polymerization is the most used
rocedure. The template and the functional monomers are added
o the flask where the template molecules are bonded to the
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Fig. 2. Schematic representation of the molecular imprinting process.

unctional monomers. Thereafter, a cross-linker reagent is added
o link all functional monomers, resulting in a chain that is poly-

erized by adding a radical initiator. A polymer block is then
enerated, that should be ground with a mechanical or manual
ortar, resulting in particles with desirable mesh. The template

s then removed by washing the ground polymer particles with
suitable reagent and this step can be accomplished batch-wise

r in-line. Microwave-assisted [61] and Soxhlet [62] extractions
re good alternatives for efficient template removal. The synthe-
is is very simple and carried out under mild conditions (room
emperature); for keeping safety, care should be taken in relation
o the oxygen/air inlet, thermal stability and flask inner pressure.
imitations of this synthesis process are concerned to the hetero-
eneous particle size [34], to poor binding sites and to low quantity
f cavities remaining after the polymer block crushing. This can
e circumvented by exploiting the suspension polymerization [63],
here beads with defined diameters are formed. The approach is

elevant in relation to flow injection systems with in-line extraction
ue to the homogeneity in the mini-column packing. Other alterna-
ives for synthesis are formation of beads by swelling [64], sol–gel
ynthesis [65], precipitation [66] and exploitation of monolithic
olumns [67].

Synthesis should be exclusive for each analyte, once the cavi-
ies generated are dependent on the three-dimensional template
tructure, considered the principle of molecular impression. The
IP selectivity is then dependent on the synthesis process, thus

n the main parameters involved, such as template/functional
onomers molar ratio, kind and volume of solvent, quantities

f cross-linker and radical initiator, timing and temperature [68].
hese parameters should be evaluated before designing the syn-
hesis process of a novel MIP [55,59]. A brief comment on the
arameters involved is given below, and deeper information is
iven elsewhere [33,34,44,46,54–60].

Template is considered as the analyte, and its chemical struc-
ure determines the functional monomer to be used in the process.
he interaction between template and functional monomer is the
asis of the molecular recognition. The template should be stable
nder the synthesis conditions (temperature or UV irradiation) and
oluble in the used solvent.

Solvent is a porogen reagent, and participates of the synthesis
rocess by dissolving all the involved substances in one phase.

ts constitution, concentration and volume dictate the morphol-
gy and quantity of pores, thus the surface area [46]. Solvents such

s dichloromethane, acetonitrile, toluene, dimethylsulfoxide and
hloroform have been mostly used in non-covalent approaches
34]. Their volume is directly associated with the capacity of
rrangement of all involved substances, therefore polymer with
arge pores are synthesized when higher solvent volumes are used.
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igh solubility of the solvent leads to polymers with low pore
istribution and high surface area whereas low solubility leads
o large pores and low surface area [59]. This parameter plays a
ronounce influence in the template-functional monomer equilib-
ium, which is more stable when apolar and aprotics solvents are
pplicable.

Functional monomers are chemical species responsible to form
he binding sites imprinted in the polymer. They correspond to
he template functional groups and the bonds should be strong
nough to form the binding sites, yet weak enough to be further
emoved from the template. Generally, the amount of functional
onomer is in excess relatively to the template; to ensure the

quilibrium of the complex, the minimal 4:1 molar ratio is gen-
rally used [34]. Methacrylic acid and 4-vinylpiridine can be
entioned as the most frequently used acidic and basic functional
onomers.
Cross-linker agent is responsible to link all the functional

onomers in order to form the polymer. The most used one is
he ethylene glycol dimethacrylate (EDMA) that imparts several
haracteristics to the MIP, such as polymeric morphology (macro
r micro pores, gel), stability of the imprint interactions (template-
unctional monomer bonds) and mechanical stability [55].

Radical initiator yields the free radicals to initialize the poly-
erization. The first radicals are formed by thermal or photolytic

ecomposition, and start the polymerization by linking all the sub-
tances involved in the polymerization. The most frequently used
eagent is the 2,2′-azo-bis-isobutyronitrile (AIBN).

For control, a non-imprinted polymer (NIP) should be prepared
ithout the template following the same synthesis procedure as for
IP, once undesirable interactions may happen depending on the

emplate, synthesis procedure and template removal. Low selective
nteractions are generally formed during the non-covalent synthe-
is due to the high amount of monomer used in the process. When
he number of non-selective interactions is higher in relation to the
elective one, a column packed with NIP could be used before the
IP column to improve selectivity [46]. The compromise between

electivity and synthesis process should be taken in account when
ew polymers are formed.

MIPs can be used simultaneously as sample clean-up, separa-
ion/concentration of chemical species or derivatization [22]. The
earch for simplified procedures, lessening of errors associated
o the sample manipulation and extraction steps has lead to the
ncrease in MIP use as in-line solid phase extraction (MISPE). More-
ver, flow systems can attain efficient handling of the washing and
luent solutions, improving the polymer conditioning, resulting in
aster analysis and enhanced analytical sensitivity and selectivity.
ow cost, reproducible mixing of the streams, controlled dispersion,
losed environment, minimal analyte losses and sample contam-
nation, minimal waste generation and reproducible results are
haracteristics of the flow systems, which guarantee with success
he use of MIP as in-line SPE.

. In-line MISPE

In flow analysis, the solid phase extractor is usually accommo-
ated in a mini-column, which can be placed before the sample

njection port, at this port or in the analytical path (Fig. 1). Advan-
ages and limitations of these different architectures are discussed
lsewhere [15]. To this end, proportional injector-commuters [69],

otary injection valves [70], three-way solenoid valves [8] or multi-
osition valves [71] have been used. A particular situation refers
o packing the extractor into the flow cell in order to behave as a
ensor (Fig. 3). Although the proposal of novel approaches for SPE
n flow analysis has been increasing, strategies exploiting MIP are
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Fig. 3. Flow systems exploiting MIP as in-line sensor. (a) Photosensor. C = carrier
stream, P = peristaltic or syringe pump, SL = sample loop, I = solenoid valve, valve
injection or injector-commuter, R = reagent solution, FC = flow cell packed with
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lyte and synthesis process, MIP could satisfactorily replace other
IP, D = detector (spectrofluorimeter, photomultiplier), W = flask collector. (b)
iezosensor. QCM = flow cell in quartz crystal microbalance, G = gold electrode;
M = frequencymeter.

carce, probably due to the lack of the confidence in relation to the
raditional SPE materials or information about potentialities and
imitations in relation to flow analysis.

Flow injection analysis has been the most used flow modality
n relation to in-line MISPE (Table 1). Incompatibility of organic
olvents (inherent to MIP preparation) with components of the
anifold as well as control of the loading, washing and condition-

ng steps are key issues for designing analytical systems with in-line
ISPE. Implementation of MISPE in flow systems involves different

spects, ranging from the control of the synthesis process for a tem-
late to the design of a suitable flow manifold. Comments on the
ain aspects of polymer synthesis concerning use of MIP in flow

ystems are presented further.
The block resulting from the bulk polymerization is mostly used

or in-line MISPE procedures and drawbacks are associated with
urther grinding and sieving. Depending on the architecture of the
ow system, the block is not ground and is prepared as membrane
r disks, as well as a micro transducer of a quartz crystal microbal-
nce [46]. After the block formation, characteristics more closely
elated to the polymer synthesis such as porosity, particle size, sur-
ace area, number of effective binding sites and mechanical stability
hould be carefully verified, as they play a relevant role in relation
o size of the mini-columns or cartridges used. Minimal amounts of
olymer should be packed without holes and preferential ways for
he flowing solutions. Spherical beads are the most attractive shape,
ut irregular particles ranging from 20 to 160 �m are often used.
ol–gel synthesis and suspension polymerization [63,65] are inno-
ative and promising strategies for MIP fabrication aiming in-line
xtraction.

Another parameter regarding packed MIP is the flow-rate, which
lays a similar influence as in any in-line SPE procedure. As pro-
ounced concentration gradients are usually involved, swelling
ffects and high hydrodynamic pressure may interfere in the molec-
lar recognition. Loading, washing and eluting steps are directly

nfluenced by the flow-rate that should be adjusted as a compro-
ise between template re-binding kinetics [72] and interference

emoval without bleeding of the template. Moreover, the kind of
nteraction between template, functional monomers and solution

ompositions should be taken into account.

The solvents used during the MIP synthesis are considered as
he ideal washing solution after the loading step [73]. Otherwise,
his solution should be selected in order to keep the target analytes
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trongly retained inside the binding sites of the MIP and to remove
he interfering compounds retained by non-selective interactions
52]. In most applications, selectivity can be improved by using sol-
ents diluted in water, acids or buffer solutions. Few applications
nvolve concentrated organic solvents that are the main limitations
n MISPE in flow analysis. Specific materials such as PEEK or PTFE
ubing with high chemical resistance and valves, connectors, tees
nd flow cells made from Teflon® or thermoplastic polyetherimide
esins are required when concentrated acids or organic solvents are
sed. In this way, solvent impregnation, corrosion and disrupter of
he channels are minimized. Regarding UV–vis spectrophotometry,
he Schlieren effect [74] may manifest itself due to either partial

ixing of concentrated solutions or formation of fluidic optical
lements. Recent investigations involving preparation of MIPs in
queous media have been pointed out as promising, mainly for
emplates that are slightly soluble in the solvents [34], allowing to
btain non-covalent interactions in the presence of polar protic sol-
ents. The approach is an alternative to sample handling under mild
hemical solutions in simplified flow systems, where tubing con-
ervation is prolonged and Schlieren effect is minimized. The flow
njection and sequential injection systems involving MIPs generally
se organic solvents with PTFE tubing, and the problems involving
his kind of solution are not noted (see Table 1). However, if the in-
ine procedure is applied to large-scale analysis, this aspect should
e carefully evaluated.

The main parameters involved in the conditioning (washing
tep, conditioning solvent), loading (sample volume, flow-rate, pH,
atrix), and elution (elution mode, solvent nature, pH, flow-rate,

olume) steps should be taken into account. The loading step is
etermined by the sample volume (enough to percolate all cavities)
nd flow-rate (enough to allow the interaction between analyte
nd MIP binding sites). The washing step is determined by flow-
ate and composition of the involved solution, which should carry
he matrix interferences without removing the analyte and, at the
ame time, improve the interactions between analyte in recognition
ites. Regarding elution, the flow-rate should be compatible with
he kinetics of the ruptures between analyte and binding sites. For
too low flow-rate, rebinding is noted whereas for a too high one,

he analyte is partially eluted. Another aspect refers to volume of
he eluent that may cause a high dispersion of the analyte inside the

ini-column and flow manifold. These parameters become more
mportant when in-line MIP is exploited to improve selectivity.
ifficulties in optimization of the washing step have been often

eported [75,76], and recent researches demonstrated that use of
NIP column in parallel to the MIP columns is essential to obtain

electivity [75,77]. Flow systems are suitable to implement one or
ore mini-columns in the manifold, changing easily the solutions

nd flow-rates depending on the aim, resulting in a promising alter-
ative to improve selectivity. The flow-rate is also associated to
he sampling frequency, considered the main limitation of in-line

ISPE in relation to the traditional solid extractors used in-line
PE (ion-exchanger, silica cartridges, enzymes, beads). This is due
o the lower flow-rate applied to sample loading, washing and elu-
ion to establish adequate template-functional monomers binding
inetics. Possibility to extract a large number of trace elements over
wide pH range, quantitative extraction (sorption and elution),

inetically faster interactions and rebinding mechanism, reusabil-
ty, high retention capacity, accessibility, mechanical and chemical
tability, etc. should be taken in account when exploiting MIP
nstead of traditional SPE [57–59]. With a proper choice of the ana-
olid phase materials with additional advantages such as stability
nder high temperature and pressure, ease of production, lower
ost, flexibility in manufacturing, mechanical resistance and sim-
licity in automation.
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Regarding applications of MIP in flow analysis, two main
bjectives have been generally emphasized: (1) photochemi-
al/piezoeletric sensor packed in the flow cell to obtain high
electivity, and (2) mini-columns for solid phase extraction before
r after sample injection (analyte separation/concentration, sample
lean up), as described further.

.1. MIP as a flow through sensor

MIP has been largely used as in-line solid phase extractor packed
nside a flow cell. Preparation of optical sensors for transmittance

easurements is difficult due to the limitations in transparency,
article uniformity and mechanical stability required for this
urpose [78]. In this way, piezoelectric or photochemical (e.g.
hemi- and bioluminometric, fluorimetric) detection have been
referred.

Despite MIP is considered an efficient solid phase extractor, con-
iderations about the synthesis process should be always taken into

ccount. This is an important aspect mainly due to the formation of
he particles and films packing in the mini-columns or applied in
ensing techniques. Recent studies have been developed to improve
he interaction of polymer–transducer resulting in better analytical
ignal, robustness, porosity, mechanical stability and flexibility as

i
s
r
a
w

able 1
pplications of MIP for in-line SPE to real samples

nalyte Flow system/MIP
locationa

Monomer/solvent Eluent o

-Estradiol FIA/B MAA/ACN ACN:H2O
enzo[a]pyrene FIA/I MDI/THF MeOH

rucine FIA/I MAA/Chloroform Potassiu
perman

affeine FIA/I MAA/Chloroform Caffeine
arbamate FIA/B MAA/Chloroform Phospha
arbaryl FIA/B Acrylamide/ACN MeOH:H
atechol MCFS/B 4-VP/ACN HNO3

hloramphenicol FIA/B DEAEM/THF MeOH

hloroguaiacol FIA/B 4-VP/ACN MeOH:a
lenbuterol FIA/I MAA/ACN Formald

+ potass
pinephrine FIA/I MAA/ACN:benzoic alcohol Luminol
lavonol FIA/I MAA/Chloroform Hexane:
luortanthene FIA/I MDI/THF ACN

ydralazine FIA/I MAA/Methylbenzene Luminol
ndomethacin FIA/I MAA/Chloroform Mn(IV) +
soniazid FIA/I MAA/ACN Luminol

etformin FIA/B MAA/ACN Cupric p
peroxide

afcilin FIA/I TPM-sol–gel synthesis
Tetramethyl orthosilicate,
methyltrimethyl orthosilicate,
phenyltrimethyl orthosilicate

Sodium

orfloxacin FIA/I Chloroform/N,N-
dimethylformamide/

Ce(IV) +

-Aminophenol FIA/B MAA/chloroform:DMSO Tris buff
azufloxacin mesilate FIA/B MAA/dichloromethane ACN:ace
irimicarb FIA/B MAA/chloroform MeOH:H

albutamol FIA/I MAA/ACN Luminol
ulfamethazine FIA/B MAA/ACN MeOH;A

erbutaline �FIA/I MAA/ACN Luminol
etracycline FIA/B MAA/MeOH ACN:HN
anilin FIA/I MAA/THF Boric ac

CFS: multicommuted flow system, FIA: flow injection analysis, MAA: methacrylic acid, 4-
DI: diphenylmethan- 4,4- diisocyanate, THF: tetrahydrofuran, DEAEM: (diethylamino)e
a B = before detection; I = inside the detector.
b Spiked samples.
76 (2008) 988–996

ell as increase of binding sites in small surface areas [78,79]. The
ow system promotes a better interaction between the minimal
IP sensing area and the solutions involved through variations in

ow-rate and manifold geometry. Moreover, reuse of the MIP sen-
or is attained before next sample injection through the variation
n the solution composition.

The continuous flowing stream delivered by a peristaltic pump
s by far the most often exploited one, and a typical flow manifold
s outlined in Fig. 3a. In general, the reagent is injected instead of
he sample because of the instability and fast chemical reagents
ecomposition involved in the photochemical detection.

The original exploitation of MIP as a flow-trough sensor referred
o fluorimetric determination of flavonol in olive oil [80]. The
ow system presented one path connected to a spectrofluorimeter
ith a 25-�L flow cell packed with the flavonol-MIP. The sam-
le (150 �L) was introduced into a hexane/chloroform (70:30, v:v)
arrier stream and transported towards the MIP optrode where
he analyte was retained and quantified. In spite of the errors

nherent to the synthesis process, sensor preparation (crashing,
ieving, packing, leaching), and optical measurements, the fluo-
imetric sensor presented suitable reproducibility demonstrating
lso the feasibility to determine flavonol in hydrophobic samples
ithout any prior treatment.

r reagent stream Detection
technique

Sample Ref.

Fluorescence Natural watersb [61]
Room temperature
phosphorescence

Natural waters [83]

m
ganate + sodium sulfite

Chemiluminescence Urine [94]

in NaOH Piezoeletric sensor Coffee and tea leaves [99]
te buffer Potentiometry Rat plasma [63]
2O Luminescence River watersb [62]

Spectrophotometry Tea, guarana powder [109]
Square wave
voltammetry

Ophthalmic
solutions, milk

[111]

cetic acid Amperometry River waters [108]
ehyde + polyphosphate
ium permanganate

Chemiluminescence Animal urine [89]

+ K3Fe(CN)6 Chemiluminescence Blood serum [88]
chloroform Fluorescence Olive oil [80]

Room temperature
phosphorescence

River watersb [82]

+ KIO4 Chemiluminescence Urine [91]
formaldehyde Chemiluminescence Urine [93]
+ KIO4 Chemiluminescence Human urine [92]
olyphosphate + hydrogen Chemiluminescence Human serum [105]

sulphide + KI Room temperature
phosphorescence

Skimmed milk
samples

[65]

sodium sulfide Chemiluminescence Urine [95]

er + H2O2 Amperometry Natural waterb [113]
tic acid Chemiluminescence Human urine [107]
2O:HAc Differential pulse

voltammetry
Natural waterb [110]

+ K3Fe(CN)6 Chemiluminescence Urine [90]
cetic acid Square wave

voltammetry
Milk [112]

+ K3Fe(CN)6 Chemiluminescence Human serum [103]
O3 Chemiluminescence Fish [106]
id, KCl, NaOH Piezoelectric

sensor
Vanilla sugar [101]

VP: 4-vinylpiridine, ACN: acetonitrile, MeOH: methanol, DMSO: dimethylsulfoxide,
thyl methacrylic acid.
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One of the main limitations in imprinted polymeric optrodes
efers to the vacancies resulting from bad formation of bind-
ng sites during polymerization. This can be overcome by using
wo functional monomers (vinyl pyridine and diethyl amino ethyl

ethacrylate) to get better selective binding sites, as demon-
trated in the fluorimetric determination of chloramphenicol
81]. A single-line manifold was used with a flow cell packed
ith MIP and placed outside the optical path, in order to esti-
ate the saturation of the binding sites through the fluorescent

racer insertion. The flow-rate played a marked influence on
he recognition: a high flow-rate did not allow an efficient
nteraction whereas a slow flow-rate impaired the analytical
requency and produced broader peaks. With a 0.25 mL min−1

ow-rate, a sample throughput of 5–6 samples per hour was
ttained.

The feasibility of using MIP in relation to room temperature
hosphorescence (RTP) was demonstrated in the determination of
uoranthene in water [82]. The impression of heavy atoms allowed
he induction of RTP by oxygen scavenger in the analyte recognized
n the MIP sites. High selectivity was noted in relation to poly-
yclic aromatic hydrocarbons (PAHs), once most of these species
resent similar luminescence behavior [83]. The polymer particle
ize was a relevant parameter, resulting in a low efficiency of the
olymer regeneration to the next sample and to overpressure in the
ow system when smaller particles (<200 �m) were used. Metal

mpression could be also used for quantification of ions through ion
mprinting polymers [84], with adequate selectivity, ease of prepa-
ation and versatile to the accommodation in sensors. Drawbacks
ere associated to poor solubility of the template in the imprinting
ixture, preparation time consuming with insufficient leaching of

he imprint ion and bleeding of the material [85]. Consequently,
on imprinted polymers as in-line SPE seems to be not exploited
urther.

A sol–gel imprinted polymer of nafcillin was synthesized and
acked inside a flow cell [65] presenting low cross-reactivity of
imilar antibiotics, and fast and efficient interaction between the
nalyte and recognition sites. In relation to traditional meth-
ds, the approach was characterized by the easy and rapid use
nd reuse of the imprinted sol–gel polymer, mild conditions,
igh selectivity, high stability and adequate analytical throughput
22 h−1).

Chemiluminescence (CL) detection has been largely exploited
or in-line MISPE through the insertion of chemical reagents inside
he flow cell packed with MIP, resulting in a flow-trough sensor
ased on the inhibition or activation of CL by the template located

nside the MIP. Initial studies about polymer preparation and its CL
roperties were reported by Lin and Yamada [86]. The innovation
elied on the influence of dansyl amino acids and pyrene on the CL
ignal due to the peroxomonosulphate (HSO5

−) decomposition in
he presence of Co2+. The flow cell was packed with the imprinting
olymer prepared with dansyl-l-phenylalanine as template. After

nsertion of the reagents an intense CL signal proportional to the
ecognition of template was generated. With the decomposition
f the analyte after the CL process, the polymeric cavities became
eady for the next sample. Water was used as the washing solution
4 min) and this was an important aspect for polymer recondition-
ng, being easily inserted between the elution and sampling steps
y a six-port injection valve.

The catalytic activity of 1,10-phenanthroline in the H2O2
ecomposition was evaluated [87] by using a MIP formed by the 4-

ynil-pyridine-Cu-phenantroline ternary complex (2:1:1) packed
nto a mini-column placed inside a photomultiplier detector. Stud-
es about the molecular recognition and template decomposition

ere carried out, resulting in a promising alternative to MIP as
ow-through sensor.

a
[
t
u
t
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In view of some limitations originating from the MIP prepared
ith the CL reagents, such as incomplete decomposition of the

emplate imprinted in the polymer and successive and laborious
ashing steps, other alternatives for the reaction development
ave been proposed. As the flow injection system presents high
exibility and a reproducible temporal window, the reaction may
ccur before the MIP sensor, as demonstrated in the determination
f epinephrine imprinted in a non-covalent polymer packed as a
ini-column placed in front of a photomultiplier detector [88]. A

reviously mixed luminol/potassium hexacyanoferrate (II) aliquot
as inserted into the analytical path, transported towards the mini-

olumn and allowed to react with the epinephrine bonded on the
IP. As a consequence of the favorable analytical characteristics,
IP stability, and easy operation of the flow system, analogous

trategies have been developed for CL determinations [89–95]. An
nnovative approach was designed to enzyme-linked immunosor-
ent assays (ELISA) with MIP as an alternative to antibodies for
olecular recognitions [96]. The 2,4-dichlorophenoxyacetic acid
as imprinted into a glass capillary and implemented in the flow

ystem in front of the photomultiplier detector. The flow injection
ystem presented worse detection limit than the standard ELISA
ssay, due to the shorter time of sample contact with the MIP.
utomation promoted high sample throughput and the possibility
f monitoring several capillary mini-columns sequential or simul-
aneously.

Difficulties in preparing the imprinted polymers in small sur-
aces and in attaining high molecular recognition are perhaps the

ain reason why MIPs have been usually packed inside the flow
ell as flow-trough sensor. In this context, the indirect fluorimetric
etermination of aluminum was possible through interaction with
he Morin reagent imprinted in the MIP [97]. In order to obtain sen-
itivity with minimum residence time, elution and rebinding steps
ere adjusted in function of pH and ionic strength.

Regarding use of MIP in relation to a piezoelectric quartz crys-
al (Fig. 3b), advances in MIP preparation on small surfaces like the
hips have been demonstrated in the flow-injection determination
f caffeine [98]. After binding the MIP cavities with the analyte,
concentration-dependent change of the resonant frequency in

he crystal was noted. The sensor was fabricated with a mixture
f MIP, polyvinyl chloride and tetrahydrofuran, and a small aliquot
10 �L) was dropped onto the center of the electrode and spread
ntil a film was formed. A 10-min sample stopping was needed in
iew of the improved sensor stability and the slow kinetics of dif-
usion and binding of caffeine in the MIP cavities, resulting in good

easurement reproducibility and absence of interferences. Coffee
nd tea leaves were analyzed in a similar procedure using a modi-
ed piezoelectric sensor [99]. As the main limitation of flow-trough
iezoelectric sensor refers to the MIP thin film that should be repro-
ucible, stable and presenting a large surface area with a number
f binding recognition sites, a thin film (150 nm) of MIP was syn-
hesized on the gold electrode for separation and determination of
ilirubin [100]. The analytical setup was very stable allowing fast
nalysis with a low sample consumption (100 �L) and simplicity in
he reutilization of the MIP. Alternative synthesis processes were
eveloped to produce MIP with better selectivity and mechanical
tability on the sensor surface [79,101].

The flexibility of the polymer synthesis carried out the minia-
urization of MIP in a sensor chip with minimal diameter matches
he concept of micro-total analysis systems [102]. A biosensing

icrofluidic chip was developed to detect cholesterol, progesterone

nd testosterone by using the molecular imprinting technique
103]. MIPs of the analytes were synthesized as thin films inside
he chip (45 mm × 45 mm) and pneumatic microvalves and microp-
mps were able to transport and direct a precise sample amount
hrough multiple microchannels towards the sensing regions with
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he MIP films. The detection was based on the surface plasmon res-
nance, where analytical signal was proportional to the number of
olecules adsorbed on the MIP films. This strategy was innovative

n relation to the biosensing technique allowing new applications
n clinical analysis. In this way, a micro-flow sensor chip for terbu-
aline [104] was built with a micro flow cell (10 mm × 1 mm) packed
ith 2 mg MIP, presenting good quantities of recognition sites and
orosity.

Most of researches carried out for improving MIP flow-trough
ensors did not present problems with matrix effects, parallel
nteractions and low selectivity that should be deeply investi-
ated. Indeed, most of applications presented a lower sampling
ate due to kinetics of the loading, washing and reconditioning
teps. This aspect becomes more pronounced when MIP is applied
s in-line SPE due to the fragile interactions between analyte
nd polymer, strongly dependent on flow-rate. Another important
eature linked to flow-rate is the stability and/or response time
f the sensor that depends on the kinetics of template-polymer
nteraction. Sometimes, sample stopping is a suitable strategy to
mprove sensitivity, yet decreasing sample throughput. Anyhow,
he washing step is considered as the most important parameter
o obtain adequate selectivity. Application of MIP as in-line flow-
rough sensor is recent and further research is needed to reach its
otential in developing sensor as better alternative in relation to
he sol–gel, ion exchange resin and polymeric materials used as
ensing materials. Selectivity, sampling throughput and sensitiv-
ty are generally the aimed characteristics, mainly when biological
rocesses are involved. In-line MISPE as flow through sensor is rec-
mmendable when low-cost, long-term stability and simplicity are
equired.

.2. MIP as in-line solid phase extractor

Differently from the use of MIPs as flow-trough sensors per-
orming selective interactions with the analyte and simultaneous
uantification, MIP as on-line solid phase extractor acts like an
dsorbent that retains the analytes or concomitants for subsequent
lution and detection (Fig. 1). The species are selectively separated
n the MIP packed in the mini-column and the steps of washing,
lution and reconditioning are carried out. The flow injection sys-
em is a suitable analytical tool to implement these steps in a fast,
ugged and efficient manner.

Generally, mini-columns are filled with an amount of MIP par-
icles that is enough to attain adequate analytical characteristics,
ithout vacancies that result in preferential pathways and hides

or sample volume. This condition is directly associated to the par-
icles size thus number of binding sites and surface area. Insertion of
he mini-column into the flow system is considered as a simplified
lternative for sample preparation to LC. Replacement of slow pro-
edures aiming automation of the extraction processes for a single
nalyte or potential interfering species has been the main purpose.

A simple flow injection system for fluorimetric determina-
ion of �-estradiol after analyte concentration in a MIP capillary

ini-column was developed for routine analyses [61]. The sam-
le (500 �L) was inserted into the manifold and analyte was
dsorbed on the MIP capillary (1.0 mg of 50–100 �m particles
ize). The eluent solution was then directed to flow through the
ini-column displacing the analyte towards the fluorimeter. The

pproach aggregated simple and low cost instrumentation with the
igh selectivity of the MIP and the sensitivity of the fluorimetric

echnique. Lower detection limit (1.12 �g L−1) and higher sam-
ling throughput (10 h−1) in comparison with chromatographic
echnique were attained. A similar manifold was designed for sep-
ration and quantification of the carbaryl pesticide in river waters
y exploiting fluorimetric [62] and potentiometric detection [63]. In

a

p
w
T
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he last application, polymeric beads packed inside a mini-column
nserted between the sample injection port and the pH electrode
as exploited to the molecular recognition of carbaryl in rat plasma

amples.
Flow injection system is particularly attractive when a chemi-

al reaction involving the analyte adsorbed in the MIP is required.
his is usual in CL, where the analyte can be detected during or
fter the elution step, and the determination of metformin [105]
an be selected for illustrative purposes. A versatile manifold was
esigned to bring together the steps of sample introduction, extrac-
ion/concentration of metformin in the MIP mini-column, elution
ith a mixed reagent (cupric polyphosphate plus hydrogen perox-

de), and further detection. The metformin adsorbed in the MIP was
xidized by the eluent reagent, resulting in the hydroxyl radical that
eacted with Rhodamine B to yield chemiluminescence. Due to the
etformin decomposition during elution, it was not necessary an

dditional eluent or washing solution. The proposed system proved
o be an excellent alternative to routine analysis, being applied to
nalysis of human serum.

An eight-way injection valve was used to accommodate a
ini-column packed with MIP into the sampling loop for in-line

eparation of tetracycline (TC) [106]. After the loading step, a car-
ier solution (acetonitrile/HNO3, 4:1, v/v) was used for TC elution
nd further reaction with Ce(IV) and Rhodamine B to generate the
L. Interferent effects were reported in relation to oxytetracycline,
structural analogous to TC, requiring an intermediate differential
ulsed elution with 3% (v/v) acetic acid. Good recoveries (97–107%)
ere found in relation to spiked fish samples. A similar approach
as reported for the determination of pazufloxacin in human urine

107], resulting in a very selective method.
MIP was implemented in a flow injection system with a man-

al home-made injector–commuter for separation/concentration
f chloroguaiacol [108]. The MIP mini-column was inserted in the
njector loop and, after analyte separation/concentration, the injec-
or was switched for elution and further amperometric detection.
he main parameters were optimized by applying fractional fac-
orial and Doehlert design, and the system was applied to river
ater samples. Coupling of MIP as SPE in flow analysis was effi-

ient presenting a concentration factor of 110.1. Washing step was
ot a limiting factor in sampling rate, and high selectivity and sen-
itivity were attained, pointing out the good perspectives of this
ethodology for routine analysis.
Computer operated three-way solenoid valves allow efficient

nsertion of the sample and reagent solutions with an increase
n the automation degree of the system, as demonstrated in
he spectrophotometric determination of catechol [109]. Analyte
eparation was performed by implementing a MIP-catechol in

multi-commuted system composed by seven solenoid valves
o manage the sample insertion into MIP, the washing and elu-
ion steps, and the reaction development. Reduction of Mn(VII) to

n(II), monitored at 528 nm, was proportional and selective to the
atechol concentration after a sample clean-up in a mini-column
lled with C18 and methacrylic polymer before the MIP column.
esults obtained for guarana powder, mate tea and tap water were

n agreement with those obtained by LC with good figures of merit,
howing that a non-selective chemical reaction can be exploited
ogether with selective adsorbents. Simplified strategies involv-
ng MIP as sample clean up and analyte concentration have been
eported as in-line procedures with voltammetric detection for the
eterminations of pirimicarb in water [110] and chloramphenicol

nd sulfamethazine in milk [111,112].

A MIP synthesized with ferriprotopophyrin IX (hemin) with
eroxidase-like characteristics and 4-aminophenol as template
as packed into a mini-column in a flow injection system [113].

he selective amperometric determination of 4-aminophenol was
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nfluenced by the flow and chemical parameters of the flow sys-
em that were optimized by using a fractional factorial design.
mportant aspects were the MIP surface area and porosity, con-
idered more relevant than the uniformity of the packed particles.
ne can then infer that the irregular nature of the MIP parti-
les becomes less relevant for polymer with larger surface areas.
his corroborates with the aim of this review, where the proto-
ols for using SPE in flow systems are very dependent on the MIP
ynthesis.

It is important to stress the scarce number of applications involv-
ng MIP for SPE in flow systems as an alternative to LC. In fact, even
he MIP presenting suitable selectivity, molecules with similarities
n chemical structure and/or functional groups are preferentially
dsorbed. Deeper studies on synthesis process, binding sites and
ashing steps should be then carried out to attain high selective

eparations, e.g. chiral species, especially in relation to less selective
etectors. On the other hand, the low cost, portability, simplicity,
peed of analysis, low reagent and sample consumptions, etc. are
ttractive features in comparison with the traditional methods of
eparation.

. Trends

Although all the in-line applications included the MIP prepa-
ation in bulk mode resulting in particles with irregular sizes,
lternative synthesis such as suspension polymerization can be
seful to implement MIPs in flow analysis. MIP could be easily

mplemented in the Lab-On-Valve system, simply by synthesizing
t as beads [114,65] once that this approach demands injection of
ead suspensions as sampling and extraction strategy [7].

Polymerization is considered the initial step of a successful
electivity, and capacity in monitoring the final polymer is a promis-
ng survey. Novel technologies have been developed to monitor
he synthesis [115,116], where MIP is in situ formed assisted by

computational program exploiting combinatorial analysis. The
ynthesis is done by semiautomatic systems and a screening proce-
ure is carried out in order to evaluate the most suitable polymer.
inimization of synthesis on large scale is then efficiently per-

ormed, resulting in an allied to the simplicity and low cost of the
ow systems. Miniaturized systems are the most attractive form
o the selective treatment of low-volume samples exploiting MIP.
owever, important aspects involving selectivity, conditions of per-
olation, washing and elution should be carefully studied in relation
o the minimization of polymer mass.

. Conclusions

After an extensive covering of the main aspects involving in-line
ISPE, one can say that not all MIPs can be used in flow systems.

his depends on the sample matrix, synthesis conditions, required
olvents, detection systems, etc. In this way, the synthesis may offer
he availability to use solvents based on water or diluted into it; or
he interactions between the template and functional monomers
llows the use of polar and protics solvents. It is important to
mphasize that the selectivity is not an inherent MIP character-
stic, but is a combination of all parameters involved during the
ynthesis and extraction procedures after the polymerization. Any-
ow, the better way to take advantage of flow systems with MIPs
s solid phase extractors is associated with the speed of the extrac-

ion steps (loading, washing, elution and reconditioning), flexibility
nd ruggedness regarding mechanical and chemical stability com-
ared with other biomaterials (enzymes, imunossorbents), easy in
andling solutions, simplicity in the polymer preparations and low
ost. In general, all the flow parameters play a pronounced influ-
76 (2008) 988–996 995

nce on the binding and rebinding in the polymer cavities, as well as
article size and packing mode. The MIP-flow analysis marriage can
e considered as promising to MIP implementation in large-scale
outine analyses.
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a b s t r a c t

Cadmium concentrations in human urine are typically at or below the 1 �g L−1 level, so only a handful of
techniques may be appropriate for this application. These include sophisticated methods such as graphite
furnace atomic absorption spectrometry and inductively coupled plasma mass spectrometry. While tung-
sten coil atomic absorption spectrometry is a simpler and less expensive technique, its practical detection
limits often prohibit the detection of Cd in normal urine samples. In addition, the nature of the urine matrix
often necessitates accurate background correction techniques, which would add expense and complexity
to the tungsten coil instrument. This manuscript describes a cloud point extraction method that reduces
matrix interference while preconcentrating Cd by a factor of 15. Ammonium pyrrolidinedithiocarbamate
and Triton X-114 are used as complexing agent and surfactant, respectively, in the extraction procedure.
Triton X-114 forms an extractant coacervate surfactant-rich phase that is denser than water, so the aqueous
supernatant is easily removed leaving the metal-containing surfactant layer intact. A 25 �L aliquot of this
preconcentrated sample is placed directly onto the tungsten coil for analysis. The cloud point extraction
procedure allows for simple background correction based either on the measurement of absorption at a

nearby wavelength, or measurement of absorption at a time in the atomization step immediately prior
to the onset of the Cd signal. Seven human urine samples are analyzed by this technique and the results
are compared to those found by the inductively coupled plasma mass spectrometry analysis of the same
samples performed at a different institution. The limit of detection for Cd in urine is 5 ng L−1 for cloud
point extraction tungsten coil atomic absorption spectrometry. The accuracy of the method is determined
with a standard reference material (toxic metals in freeze-dried urine) and the determined values agree
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with the reported levels a

. Introduction

Urinary cadmium concentration is considered the best
iomarker for total body burden, past exposure, and renal
ccumulation [1,2]. As a result, this particular sample type has
een a common target for analytical method development [3].
owever, severe matrix interference and very low analyte con-
entration contribute to the challenging nature of this problem.

he most sensitive and accurate urine-Cd analyses are therefore
erformed by state of the art techniques such as graphite furnace
tomic absorption spectrometry (GFAAS) or inductively coupled
lasma mass spectrometry (ICP-MS). Simpler, less expensive

∗ Corresponding author. Tel.: +1 336 758 5512; fax: +1 336 758 3889.
E-mail address: jonesbt@wfu.edu (B.T. Jones).

[
0
a
p
m
h
3
w

039-9140/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2008.05.003
95% confidence level.
© 2008 Elsevier B.V. All rights reserved.

echniques such as tungsten coil atomic absorption spectrometry
WCAAS) often lack the sophistication necessary to account for the
omplicated background presented by the urine matrix, and this
roblem is exacerbated by limits of detection (LODs) that approach
ormal urine-Cd levels even in the absence of a complicated
atrix. Previously reported Cd LODs for WCAAS devices vary

rom 0.04 to 3 �g L−1 [4–8], in relatively simple sample matrices
Table 1). Preconcentration techniques employing fullerene C-60
9] and Chelex-100 [10] provide LODs that are lower still: 0.002 and
.010 �g L−1, respectively, when relatively simple sample matrices
re analyzed. While not yet applied to WCAAS, another powerful

reconcentration technique is cloud point extraction (CPE). This
ethod has been employed for the determination of Cd in human

air by flame atomic absorption spectrometry with an LOD of
�g L−1 [11], and for the determination of Cd in blood by GFAAS
ith an LOD of 0.02 �g L−1 [12]. The work described below is the
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Table 1
Previously reported WCAAS limits of detection for cadmium

Matrix Limit of detection (�g L−1) Reference

Water 3 [4]
Water 0.2 [5]
Water 0.1 [6]
0
M
F
C

fi
r
m
t

2

2

o
a
1
X
e
T
p
h
o
i
1
t
b
(
t
f
7
i
s
s
e
m
i
o
c
m
a
m
o
(
0
(
p
t
l
U
a
a
r
i
s
a
r
t

2

s
w
U
t
u
w
H
H
t
l
a
w
c
(
r
m
m

2

m
a
w
o
C
f
s
i
1
e

g
m
2
h
t
T
i
w
o
t
r
t
i
t
t
C
r
0

2

w
c
s

.2% HNO3 0.06 [7]
ussel acid digests 0.04 [8]

ullerene C-60 extract from water 0.002 [9]
helex-100 extract from beverages 0.01 [10]

rst application of a combined CPE-WCAAS method. The CPE step
educes the WCAAS LOD to the point where normal urine-Cd levels
ay be detected. At the same time, the urine matrix is reduced so

hat simple background correction techniques may be employed.

. Experimental

.1. Instrumental

The WCAAS system was designed and assembled in the lab-
ratory, and is similar to those reported elsewhere [4,5,13]. The
tomizer was the 10-turn tungsten filament extracted from a 150 W,
5 V commercially available slide projector light bulb (Osram
enophot 64633 HXL, Pullach, Germany). The fused silica bulb
nvelope was removed, leaving the filament and bulb base intact.
he bulb base was mounted in a standard ceramic two-pronged
ower socket. Positioning of the filament from coil to coil was
ighly reproducible since the bulbs were mass produced to strict
ptical specifications. The filament was housed inside a glass atom-
zation cell with fused silica windows. A purge gas composed of
0% (v/v) H2/Ar, at a 1.0 L min−1 flow rate, prevented coil oxida-
ion and cooled the filament after atomization. Power was provided
y a programmable, constant-current, solid-state DC power source
BatMod, Vicor, Andover, MA, USA). The output from the radia-
ion source (10 W Cd EDL, PerkinElmer, Norwalk, CT, USA) was
ocused through the W-coil atomizer using a 25 mm diameter,
5 mm focal length fused silica lens. The unabsorbed radiation exit-

ng the opposite end of the atomization cell was collected with a
econd identical fused silica lens, and imaged onto the entrance
lit of a crossed Czerny-Turner monochromator (MonSpec 18, Sci-
ntific Measurement Systems Inc., Grand Junction, CO, USA). The
onochromator was equipped with a 2400 grooves mm−1 grat-

ng (52 mm × 40 mm), resulting in a reciprocal linear dispersion
f 2.4 nm mm−1 at 230 nm. The detector was a thermoelectrically
ooled charge coupled device (CCD, Spec-10, Princeton Instru-
ents, Roper Scientific, Trenton, NJ, USA) with a two-dimensional

rray of 1340 × 100 pixels. Each pixel was 20 �m × 20 �m in size,
aking the image area on the CCD camera 26.8 mm × 2 mm. Based

n a slit width approximately the size of a single detector pixel
25 �m), the theoretical spectral bandpass of the system was
.05 nm. In practice, the measured full width at half maximum
FWHM) for an emission line from the lamp was 2–3 pixels, so the
ractical bandpass was 0.15 nm. The spectral window covered by
he CCD detector was slightly less than 65 nm, and the central wave-
ength was set by adjusting the monochromator wavelength dial.
ser selectable CCD integration times as low as 1 ms were possible,
nd the maximum signal to noise ratio (S/N) was observed with
n integration time of 20 ms. One hundred successive spectra were
ecorded during the atomization step. Calibration was performed

n two modes: peak height (absorbance signal measured for the
ingle spectrum collected 500 ms after the onset of atomization)
nd peak area (absorbance signals summed for the 12 spectra cor-
esponding to the period of greatest absorption, 400–620 ms after
he onset of atomization).
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.2. Standards and reagents

Reference solutions were prepared by diluting a Cd stock
olution (1000 mg L−1, SPEX CertPrep, Metuchen, NJ, USA)
ith distilled-deionized water (Milli-Q, Millipore, Bedford, MA,
SA). A standard reference material from the National Insti-

ute of Standards and Technology (Toxic metals in freeze-dried
rine, normal level, SRM 2670, NIST, Gaithersburg, MD, USA)
as used to check the method accuracy. Trace metal grade
NO3 14 mol L−1 (Fisher Scientific, Pittsburg, PA, USA) and
2O2 30% (v/v) (Acros, Morris Plains, NJ, USA) were used in

he microwave-assisted sample digestions. Ammonium pyrro-
idinedithiocarbamate (APDC, Sigma–Aldrich, St. Louis, MO, USA)
nd octylphenoxypolyethoxyethanol (Triton X-114, Sigma–Aldrich)
ere used as complexing agent and surfactant, respectively, in the

loud point extraction. Solutions of APDC (0.5%, m/v) and TX-114
5%, v/v) were prepared by diluting appropriate amounts of the
eagents with distilled-deionized water (Millipore). All pH adjust-
ents before the cloud point extraction were performed with trace
etal grade ammonium hydroxide (Fisher).

.3. Sample preparation

Sample aliquots of 3.0 mL urine were transferred to PTFE
icrowave digestion vessels. Volumes of 1.0 mL concentrated HNO3

nd 0.50 mL of H2O2 were added to the samples, and the solutions
ere submitted to a five-step heating program in the microwave

ven (630 W CEM MDS 2000 closed-vessel microwave oven, CEM
orp. Matthews, NC, USA): 25% power for 2 min, 0% for 2 min, 35%

or 3 min, 50% for 4.5 min, and 60% for 6 min. After cooling, the
olutions were transferred to 15-mL centrifuge tubes and neutral-
zed with NH4OH to pH 6.0. Then, the solutions were diluted to
0 mL with distilled-deionized water, and subjected to cloud point
xtraction.

The CPE procedure was based on the optimal conditions sug-
ested in the literature [14,15]. A 0.5 mL aliquot of APDC (0.5%,
/v) was added to the 10 mL diluted/digested sample volume. After

0 min, 0.5 mL of TX-114 (5%, v/v) was added, and the solution was
eated in a water bath for 20 min at 45 ◦C. To facilitate phase separa-
ion, the solution was centrifuged at 2500 rpm (660 × g) for 10 min.
hen, the solution was chilled in a freezer for 20 min (at 10 ◦C) to
ncrease the viscosity of the lower TX-114 surfactant-rich phase,

hich in turn facilitated the removal of the supernatant (aque-
us surfactant-poor phase) with a micropipette. Chilling for longer
han 20 min risked loss of Cd, since the solution would eventually
eform a one phase homogeneous mixture at temperatures below
he cloud point. The final volume of the organic phase was then
ncreased to 0.20 mL with the addition of ethanol, which served
o reduce the viscosity of the surfactant phase. This step facilitated
he transfer of the preconcentrated solution to the W-coil. Standard
d solutions were treated in the same fashion. The CPE method
esulted in a concentration factor of 15 (3.0 mL of urine reduced to
.20 mL of extract).

.4. WCAAS analysis

A 25 �L volume of the CPE preconcentrated sample (or standard)
as transferred to the W-coil using a micropipette. The atomization

ycle consisted of a 7-step heating program (Table 2). The first two
teps accounted for gradual solvent volatilization to prevent poten-

ial sample loss. The coil reached dryness at the end of step 2, as
videnced by an increase in the applied voltage necessary to main-
ain a constant current during the last few seconds of this stage.
ince a wet coil had a lower resistance, a dry coil reached a higher
emperature at a given constant current [16]. Therefore, the ashing
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Table 2
Tungsten coil heating cycle for CPE urine samples

Step Current (A) Temperaturea (◦C) Time (s)

1 2.8 25–100b 25
2 2.3 25–100b 40
3 2.1 700 35
4 1.5 520 15
5 0 25 10
6c 10 3150 5
7 0 25 25

a Temperature estimated by: T = 309A + 52 (Ref. [16]).
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Cd signal, closely approximates the background signal measured
at 500 ms (black diamonds). This is also the case for absorption
profiles measured at 228.8 nm for CPE samples containing no Cd.
Therefore, the background absorbance level measured at 460 ms
b In steps 1 and 2, the coil is wet, so while the temperature must be below 100, it
annot be calculated using the above equation.

c Data was collected during this step.

tage of the cycle, steps 3 and 4, employed lower currents. Using
rogressively lower currents prevented the W-coil from glowing
ed prior to atomization, thus reducing a potential loss of analyte.

cooling period (step 5) ensured a reproducible high tempera-
ure atomization step, as the beginning temperature was always
he same (near room temperature). Finally, the high current (10 A)
tomization step generated the atomic cloud. This current was the
aximum available from the power supply, and therefore produced

he greatest possible peak heights. These peak heights also allowed
or shorter detector integration times, which resulted in reduced
ackground blackbody emission measurements from the coil. The
etector was triggered at the beginning of the atomization step
step 6), and one hundred spectra were collected automatically.
he final cooling step readied the W-coil for the deposition of the
ext sample aliquot.

.5. ICP-MS analysis

For comparison purposes, the seven human urine samples
nalyzed by WCAAS were also transported (frozen) to a differ-
nt laboratory for ICP-MS analysis: Research Triangle Institute,
esearch Triangle Park, NC. For the ICP-MS method, the urine sam-
les were thawed and then vortexed for 15 s. Sample aliquots of
.0 mL were transferred to digestion tubes. Volumes of 1.0 mL of
oncentrated HNO3 and 0.25 mL of H2O2 were added to each tube.
he tubes were then placed in a DigiPreP MS heating block (SCP
cience, Champlain, NY, USA) and heated in the following stages:
0 min at 60 ◦C (ramp time 30 min), 60 min at 80 ◦C (ramp time
0 min), and 120 min at 110 ◦C (ramp time 20 min). After cooling,
he sample solutions were diluted with distilled-deionized water
o 10.0 mL and vortexed for 15 s. Finally, a 50.0 �L aliquot of a 89Y
nternal standard solution (1 mg L−1 89Y solution in 2%, v/v HNO3)
as added to a 5.00 mL aliquot of the digested samples. The result-

ng solution was analyzed with a quadrupole ICP-MS instrument
Thermo X Series II X0637, Waltham, MA, USA).

. Results and discussion

.1. Background correction

Fig. 1 depicts the absorption profiles collected during the high
emperature atomization step for the WCAAS analysis of a cloud
oint extracted urine sample. The 10 amp atomization step began
t time zero, and spectra were collected at 20 ms intervals. Two
mission lines from the Cd EDL were monitored simultaneously:

he 228.8 nm Cd absorption line which is sensitive to both Cd and
ackground absorption, and the 226.5 nm line which is not sensi-
ive to Cd and thus reflects only the background absorption. The
rofile represented by circles is the background absorbance mea-
ured at the 226.5 nm wavelength. The profile depicted in squares

F
T
T
a
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epresents the absorbance measured at the 228.8 nm line minus
he absorbance measured at the 226.5 nm line. This profile, there-
ore, represents the background corrected Cd signal, assuming that
he background absorbance is the same at the two wavelengths.

Notice that the background profile contains two features, a peak
ith maximum occurring at 480 ms and a second one with maxi-
um at 580 ms. The first peak appears only for samples containing

riton X-114, so it may be attributed to the CPE process. The sec-
nd peak occurs only for extracted urine samples, so it may be
ttributed to those components, other than Cd in urine, that are
lso concentrated by the CPE technique. Pure aqueous samples
roduce neither background peak, and CPE extracts of aqueous
olutions produce only the first peak. These peaks are generally the
ame size and shape at 228.8 nm, with the Cd peak positioned in
etween, so that the single Cd profile in the figure results from their
ubtraction. This background-corrected urine-Cd signal is almost
dentical in time and shape to that observed for the WCAAS analysis
f purely aqueous Cd standard solution. This off-line, or near-line,
ackground correction technique has been reported previously for
CAAS determinations of Cd [5,6], and in fact tables with suggested

close lines for background correction” for many elements have
een published [17].

While near-line correction has provided reasonable analytical
esults for simple Cd-containing samples, the complex urine matrix
ay affect the background spectrum such that the background

bsorbance measured at 226.5 nm differs from the background that
ight be present at 228.8 nm. While the background for the rel-

tively clean cloud point extracts is expected to vary very little
cross a 2.3 nm region, the difference could become significant at
ow Cd concentrations. High resolution continuum source atomic
bsorption spectra for urine samples show that overall background
bsorbance levels may differ by orders of magnitude, even for sam-
les with similar Cd levels [18]. For the high background samples
eported in that work, the signal variation over a 2.3 nm range is
learly measurable. In an effort to correct for this potential error, a
econd background correction approach was investigated. The sur-
actant background peak (Fig. 1) was very reproducible, regardless
f sample type or Cd level. Notice in the profile that the background
bsorbance measured at 460 ms, prior to the appearance of the
ig. 1. Absorption profiles collected during the WCAAS analysis of a urine sample.
he background profile (circles) is simply the absorbance measured at 226.5 nm.
he analytical profile (squares) is the absorbance measured at 228.8 nm minus the
bsorbance measured at 226.5 nm.



G.L. Donati et al. / Talanta 7

F
b
(
s

f
g
T
t
a
m
b
c
p

i
2
c
s
i
f
w
w
a
p
p
a
d

3

0
p
1
y
f
(
m
m

u
p

a
b
(
t
a
n
T
w
C
r
n
f
(
w
t
h
b
d
b
C
f

A

S
t
0
R
f

R

[

[
[

[
[

[

[16] K.E. Levine, K.A. Wagner, B.T. Jones, Appl. Spectrosc. 52 (1998) 1165–1171.
ig. 2. Cadmium levels determined in seven urine samples by WCAAS with near-line
ackground correction (white bars), WCAAS with temporal background correction
cross-hatched bars), and by ICP-MS (gray bars). The error bars represent ± one
tandard deviation (n = 3).

or the Cd 228.8 nm absorption line closely approximates the back-
round level present at the time of maximum Cd signal (500 ms).
hus a “temporal” background correction may be applied using only
he 228.8 nm line, by subtracting the absorbance values measured
t these two times. While neither near-line nor temporal correction
ay be expected to match the accuracy observed for conventional

ackground correction techniques (using the Zeeman effect or a
ontinuum source), both can be performed without adding com-
lexity to the WCAAS system.

Continuum source atomic absorption spectrometry has also
dentified structured background spectra in the vicinity of the Cd
28.8 nm line for very complex matrices like those present in solid
oal samples [19]. While the molecular species giving rise to these
pectra is not identified, one might speculate that similar structure
n a urine spectrum may arise from the classic phosphate inter-
erence [20]. To test for the possibility of phosphate interference
ith the CPE-WCAAS procedure, a 5 �g mL−1 phosphate solution
as subjected to the CPE procedure described above. ICP emission

nalysis of the aqueous supernatant revealed that at most 20% of the
hosphate was extracted into the surfactant layer. The phosphate
resent in a urine sample, therefore, had the potential to produce
n interference. However, a 10 �g mL−1 solution of phosphate pro-
uced no measurable absorbance at 228.8 nm by WCAAS.

.2. Urine analyses

The CPE-WCAAS method resulted in a urine-Cd LOD (3�) of
.005 �g L−1, which is in line with the other WCAAS LODs using
reconcentration techniques (Table 1), and roughly a factor of
00 lower than normal urine-Cd levels. The CPE-WCAAS anal-
sis of NIST standard reference material #2670 (toxic metals in
reeze-dried urine – normal level) resulted in 0.38 ± 0.03 �g L−1

mean ± standard deviation, n = 3) using the near-line correction

ethod, and 0.36 ± 0.05 �g L−1 using the temporal correction
ethod. The NIST reported Cd level for SRM #2670 is 0.40 �g L−1.
Fig. 2 shows the urine-Cd levels measured for the seven human

rine samples. The amount of Cd was determined in each sam-
le by applying the near line correction technique (white bars)

[
[
[

[

6 (2008) 1252–1255 1255

nd the temporal background correction technique (cross-hatched
ars). These two values were determined for exactly the same runs
n = 3). The ICP-MS results (gray bars) were collected at a different
ime using a different sample preparation technique as described
bove. The error bars represent the precision for each method (±1�,
= 3). Clearly the ICP-MS technique provides more precise results.
he average standard deviation observed for the seven samples
as 0.03 �g L−1 by ICP-MS, compared to 0.12 and 0.15 �g L−1 by
PE-WCAAS using near-line and temporal background correction
espectively. Compared with ICP-MS results, the CPE-WCAAS tech-
ique with near-line correction under-reported the urine-Cd levels

or the seven samples by an average of -0.28 �g L−1. In one case
sample #2) a completely erroneous and negative urine-Cd result
as reported (−0.16 �g L−1). Perhaps this trend can be explained by

he background absorbance value at 226.5 nm being consistently
igher than that measured at 228.8 nm. Such a result would not
e surprising, since background absorption tends to increase with
ecreasing wavelength. The CPE-WCAAS technique with temporal
ackground correction did not show a consistent systematic error.
ompared to the ICP-MS results, the temporal-corrected values dif-

ered by just 0.01 �g L−1 on average.
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a b s t r a c t

The single ring electrode radiofrequency capacitively coupled plasma torch (SRTr.f.CCP) operated at 275 W,
27.12 MHz and Ar flow rate below 0.7 l min−1 was investigated for the first time as atomization cell in
atomic fluorescence spectrometry (AFS) using electrodeless discharge lamps (EDL) as primary radiation
source and charged coupled devices as detector. The signal to background ratio (SBR) and limit of detection
for Cd determination by EDL-SRTr.f.CCP-AFS were compared to those obtained in atomic emission spec-
trometry using the same plasma torch. The detection limit in fluorescence was 4.3 ng ml−1 Cd compared to
65 ng ml−1 and 40 ng ml−1 reported in r.f.CCP-atomic emission (AES) equipped with single or double ring
electrode. The lower detection limit in EDL-SRTr.f.CCP-AFS is due to a much better SBR in fluorescence.
The limit of detection was also compared to those in atomic fluorescence with inductively coupled plasma
(0.4 ng ml−1), microwave plasma torch (0.25 ng ml−1) and air–acetylene flame (8 ng ml−1). The influence
of light-scattering through the plasma and the secondary reflection of the primary radiation on the wall
of the quartz tube on the analytical performance are discussed. The non-spectral matrix effects of Ca,
Mg and easily ionized elements are much lower in EDL-SRTr.f.CCP-AFS compared to SRTr.f.CCP-AES. The
new technique was applied in the determination of Cd in contaminated soils, industrial hazardous waste

−1 −1
(0.4–370 mg kg ) and water (113 �g l ) with repeatability of 4–8% and reproducibility in the range of
5–12%, similar to those in ICP-AES. The results were checked by the analysis of a soil and water CRM with
a recovery degree of 97 ± 9% and 98 ± 4%, for a confidence limit of 95%. The present EDL-SRTr.f.CCP-AFS is
a promising technique for Cd determination in environmental samples.
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. Introduction

The driving forces determining the development of atomic flu-
rescence spectrometry (AFS) are the well-established sensitivity
nd selectivity, the simple and low-cost instrumentation com-
ared to other spectrometric methods such as atomic emission
nd absorption spectrometry (AES and AAS) as well as the sim-
licity of spectra compared to those recorded in AES. Most of the

eported results with applications of AFS have been obtained for
olatile elements or elements converted in volatile hydrides, which
an be atomized efficiently at moderate temperature [1–6]. The
rends in the development of AFS regarding the atomization cells,
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rimary radiation sources, detection devices, background correc-
ion methods and applications have been published for years as
eviews [7–13]. Almost all plasma sources have been used as atom-
zation cells for AFS, such as inductively coupled plasma (ICP-AFS)
14–17], microwave-induced plasma (MIP-AFS) [18], microwave
lasma torch (MPT-AFS) [19] and direct current plasma (DCP-AFS)
20,21] with different primary radiation sources and dispersive
nd non-dispersive optical detection systems. Very recently a new
tomizer based on atmospheric pressure non-thermal dielectric
arrier discharge microplasma was designed for AFS coupled with
hydride generator (HG-DBD-AFS) [22]. The development of the
ew AFS instrumentation has been focused on the application of

aser excited atomic/ionic fluorescence spectrometry (LEAFS and

EIFS) and the use of charge coupled detectors (CCDs). Among the
aser sources, those with diode are very attractive for LEAFS due to
heir potential for low-cost, narrow spectral line width, compact-
ess and ease of wavelength tunability through temperature and
lectrical manipulation. The applications of laser diode in atomic
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pectrometry and their features were reviewed by Niemax and
o-workers [23] and Galbacs [24]. Laser-induced fluorescence tech-
ique was used for the diagnosis of reactive capacitively coupled
adiofrequency discharges operated in pure CF4, by determining
he fluorine atom number density using the loss rate constant
f the CF2 radicals in the afterglow of the plasma [25]. To date,
adiofrequency capacitively coupled plasmas (r.f.CCPs) have been
nvestigated as atomization source in AAS [26,27], excitation source
n AES [27–32], and ion source in mass spectrometry (MS) [33,34],
ut there is no report regarding their use in analytical applica-
ions for AFS. In our laboratory an Ar r.f.CCP with a Mo tubular
lectrode and a single ring electrode (SRTr.f.CCP) [35–38] or a dou-
le ring electrode (DRTr.f.CCP) [35,37–42] operated at higher power
275 W, 27.12 MHz) than previously mentioned plasmas were inves-
igated in AES for the determination of elements in liquid samples
ntroduced by pneumatic nebulization without aerosol desolvation.
lso, a very low power Ar r.f.CCP (<75 W, 13.56 MHz or 10.9 MHz)
as developed in our laboratory for the direct analysis of non-
onductive solid samples by r.f. sputtering [43] and pneumatically
ebulized liquid samples without aerosol desolvation [44] using
ES detection.

The aim of this paper is to present for the first time several fig-
res of merit of SRTr.f.CCP as atomization cell in AFS in a particular

2

I

Fig. 1. Experimental set-up f
(2008) 1170–1176 1171

onfiguration using the r.f. electrodeless discharge lamp (EDL) as
rimary radiation source and CCD as optical detector. The develop-
ent of the plasma within a quartz tube diminishes the diffusion

f N2, O2 and CO2 from the air resulting in a lengthen of the plasma
ail plume, most favourable for the AFS measurements. The use of
good quality quartz tube with the 160 nm cut-off limit enables

he approach of the UV range useful for elements generating a
igh fluorescence signal in this region. Operating conditions and
on-spectral matrix effects of Ca, Mg and easily ionized elements
EIE) (Li, Na and K) on Cd determination by EDL-SRTr.f.CCP-AFS
ere compared to SRTr.f.CCP-AES. Also a comparison of the detec-

ion limits with those obtained in SRTr.f.CCP-AES, DRTr.f.CCP-AES,
DL-ICP-AFS, HCL-MPT-AFS and flame atomic fluorescence spec-
rometry (FAFS) are given. The new technique was investigated for
he determination of Cd in water, soil and industrial hazardous
aste and checked using certified reference materials (CRMs).

. Experimental
.1. Instrumentation

The experimental set-up includes the SRTr.f.CCP torch (INCDO-
NOE 2000 Bucharest, Research Institute for Analytical Instrumen-

or EDL-SRTr.f.CCP-AFS.
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Table 1
Operating parameters for the experimental EDL-SRTr.f.CCP-AFS set-up

Power supply Free-running r.f. generator, 275 W, 27.12 MHz (INCDO-INOE 2000, Research Institute for Analytical Instrumentation, Cluj-Napoca,
Romania)

Plasma torch Capacitively coupled; coaxial geometry with molybdenum tubular electrode (inner diameter 3.5 mm) and single outer ring electrode
of copper (SRTr.f.CCP) mounted at a distance of 5 mm above the tubular electrode; working gas: 5.0 quality argon (Linde gas SRL,
Cluj-Napoca, Romania); argon flow rate 0.4–0.7 l min−1; 16 mm i.d. quartz tube, 10 cm length, 160 nm cut-off (H. Baumbach & Co. Ltd,
Ipswich Suffolk, UK).

Sample introduction system Meinhardt pneumatic nebulizer (PerkinElmer, Norwalk, USA) equipped with a spray chamber with impactor without aerosol
desolvation; aerosol intake into the plasma via the tubular electrode (0.4 ml min−1, 5% nebulization efficiency)

Primary radiation source Electrodeless discharge lamp supplied in continuum mode at 240–450 mA from a power supply model CT06859 (EDL, PerkinElmer,
Norwalk, USA)

Optics HR 4000 Microspectrometer Ocean Optics (200–420 nm, 50 �m entrance slit, 1200 groves mm−1 grating, Toshiba CCD with 3648
pixels, collimating system 74-UV, fibre optic QP 600 �m, 25 cm length) (Dunedin, USA)
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ptical arrangement Radial–radial and axial–radial geometry at 90

ata acquisition Spectrasuite soft (Ocean Optics); 10 and 30 s i

ation, Cluj-Napoca, Romania) as atomization cell, a 200–420-nm
ultichannel high resolution HR 4000 microspectrometer (Ocean
ptics, Dunedin, USA) equipped with a 600-�m fibre optic to col-

ect the fluorescence signal, a Meinhardt pneumatic nebulizer and a
pray chamber with impactor without aerosol desolvation, an EDL
s primary radiation source supplied at different currents from a
ower supply model CT06859 (PerkinElmer, Norwalk, USA). The
chematic diagram of the new experimental EDL-SRTr.f.CCP-AFS
et-up is presented in Fig. 1, while the operating parameters in
able 1.

Two optical arrangements were used to excite and measure
he fluorescence signal (Fig. 2). In the radial profiling experiment
Fig. 2a) the fluorescence signal was measured in the radial direc-
ion through the quartz tube of the torch, while the primary
xcitation beam from EDLs was also collimated in radial direction
nto the plasma. In the axial profiling (Fig. 2b), the fluorescence
ignal was imaged on the entrance slit of the microspectrome-
er using the fibre optic mounted in the radial direction related
o the plasma, whereas the EDL was positioned in the axial direc-
ion. In both arrangements, the EDL, optical collimating system and

bre optic were fixed on a precision translation stage and aligned
t right angle. The focusing and collimating of the EDL primary
adiation onto the plasma were investigated. A silica lens (50 mm
iameter and 75 mm focal length) was used to illuminate the
lasma.

s
T
f
g
i

Fig. 2. Optical arrangement for radial–radi
tion time; manually background correction

A mortar grinder Retsch RM 100 and a sieve shaker Retsch AS200
Haan, Germany), an overhead shaker REAX20/8 Heidolph (Kel-
eim, Germany) and a closed-vessel microwave system Berghof
WS-3+ with temperature control mode (Eningen, Germany), and
Sartorius vacuum filter equipment (Goettingen, Germany) were
sed during sample preparation. Results found by EDL-SRTr.f.CCP-
FS were compared to those obtained by AES using the ICP
ultichannel spectrometer SPECTRO CIROSCCD (Spectro Analytical

nstruments, Kleve, Germany).

.2. Reagents, standard solutions and CRMs

Stock solutions of 1000 �g ml−1 of Cd, Li, Na, K, Ca and Mg
urchased from Merck (Darmstadt, Germany) were used in this
tudy. A solution of 400 ng ml−1 Cd was used to determine the
ptimum operating conditions of EDL-SRTr.f.CCP-AFS. Solutions of
00 ng ml−1 Cd in the presence of 1–500 �g ml−1 Li, Na, K, Ca and
g were used in the study of the non-spectral interferences on

he Cd fluorescence and emission. All dilutions were made with 1%
NO3 (v/v). Hydrochloric acid 37% and nitric acid 69% (GR for analy-
is ACS) purchased from Merck were used for digestion of samples.
he soil CRM 025-050 RTC-Laramie (New York, USA) and the water
rom LGC Proficiency Testing, Aquacheck Scheme (distribution 331,
roup 17C)—LGC Promochem GmbH (Wesel, Germany) were used
n the internal quality control of Cd determination. Argon (5.0 qual-

al (a) and axial–radial (b) geometry.
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Table 2
Operating conditions for the microwave digestion system

Stage

1 2 3 4

Temperature (◦C) 180 100 100 100
Ramp time (min) 5 1 1 1
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ower (%)a 60 20 10 10

a 100% power corresponds to 1450 W.

ty) from Linde Gas SRL Cluj-Napoca, Romania was used as working
as.

.3. Sample preparation

Ten replicate amounts of 1.000 g of CRM 025-050 or contam-
nated soil were digested with 10 ml aqua regia in closed PTFE
ontainers of the microwave system according to the digestion pro-
ram presented in Table 2. The procedure and settings were those
ecommended by the equipment producer for this type of samples.
en replicate amounts of 175 g industrial hazardous waste were
eached with distilled water (<10 �S cm−1) at 2:1 liquid to solid
atio at 20 ± 2◦ C for 24 ± 0.5 h (SR EN 12457/1:2003) with the Hei-
olph shaker at 16 rpm. Cadmium was determined in the filtered
olutions and in water CRM by EDL-SRTr.r.CCP-AFS and ICP-AES
fter calibration on the range of 20–400 ng ml−1 Cd at 228.812 nm.

. Results and discussions

.1. Optimization of operating parameters

The operation of EDL-SRTr.f.CCP-AFS was optimized with
espect to the Ar flow rate, observation height, lamp current and
on-spectral interferences of Ca, Mg and EIE on Cd.

.2. Influence of Ar flow rate and observation height
A single Ar stream was used as plasma support gas and sample
arrier. The effect of Ar flow rate on 400 ng ml−1 Cd fluorescence sig-
al in EDL-SRTr.f.CCP-AFS with radial–radial arrangement is shown

n Fig. 3.

ig. 3. Effect of Ar flow rate on Cd fluorescence signal at 228.812 nm (400 ng ml−1)
or different observation heights in EDL-SRTr.f.CCP-AFS with radial–radial arrange-

ent. Ar flow rate: (A) 0.4 l min−1; (B) 0.5 l min−1; (C) 0.6 l min−1; (D) 0.7 l min−1.
xperimental conditions: 275 W power level; 350 mA lamp current; 10 s integration
ime; collimated primary radiation.
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The measurements were performed at different observation
eights above the tubular electrode for gas flow rates in the range
f 0.4–0.7 l min−1. Although a single gas flow is used, two factors
ontrol the Cd fluorescence signal: efficiency of the pneumatic neb-
lizer and the cooling of the discharge occurring at higher gas flow
ates, which is favourable in fluorescence measurement. It can be
een that the maximum of the fluorescence signal is reached at
igher heights in the plasma tail, where the temperature and the
ackground of the discharge are lower. Therefore for a flow rate of
.7 l min−1 Ar considered as optimum for both nebulizer operation
nd plasma development, the maximum fluorescence signal occurs
t 72 mm above the tubular electrode.

Unlike fluorescence, the maximum of the Cd signal in SRTr.f.CCP-
ES is reached at lower observation height (16 mm). The emission
ignal decreases as the Ar flow rate increases and the optimum
alue is considered to be 0.4 l min−1. The results are similar to those
btained in ICP-AES and ICP-AFS [45]. Whereas the maximum of
mission in ICP-AES occurs at lower heights (15–20 mm), the fluo-
escence signal for most metals in ICP-AFS is maximum in the tail
lasma zone. Also, in ICP-AFS an increase of the injector gas flow to
.5–2 l min−1 is required compared to 1.0 l min−1 in ICP-AES.

The dependence of the signal to background ratio (SBR) for
00 ng ml−1 Cd on the observation height in the axial–radial geom-
try of EDL-SRTr.f.CCP-AFS (0.7 l min−1 Ar) and SRTr.f.CCP-AES
0.4 l min−1 Ar) is presented in Figs. 4 and 5, respectively. The
xial–radial arrangement of the AFS set-up was chosen for compar-
son with AES as in this geometry the interference caused by the
econdary reflection of the EDL primary radiation at 228.812 nm
ould be avoided unlike to the radial–radial geometry where
his undesirable phenomenon limited the fluorescence sensitiv-
ty. Therefore the integration time was increased to 30 s in the
xial–radial arrangement, which improved the fluorescence signal
f 1.7 times.

As shown in Figs. 4 and 5 the maximum SBR of Cd in fluorescence
nd emission occurs at 72 mm and 16 mm height, respectively. The
BR decreases in fluorescence at lower heights as a result of the
iminished primary radiation due to the prefilter phenomenon and
ncrease of background. Although the background decreases over
2 mm, SBR decreases due mainly to air diffusion into the plasma
nd quenching of the Cd fluorescence as well as increase of the
ight-scattering interference through the cool reactive oxidant envi-
onment. Since the SBR in fluorescence is 15 times higher that in

ig. 4. Dependence of signal to background ratio for Cd at 228.812 nm on the obser-
ation height in the axial–radial arrangement of EDL-SRTr.f.CCP-AFS. Experimental
onditions: Cd concentration 400 ng ml−1; 275 W power level; 0.7 l min−1 Ar flow
ate; 350 mA lamp current; collimated primary radiation; 30 s integration time.
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ig. 5. Dependence of signal to background ratio for Cd at 228.812 nm in SRT
.f.CCP-AES on the observation height. Experimental conditions: Cd concentration
00 ng ml−1; 275 W power level; 0.4 l min−1 Ar flow rate; 30 s integration time.

mission the SRTr.f.CCP is more suitable for atomization than for
xcitation.

.3. Operating current for EDL

The optimum operating condition of Cd EDL was established
y measuring the fluorescence signal for a concentration of
00 ng ml−1 Cd at different input currents. The dependence curve
btained for EDL-SRTr.f.CCP-AFS in the axial–radial arrange-
ent for an observation height of 72 mm is illustrated in

ig. 6.
The fluorescence signal is linearly proportional to the operating

urrent up to 325 mA, which means that the de-excitation rate
f the Cd atoms is faster than the excitation rate. The limitation

f the fluorescence signal at the operation current of 350 mA is a
onsequence of the beginning self-reversal of the EDL. It should
e noted that the fluctuation of the EDL primary radiation is not
trongly reflected in the fluorescence signal at this current as the
urve slope in this point is the lowest. Consequently the 350 mA
peration current was considered as optimum.

p

i
m
C
c

ig. 7. Non-spectral matrix effects of Ca (A), Mg (B), Li (C), Na (D) and K (E) in the ran
RTr.f.CCP-AFS with radial–radial (a) and axial–radial (b) arrangement. Experimental co
50 mA lamp current.
ig. 6. Dependence of the Cd signal at 228.812 nm on lamp current in
DL-SRTr.f.CCP-AFS with axial–radial arrangement. Experimental conditions: Cd
oncentration 400 ng ml−1; 275 W power level; 0.7 l min−1 Ar flow rate; collimated
rimary radiation; 30 s integration time.

.4. Non-spectral matrix effects of EIE, Ca and Mg in
DL-SRTr.f.CCP-AFS and SRTr.f.CCP-AES

The non-spectral matrix effects of Li, Na, K, Ca and Mg in concen-
rations up to 500 �g ml−1 on the fluorescence signal of 400 ng ml−1

d in EDL-SRTr.f.CCP-AFS in the radial–radial and axial–radial
rrangements for the optimum observation height (72 mm) are pre-
ented in Fig. 7a and b, while in SRTr.f.CCP-AES at an observation
eight of 16 mm in Fig. 8. The non-spectral matrix effect (%) was
alculated according to the equation:

E = S − S0

S0
× 100

here S and S0 are the Cd signal in the presence and absence of a
articular concomitant, respectively.

The non-spectral matrix effects of Ca, Mg, Li, Na and K are sim-

lar in both arrangements used in the study of fluorescence and

uch smaller compared to emission. Thus, the influence of the
a, Mg and Na matrices are usually in the range ±10% up to a
oncentration of 500 �g ml−1 concomitant. The results show that

ge 0–500 �g ml−1 on the fluorescence of Cd (400 ng ml−1) at 228.812 nm in EDL-
nditions: 275 W power level; 0.7 l min−1 Ar flow rate; 72 mm observation height;
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Fig. 8. Non-spectral matrix effects of Ca (A), Mg (B), Li (C), Na (D) and K (E) in
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Fig. 9. Detection limit of Cd at 228.812 nm for EDL-SRTr.f.CCP-AFS in radial–radial
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he range 0–500 �g ml−1 on the emission of Cd (400 ng ml−1) at 228.812 nm in
RTr.f.CCP-AES. Experimental conditions: 275 W power level; 0.4 l min−1 Ar flow
ate; 16 mm observation height.

ess the volatility of the matrix and higher the ionization energy
f the concomitant, smaller the non-spectral matrix effects. The
aporization–atomization interferences of the refractory elements
Ca, Mg) in EDL-SRTr.f.CCP-AFS are fewer and smaller than in flames
nd furnaces, and are comparable to those reported in ICP-AFS
45].

Unlike fluorescence, in emission the non-spectral matrix effects
n Cd are slightly depressive in the case of Ca and very depres-
ive in the case of Mg, Li, Na and K. The decrease of Cd emission
ignal in the presence of these concomitants follows the order:
a < Mg < Li < Na < K. The higher depressive interference in emis-
ion compared to that observed in fluorescence is the result of
asily liberated electrons by EIE, which affect the equilibrium bal-
nce between atoms and ions with the consequent alteration of
he energy-transfer pathway for excitation in the plasma. In short,
RTr.f.CCP is suitable as atomization cell in AFS in the presence of
omplex matrices.

.5. Limits of detection

Detection limit was calculated using the 3� criteria. In this

ethod the SBR was determined for a concentration of 200 ng ml−1

d, while the relative standard deviation of the background (RSDB)
as calculated from 10 successive measurements of the back-

round signal in the proximity of the Cd 228.812 nm line.

w
i
t
o

able 3
etection limits (3� criteria) for Cd determination by EDL-SRTr.f.CCP-AFS in radial–radial
PT-AFS and LEAFS

ethod LOD (ng ml−1) Operating co

DL-SRTr.f.CCP-AFS radial–radial arrangement 6.4 275 W; 0.7 l m

DL-SRTr.f.CCP-AFS axial–radial arrangement 4.3 275 W; 0.7 l m

DL-ICP-AFS 0.4 EDL and sola

CL-MPT-AFS 0.25 80 W; dry ae

RTr.f.CCP-AES 65 275 W; 0.4 l m

RTr.f.CCP-AES 40 275 W; 0.4 l m

EAFSa 8 Air–acetylen

a LEAFS—laser flame atomic fluorescence spectrometry.
A) and axial–radial (B) arrangement as a function of observation height. Exper-
mental conditions: 275 W power level; 0.7 l min−1 Ar flow rate; collimated
rimary radiation; 10 s integration time for radial–radial arrangement and 30 s for
xial–radial arrangement.

The dependence of the detection limit for Cd on the observation
eight for EDL-SRTr.f.CCP-AFS in radial–radial (A) and axial–radial
B) arrangement is presented in Fig. 9. Table 3 gives a comparison
f detection limits for Cd in EDL-SRTr.f.CCP-AFS, SRTr.f.CCP-AES,
RTr.f.CCP-AES, as well as in AFS using other atomization cells.
ccording to Fig. 9, the lowest detection limit in EDL-SRTr.f.CCP-
FS for both arrangements is obtained at 72 mm observation height,
here SBR is maximum.

As shown in Table 3, the Cd detection limits in EDL-
RTr.f.CCP-AFS with radial–radial and axial–radial arrangement
sing pneumatic nebulization, without aerosol desolvation are
.4 ng ml−1 and 4.3 ng ml−1, respectively. The improvement of the
etection limit by a factor of 1.5 in the axial–radial arrangement

s the result of a diminished interference caused by the secondary
eflection on the quartz tube of the primary radiation onto the lens
f the fibre optic. The Cd detection limit in EDL-SRTr.f.CCP-AFS was
bout 10–15 folds lower compared to SRTr.f.CCP-AES and 6.3–9.3
olds compared to DRTr.f.CCP-AES.

The comparison with the other AFS systems is difficult because
f significant differences in their experimental set-up. Several com-
ents could be made. The limit of detection in EDL-SRTr.f.CCP-AFS

s lower than that obtained in LEAFS using an air–acetylene flame,

here the background signal is higher. Although the detection lim-

ts obtained in EDL-SRTr.f.CCP-AFS are higher than in EDL-ICP-AFS,
he advantages of our atomization cell are lower background, low
peration power and total Ar consumption, resulting in low-cost

and axial–radial arrangement, SRTr.f.CCP-AES, DRTr.f.CCP-AES, EDL-ICP-AFS, HCL-

nditions Reference

in−1 Ar; 72 mm observation height; 10 s integration time; CCD This paper

in−1 Ar; 72 mm observation height; 30 s integration time; CCD This paper

r-blind photomultiplier tube [14]

rosol; boosted HCL; solar-blind photomultiplier tube [19]

in−1 Ar; 16 mm observation height [35]

in−1 Ar; 12 mm observation height [35,39]

e flame; laser excitation [46]
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Table 4
Analytical determination of Cd in reference materials

Sample Measure units Certified content Found content

EDL-SRTr.f.CCP-AFS ICP-AES

LGC—aquacheck scheme water �g l−1 113 ± 7 111 ± 4 117 ± 4
CRM 025-050 soil mg kg−1 369

Values are reported with 95% confidence limit (n = 10).

Table 5
Cadmium content in soil leached in aqua regia and industrial hazardous waste
leached in water obtained by EDL-SRTr.f.CCP-AFS compared to ICP-AES

Sample Found content, mg kg−1

EDL-SRTr.f.CCP-AFS ICP-AES

Contaminated soil 16 ± 1 19 ± 1
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ontaminated soil 51 ± 2 52 ± 1
ndustrial hazardous waste 0.40 ± 0.02 0.38 ± 0.02

alues are reported with 95% confidence limit (n = 10).

peration. The poor limits of detection compared to HCL-MPT-AFS
re due to the use of CCD detector in our configuration compared
o the solar-blind photomultiplier tube with higher sensitivity used
n the method of comparison. The difference in the detection lim-
ts is also the result of sample introduction as wet aerosol in our
pproach.

.6. Analytical determination

Statistical data of the calibration curve y = (51 ± 106) + (26 ± 1)C
n = 5, 95% confidence limit) over the concentration range of
0–400 ng ml−1 Cd (correlation coefficient 0.9999) obtained by
DL-SRTr.f.CCP-AFS in the axial–radial set-up show the lack of
ystematic errors. Standard deviation of reproducibility (sR) and
ccuracy in the internal quality control were assessed on the basis
f two CRMs with different Cd content. The found results compared
o the reference values are given in Table 4. The standard deviation
f reproducibility in EDL-SRTr.f.CCP-AFS was 5.0% and 12.0% for
d determination in water and soil, at recovery degrees of 98 ± 4%
nd 97 ± 9% (95% confidence limit), comparable with ICP-AES.
epeatability in EDL-SRTr.f.CCP-AFS was checked by carrying out
0 replicates on separate soil and industrial hazardous waste sub-
amples and compared with the standardized ICP-AES method. The
ata in Table 5 show a precision range of 4–8% in both methods.

. Conclusions

The figures of merit of a new atomization cell in AFS for pneu-
atic nebulization of aqueous samples without desolvation using

DL as primary excitation source and CCD for detection were evalu-
ted. The advantages of the r.f.CCP as atomization cell in AFS include
ow-cost as instrumentation and maintenance, excellent discharge
tability and high tolerance to complex matrix as well as a good
apability for sample dissociation and atomization. Non-spectral
atrix effects were much lower than those observed in SRTr.f.CCP-

ES. The method exhibits a detection limit of Cd 10 times better
han in DRTr.f.CCP-AES due to an improved signal-to-background
atio.
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a b s t r a c t

Spin coated films of Co-Polyaniline nanocomposite are evaluated for their transmission properties using
He–Ne laser for humidity sensing. The thickness (17–29 �m) of the films is varied by multiple deposition
of Co-Polyaniline nanocomposite on a glass substrate. The samples exhibit typically two to three regions
in their sensitivity curve when tested in the relative humidity (RH) range of 20–95%. The sensitivity
ranges from 0.1 mV/%RH to 12.26 mV/%RH for lower to higher thickness. The sensors show quick response
Keywords:
Composites
Polymers
N
O

of 8 s (20–95%RH), and a recovery time of 1 min (95–20%RH) with good repeatability, reproducibility
and low hysteresis effect. The sensitivity of the sensor increases with humidity and thickness. Material
characterization is done by X-ray diffraction (XRD), scanning electron micrograph (SEM) and Fourier
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. Introduction

Measurement of humidity is required in numerous applications
ncluding the meteorological services, chemical and food industry,
ivil engineering, air conditioning, agriculture and electronic pro-
essing. Humidity sensors are of increasing interest in electronic
ontrol systems [1–7]. Therefore, the relative humidity measure-
ents have been extensively studied and a remarkable progress has

een made [8]. Based on the changes in electrical or optical prop-
rties, different humidity sensors are popularly studied. Different
ypes of polymers play an important role in optical sensors cate-
orized as inorganic and organic [9] e.g. poly(vinyl chloride) (PVC),
oly(tetrafluoro ethylene) (PTFE), nafion, nylon, agarose, sol–gels,
tc.

Recent studies on conducting polymers have increased the range
f applications in optoelectronics and microelectronics. Polyani-
ine is unique among the known conducting polymers because its
onductivity is controlled by the doping levels of oxidation and pro-
ons. Oxidation states of polyaniline, whose electrical properties are
ensitive to water, provide a basis for potential applications in sen-
ors for humidity control. The aqueous environment changes the
onductivity due to two reasons:
1. Adsorbed water molecules dissociate at imine nitrogen centers.
. Positive charge migrates through the polymer.
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Thus, most of the imine units in bulk polyaniline are enveloped
n the polymetric network and only the imine units on the sur-
ace have a chance of coming in contact with water, affecting its
ensitivity to humidity [2].

The paper reports an evaluation of Co-Polyaniline films as a sim-
le humidity sensor for a broad range of relative humidity ranging
rom 20%RH to 95%RH.

. Experimentation

The experimentation is divided into four parts: (a) synthesis of
o nanoparticle, (b) synthesis of Co-Polyaniline nanocomposite, (c)
eposition of films and (d) their evaluation as humidity sensor.

The cobalt nanoparticles were synthesized as reported by Shao
t al. [10]. The cobalt acetate from Aldrich Chemical (0.354 g
0.06 M)) was dissolved in 2-pyrrolidinone (bp: 245 ◦C, Aldrich) as
precursor. Then this solution was mixed together with a combi-
ation of trioctylphosphine (TOP), oleylamine and oleic acid and
dded into 35 ml trioctylamine (bp: 365–367 ◦C)). The prepared
ixture was placed in a 250 ml three-neck distillation flask and

eated up to 260 ◦C for 90 min. To avoid oxidation, the flask was
ushed with high-purity N2 gas during the synthesis process. To
recipitate cobalt nanoparticles, ethanol was introduced. The pre-
ipitated cobalt nanoparticles were washed several times with

thanol and vacuum dried. Spherical Co nanoparticles of average
ize 30–50 nm are thus synthesized.

For synthesizing Co-Polyaniline nanocomposite, 50 wt.% of Co
as diluted with 100 ml of toluene. This was added to 0.265 ml of

niline. The polymerization of monomer was initiated by a drop
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the addition of ammonium persulphate which is a strong oxidizing
agent.

SEM for thickness variation of films from 17 �m to 29 �m are
as shown in Fig. 3(a–e), respectively. The grains as well as flower-
like structures are observed in Fig. 3(a) for lowest film thickness
ig. 1. Experimental set-up for the measurement of relative humidity (two-
emperature method).

ise addition of oxidizing agent (0.63 g of ammonium persulfate
n 2 ml water with 48 ml of methanol) in an acidic solution of ani-
ine containing 1.26 g of Para-toluene sulfonic acid (PTSA), under
onstant stirring at low temperature between 0 and 5 ◦C. After
omplete addition of the oxidizing agent the reaction mixture was
ept under constant stirring for 24 h. A solution of Co-Polyaniline
anocomposite was obtained.

To form a film of Co-Polyaniline, 0.1 cm3 of the above solu-
ion was spin coated on to a glass substrate on a fixed area of
mm × 5 mm at an optimized spinning speed to get uniform films.
o get films of various thicknesses, i.e. from 17 �m to 29 �m (mea-
ured using a Light Section Microscope (BK 70 × 50, VEB Carl Zeisco
ena, Germany)), the films were deposited layer-by-layer (0.1 cm3

olution/layer was kept constant).
The prepared films were examined for their sensitivity towards

umidity as measured by the standard two-temperature method.
or testing the humidity response of the films, a closed humidity
ystem similar to that of Ansari et al. [3] was used (Fig. 1). It consists
f a closed flask, with two necks for inserting thermometers (range
10 to 60 ◦C with an accuracy of 0.5 ◦C), half-filled with water (total
olume 500 ml). The flask is kept in a container filled with ice to the
qual level of water in the flask. The temperature of the system is
djusted by mixing ice and water as required. Thus, the water inside
he flask can be kept at the required temperature (T1). The sensor
s mounted inside the flask at a height of 6 cm from the level of
ater and the temperature of the sample (T2) is measured with a

hermometer placed at the height of the sample under study. It is
o be noted that the temperature of the sample changes by 3–6 ◦C
uring the experiment.

The relative humidity inside the chamber is calculated by the
quation given below. The RH of the air in the system is given by

RH = EW
(T1)
EW

(T2) × 100

here, EW (T1) is the saturated vapor pressure at the temperature of
he water bath (T1) and Ew (T2) is the saturated vapor pressure at the
emperature of the sample element (T2). The values of the saturated
apor pressure are obtained from CRC [11] manual of chemistry. The
anges of RH values are obtained by adjusting the temperature of
he water inside the flask, with ice and water mixture from room
emperature to 0 ◦C.

A He–Ne laser beam, incident perpendicular to the plane of the
lm, is allowed to pass through the sample (films) and the trans-

itted output is measured using a simple photovoltaic detector.
ormalized output with respect to the lowest humidity is plotted
ith respect to the relative humidity. The sensitivity is defined as

he change in transmitted output (mV) per unit change in RH%, i.e.
(mV)/ı (RH%) [1]. Thickness of the films, for getting highest sen-
(2008) 1035–1040

itivity, was optimized. Film of neat polyaniline of the optimized
hickness was deposited to compare their performance.

Time required for getting stable output for a direct transition
rom air ambient (i.e. ≈55%RH) to higher %RH (i.e. 95%RH) is mea-
ured as the response time. The response time is observed for the
irect transition from 20%RH to air ambient (55%RH). The time is
easured after exposing the sensor directly to the air ambient from

5%RH by removing the sample from the test chamber, till the sen-
or regains the original output value, as the recovery time. The
ecovery time is also observed for direct transition from 95%RH to
5%RH.

For measuring hysteresis of the sensor, first the humidity of the
hamber is reduced to 20%RH and then was increased to 80%RH. The
umidity was then reduced to 20%RH. The maximum difference in
he output of the two cycles at any particular RH is measured as
hysteresis. Five cycles are performed on a sample to study the

eliability of the sensor. Similarly five samples of each thickness
ere characterized to check the sensor repeatability.

. Material characterization

Philips X-ray diffractometer with Cu K� is used for X-ray
iffraction (XRD). A JOEL JSM 6360A Analytical scanning electron
icroscope (SEM) was used to investigate the surface morphology

f the composite films. The Fourier transform Infrared (FTIR) spec-
ra of the samples were recorded on a Perkin Elmer-Spectrum 2000
pectrophotometer operated between 400 and 4000 cm−1 in a KBr
edium.

. Results and discussion

The XRD pattern of Co-Polyaniline is as shown in Fig. 2. The
haracteristic peaks of Polyaniline are found to be in the lower
iffraction angle range. The partial crystalline nature of the polymer

s indicated by the presence of peaks for 2� values lying between
0◦ and 30◦. The peaks for Polyaniline are observed at 15.11◦, 19◦

nd 24.52◦. The characteristic peak of Co2O3 at 2� values of 31.23◦,
ue to (0 0 2) plane; Co at 2� values of 44.75◦, due to (1 1 1) plane;
o3O4 at 2� values of 36.73◦ are seen in the pattern. CoxOy phases
learly show oxidation of Co on dispersion in Polyaniline due to
Fig. 2. XRD spectra of Co nanocomposite dispersed in Polyaniline.
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ig. 3. Scanning electron micrograph (SEM) of Co-Polyaniline nanocomposite films
8.81 �m.

f 17 �m. A globular-like aspect consistent with the instantaneous
ucleation of the nanocomposite is observed at higher magnifi-
ation Fig. 3(e) for highest film thickness of 29 �m. Flower-like
tructure appears more frequently (Fig. 3(b)) whereas in Fig. 3(c)
ire-like structures are observed. Fig. 3(d) shows branching to the

ormed wires. The films show changes in morphology with increas-
ng thickness. The composite shows agglomeration of polymer for
igher thicknesses and porosity is seen for lower thicknesses. The
ores facilitate adsorption of water vapours in such composites.

ods and spherical shaped Co is seen in lower thicknesses, later on
ormed bigger rods and then looked like wires, which changed to
latelets. Fig. 3(e) shows rod-like structure. Polyaniline agglomer-
tes and also forms rods, chains and then platelet-like structures
ith increasing thicknesses.

b
o
i
p
s

fferent thicknesses (a) 17.26 �m, (b) 20.08 �m, (c) 23.57 �m, (d) 26.03 �m and (e)

The FTIR spectra of Co-Polyaniline nanocomposite is demon-
trated in Fig. 4. The peak at 814.41 cm−1

, is the characteristic
f paradistributed aromatic rings indicating polymer forma-
ion. C–H in plane and C–H out of plane, bending vibrations
ppear at 1126.8 and 685.34 cm−1, respectively. Aromatic C–N
tretching indicates appearance of the secondary aromatic amine
roup at 1303.29 cm−1. The bands in the vicinity of 1459.19 and
601.84 cm−1 corresponding to the benzoid ring and quinoid ring
odes respectively are of particular interest. The presence of these
ands clearly gives composition of insulating and conducting phase
f the polymer. Band at 3409.59 cm−1 is assigned to N–H stretch-
ng vibrations. Presence of these characteristics bands confirms the
resence of conducting ES phase in the polymer. The metal oxygen
tretching frequency of Co–O is at 568 cm−1 [4].
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Fig. 4. FTIR spectra of Co nanocomposite dispersed in Polyaniline.

The characteristic response of Co-Polyaniline nanocomposite as
function of relative humidity is revealed in Fig. 5. All the sensors

oughly exhibit three regions of sensitivity with very low sensitivity
t low humidity levels, increased sensitivity at medium humid-
ty levels and high sensitivity at the high humidity levels. At the
hickness of 23.57 �m the maximum sensitivity is seen. As the rel-
tive humidity increases the output voltage decreases. At a lower
umidity (20 to 40 RH%) the layer of hydroxyl groups is formed [4].
he water vapor molecules are chemisorbed through a dissocia-
ive mechanism by which two surface hydroxyl groups per water

olecule are formed. This does not change the transmission of light
hrough the film. Therefore at lower relative humidity the sensor
esponse is poor. At a higher humidity (60 to 80 RH%) the water
olecules get adsorbed on the wall of the pores. The light through

he film gets absorbed in proportion to the deposition of water
olecules on the pore walls, in turn the output voltage decreases.
or all the samples at higher humidity, around 80%RH, switch-
ng behavior is exhibited because of formation of water meniscus
n the film, which absorbs the incident light making transmitted
ntensity to be small.

ig. 5. Variation of the normalized output with respect to the humidity for different
hicknesses.
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ig. 6. Comparative study of humidity response for Polyaniline and Co-Polyaniline.

Though the thickness of the casted films is increased by adding
he solution layer-by-layer the transmitted intensity either at
igher or lower humidity is not affected. As layer-by-layer depo-
ition of film of Co-Polyaniline nanocomposite is done, with drying
f films after each deposition may also be responsible for the mor-
hology. The decrease in the output voltage with increase in the
elative humidity can also be attributed to the mobility of Co ions
hich are loosely attached to the polymer by weak Van der Waals’

orces of attraction. At low humidity, the mobility of Co is restricted
ecause under the dry conditions the polymer chains would tend
o curl up into a compact coil form. On the other hand, when water

olecules get absorbed, uncurling of compact foils into a straight
hain occurs. This changes the transmission properties of the film
hrough the effective refractive index of the film which increases
ith the increase in thickness giving less transmitted intensity of

ight. With increase in thickness, the surface morphology of the
lms is changing. The changes in surface morphology are creating
ore pores/channels for absorption of water. At higher thickness
ore water is absorbed which also absorbs the incident light. This

ituation favors the output voltage to decrease [12].
Fig. 5 shows typical responses, i.e. the change in transmitted

ight with RH% for various thicknesses. It is observed that the trans-
ission decreases with increase in RH%. From SEM, it is clear that

ower thicknesses have higher porosity and hence gives higher sen-
itivity. It is seen from Fig. 5 that the humidity response of the sensor
hows two or three different sensitivity regions. Above 80%RH,
here is a switching behavior. The abrupt change in the output is
ttributed to the absorption/scattering of light because of forma-
ion of water meniscus on the film. With the increasing thickness
rom 17 �m to 29 �m, the refractive index increases from 1.35 to
.47 decreasing transmission of light through the films (measured
y Able’s method). The sensitivity increases with increasing humid-
ty upto a thickness of 23 �m and decreases with further increase
n thicknesses. The thickness of 23 �m gives a maximum sensitiv-
ty (3.35 mV/%RH) having a fairly linear response, over the range of
0–80%RH. It is seen from Fig. 6 that the Co-Polyaniline nanocom-
osite is more sensitive to humidity in comparison to Polyaniline

lone. This clearly shows that Co nanoparticles play an important
ole in enhancing the humidity sensing.

The mechanism of oxidation and reduction is crucial in deciding
he increase or decrease in the output. The mechanism is explained
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ig. 7. Hysteresis result for 23.57 �m thickness for the best linear fit having film
rea 25 mm2.

y Jain et al. [13]. The transformation of one state to the other
tate occurs due to the oxidation–reduction process. It has been
videnced from NMR studies that such a proton transfer from a
olymer can take place in presence of water molecule. This transfer
an be described by the following acid–base reaction:

H2
+ + H2O → NH + H3O+

The role of water thus appears crucial for this mechanism. The
edox reactions in presence of humidity are therefore expected to
esult in the variation of output of Co-Polyaniline nanocomposite.

The fast response of the sensors can be attributed to the fast
enetration of water molecules into the film. The slow recovery in
he response is a result of the slow desorption process and capillary
orces [1]. The maximum response is evidenced for thickness of
3.57 �m which gives the maximum output voltage at the highest
umidity.

Hysteresis defined as the maximum difference in the two out-

uts (increasing and decreasing cycle) at the same RH level is
bserved to be nearly 1% for all of the thicknesses. The hystere-
is in the response at lower RH is a result of slow desorption of the
ater from the pores of the capillary. At higher humidity, the capil-

ig. 8. Repeatability result for 23.57 �m thickness for the best linear fit having film
rea 25 mm2.
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ig. 9. Reproducibility result for 23.57 �m thicknesses for the best linear fit having
lm area 25 mm2.

ary condensation occurs and forms a meniscus over the capillaries
f the film, which attributes to hysteresis and nonlinearity in the
esponse. Here, hysteresis for 23.57 �m thickness is shown in Fig. 7
hich is 1%.

The response and recovery time of the sensor is given
s 8 s and 1 min, respectively. The sensing response time of
ayer-by-layer (LbL) nano-assembly for deposition of ultrathin
oly(anilinesulfonic acid) (SPANI) films as reported by Nohria et al.
14] was 15 s. In this case the response is quite fast and the recovery
s slow.

The repeatability and the reproducibility of the optical humidity
ensor using Co-Polyaniline nanocomposite was found to be very
ncouraging for all the concentrations for 23.57 �m thickness is
hown in Figs. 8 and 9, respectively. About 1% uncertainty from
ycle to cycle and uncertainty of about 2% from sample to sample
s observed Figs. 8 and 9 indicate better repeatability and repro-
ucibility.

. Conclusion

A simple humidity sensor based on Co nanoparticles dis-
ersed in polyaniline in Toluene medium for various thicknesses is
eported. The sensor exhibits a fast response time (8 s) and recov-
ry time (60 s) with good repeatability, reproducibility and low
ysteresis effect. The humidity range covered is 20–95%RH using
wo-temperature method. The laser light can be replaced by a sim-
le LED with appropriate optics and electronics.
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a b s t r a c t

The additives (urea, biuret and poultry litter) present in alfalfa, which contribute non-proteic nitrogen,
were analysed using near infrared spectroscopy (NIRS) technology together with a remote reflectance
fibre-optic probe. We used 75 samples of known alfalfa without additives and 75 samples with each of
the additives, urea (0.01–10%), biuret (0.01–10%) and poultry litter (1–25%). Using the discriminant partial
least squares (DPLS) algorithm, the presence or absence of the additives urea, biuret and poultry litter is
classified and predicted with a high prediction rate of 96.9%, 100% and 100%, obtaining the equations of
discrimination for each additive. The regression method employed for the quantification was modified
partial least squares (MPLS). The equations were developed using the fibre-optic probe to determine
the content of urea, biuret and poultry litter with multiple correlation coefficients (RSQ) and prediction
corrected standard errors (SEP (C)) of 0.990, 0.28% for urea, 0.991, 0.29% for biuret and 0.925, 2.08% for
Detection
Quantification
Near infrared spectroscopy
Fibre-optic probe
A

poultry litter. The work permits the instantaneous and simultaneous prediction and determination of
urea, biuret and poultry litter in alfalfas, applying the fibre-optic directly on the ground samples of alfalfa.

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

. Introduction

Alfalfa (Medicago sativa) is one of the main forages produced
n the Mediterranean area. The alfalfas, especially the alfalfa hay,
equire systematic quality control, because their nutritive value
aries in relation to the quality of the initial raw material, conser-
ation, storage (fermentation, bacterial and fungal contamination)
nd adulteration with ingredients such as urea, biuret and poultry
itter among others [1], which are used as sources of nitrogen.

The legislation of the EU (Regulation CE, no. 1831/2003, 22
eptember 2003) [2] regulates the feed for cattle and the proce-
ures of feeding safety, which must be fulfilled; this legislation
ontrols the maximum content of urea and its derivatives con-
idered as “nutritional” additives for animal feed and which are
ntentionally added to fodder. The compounds which contribute
on-proteic nitrogen (NNP), such as ammoniac, urea, biuret and

oultry litter, can be used in forage in a certain quantity as a sub-
titute for protein, both in the fattening of bovines to produce meat
nd in the feeding of dairy cows and other animals. In the systems
f animal production, urea [3,4] is the best known exponent of NNP

∗ Corresponding author. Tel.: +34 23 294483; fax: +34 23 294483.
E-mail address: inmaglez@usal.es (I. González-Martı́n).
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039-9140/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2008.05.013
nd is widely used due to its easy obtainment and low cost; it is a
ompound with an approximate content of 46% nitrogen. It is rec-
mmended that not more than 1% of urea should be included in
he ration of ruminants in order to prevent the intoxication due to
xcess ammoniac in the rumen [5]; however, levels of incorporation
f 3% have been reported, with no signs of toxicity [6,7]; the urea is
dded to the alfalfa in silo storage. To this end, between 5 and 6 kg
f urea can be added per ton of material (i.e. 0.5–0.6% bulk weight)
t the time of filling the silo; this procedure is also employed with
he rest of the additives. Biuret is produced from urea by heating
nd contains 41% nitrogen. However, it is more expensive than urea
nd the animals require an adaptation period of between 2 weeks
nd 2 months [8–11]. The poultry litter, avian residue, adequately
reated can be utilised as a source of nutrients (proteins, fats, min-
rals, etc.) in animal feeding. In the case of alfalfas, added as dry
xcreta, the risks of possible contamination with bacteria and/or
ungi and the excess of minerals, such as copper, convert the use
f poultry litter into an extensive task for it to be trustworthy [12].
oultry litter contains total N (depending on the food ingested by

he birds) with a mean value of 19.3 mg/g dry weight and is used as
protein supplement in forages like alfalfa for ruminants [13–15]

nd for the content in P as a mineral source [16].
The former bibliographical antecedents [3,5,10] describe the

ffects on animals and the determination of the contents of N, P,
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bre, dry material, metabolizable energy, by wet chemical meth-
ds of reference when the additives that contribute non-proteic
itrogen are added to forages including alfalfa.

The methods used for determining parameters of interest in
lfalfa, such as total protein and the content in different minerals,
re tedious, slow and not very economically viable for application
n routine analyses [17,18]. The use of near infrared spectroscopy
NIRS) allows analytes to be determined with little or no sample
reparation. This technique has been used in forages such as alfalfa
o determine their quality [19,20], fibre and crude protein contents
21], digestibility [22], the changes that occur during silo storage
23], and after they have been subjected to a drying process [24].
t has also been used to determine the different nitrogen fractions
25] and mineral contents [26,27]. More recently NIRS technology
ith fibre-optic probe has been used [28,29], which permits the
etermination of vitamins, proteins, fat, humidity and mineralogi-
al elements in alfalfa. Works that use NIRS technology to quantify
he presence of additives, such as urea, biuret and poultry litter in
lfalfas have not been found.

The objective of this work is the use of NIRS technology with
bre-optic probe of remote reflectance for the detection and quan-
ification of the additives urea, biuret and poultry litter in alfalfas.

. Material and methods

.1. Samples

A set of 75 alfalfa samples were collected during 2004–2006.
heir composition in protein varied from 13.06% and 21.04%, with
mean and standard deviation of 18.84% and 1.50%, respectively.

he 75 samples of alfalfa of known origin were ground (grinder
NIFETEC 1095, FOSS Tecator, Höganäs, Sweden). An aliquot of each
f the 75 original alfalfa samples was spiked with the urea, biuret
nd poultry litter additives, such that for the experiments, we had
5 unspiked samples, 75 spiked with urea, 75 with biuret and 75
ith poultry litter. In the case of urea and biuret, the levels of enrich-
ent employed were 0.01, 0.1, 0.2, 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, 5.5, 7.0,

.5, 10 in percentage (weight/weight), with a minimum of five sam-
les for each enrichment level. In the case of poultry litter, a single
rigin was used and the level of enrichment was between 1 and
5% by weight, with levels of 1.0, 5.0, 10.0, 15.0, 20.0, 25.0%, with
minimum of 12 samples for each level (Table 1). The urea and

iuret are solids (Scharlau; Reactive degree ACS) and are mixed
irectly with the ground alfalfa. In the case of the poultry litter,

t is ground previously and later mixed with the alfalfa. The poultry
itter samples were not used as reference material; they came from
farm. The prepared samples, to the human eye, do not present any
nomaly, which permits the detection of the presence of any of the
dditives.

.2. NIR spectroscopy
A Foss NIR System 5000 with a standard 1.5-m, 210/7210 bundle
bre-optic probe, Ref no. R6539-A, was used. The probe employs a
emote reflectance system and uses a ceramic plate as reference.
he window is of quartz with a 5 cm × 5 cm surface area, measur-

able 1
rouping of training and calibration samples

omponents N Minimum Maximum Mean S.D.

rea 65 0.01 10.00 3.39 3.12
iuret 65 0.01 10.00 3.39 3.12
oultry litter 65 1.00 25.00 12.63 8.42

ercentage of additives added to the samples of alfalfa.
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ng reflectance in the IR zone close to 1100–2000 nm. The spectra
ere recorded at intervals of 2 nm, performing 32 scans for both the

eference and samples. To minimise sampling error, all the sam-
les were analysed in triplicate. The software used was Win ISI
.50.

.3. Chemometric techniques

For the qualitative analysis, a model of groups is developed and
he equations of discrimination by the algorithm discriminate par-
ial least squares (DPLS). The quantification is performed by the

ethod of lineal multivariate lineal calibration, modified partial
east squares (MPLS). For the qualitative analysis, supervised pat-
ern recognition refers to techniques in which a priori knowledge
bout the category membership of samples is used for classifica-
ion. Within the supervised methods, discriminatory analysis is
ased on the concept that a discriminatory function finds explicit
rontiers between classes and in this way the space is divided into
egions for each of the classes. It consists of two stages, the con-
truction of the discriminatory functions and determination of the
ules of classification.

To obtain the equations of discrimination, the algorithm dis-
riminate partial least squares (DPLS) [30] was used, which is a
ineal, parametric, discriminate method and permits the modelling
f classes (modelling classes); it has the advantage of being able to
andle collinear X-variables, missing data and noisy variables and
an deal with overlapped classes. The calibration method applied
o this procedure is PLS [31]. In this study for DPLS, PLS 2 was
sed in all cases. The PLS 2 was applied to the dummy variables
as many classes) with a value of 1 if an object was a member of a
lass and 0 if otherwise. To evaluate the model of discrimination,
t was performed by cross-validation; this method was conducted
s in normal PLS to test the accuracy of the discrimination [32,33].
he predicted values of dummy variables were transformed in the
ther scale, in this way; a limit to belong in a class was 1.5 as cut-
ff value. If the highest number is associated with the wrong group,
he result is a miss. The studies using DPLS for classification are few
or NIRS [34].

The quantification of the additives is performed by the modi-
ed partial least squares (MPLS) regression method. This was used
o obtain the NIR equations for all the parameters studied. Partial
east squares (PLS) regression is similar to principal component
egression (PCR), but uses both reference data (chemical, physical,
tc.) and spectral information to form the factors useful for fit-
ing purposes [35]. MPLS is often more stable and accurate than
he standard PLS algorithm. In MPLS, the NIR residuals at each
avelength, obtained after each factor has been calculated, are

tandardised (dividing by the standard deviations of the residu-
ls at each wavelength) before calculating the next factor. When
eveloping MPLS equations, cross-validation is recommended in
rder to select the optimal number of factors and to avoid overfit-
ing [36]. For cross-validation, the calibration set is divided into
everal groups; each group is then validated using a calibration
eveloped on the other samples. Finally, validation errors are com-
ined into a standard error of cross-validation (SECV) [37]. It has
een reported that the SECV is the best single estimate for the pre-
iction capability of the equation, and that this statistic is similar
o the average standard error of prediction (SEP) from 10 randomly
hosen prediction sets [38]. The cross-validation groups used were
ix for urea, biuret and poultry litter. The effects of scattering were

emoved using multiplicative scatter correction (MSC), standard
ormal variate (SNV), DeTrend (DT) or SNV–DT [39,40]. Moreover,
he mathematical treatments were tested in the development of
he NIRS calibrations, 2,4,4,1, where the first digit is the number
f the derivative, the second is the gap over which the derivative
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s calculated, the third is the number of data points in a running
verage or smoothing, and the fourth is the second smoothing [41].
he statistics used to select the best equations were RSQ (multiple
orrelation coefficients) and the standard error of cross-validation
SECV). Of the total of samples available in each case, 65 constitute
he training or calibration group (depending on whether classifi-
ation or quantification is the objective) and 10 samples are left to
xternally validate the models.

. Results and discussion

.1. Spectral information

The NIR spectra were recorded applying the fibre-optic probe
irectly to the samples of ground alfalfa, with and without residues.

n Fig. 1, the NIR spectra of the alfalfa are compared with those
f the additives urea, biuret and poultry litter, and the spectra of
he alfalfa with and without the presence of the additives. The NIR
pectra reflect the variability of the additives and their proportion,
hich permits their detection and quantification.

.2. Qualitative analysis

.2.1. Classificatory analysis
Firstly the modelling of the groups was carried out using the

IR spectral data and the discriminate analysis; thus the explicit
lgebraic models denominated DPLS were constructed. The train-

ng samples are constituted by the alfalfa samples with and without
dditives, as indicated in Table 1. The results of the modelling of
lasses of the groups considered are presented in Table 2; we can
onclude that by the NIR spectral information and the DPLS anal-
sis we can classify and predict the presence or absence of the

ig. 1. (a) Spectra of the alfalfa with and without the presence of additives. (b) NIR
pectra of the alfalfa with those of the additives urea, biuret and poultry litter.
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dditives urea, biuret and poultry litter individually or as a whole
some of the three additives simultaneously) with a high degree of
fficacy.

In the models separated by each additive in internal validation,
prediction rate is obtained (mean of 98.7% and in external vali-
ation 93.3%). When all the models are used together, that is, they
re classified globally, the three additives simultaneously, the pre-
iction rate is 96.9% in internal validation and 92.5% in external
alidation. The poorly classified samples of the individual compo-
ents are as follows: Always in the presence in internal validation,
wo samples with urea additive with an enrichment of 1%. In exter-
al validation: one sample with 0.1% urea additive. In the global
nalysis: two samples with 1% urea additive (the sample coincides
ith a poorly classified sample in the internal validation, individ-
al constituent) and two urea samples enriched at 0.5%; in external
alidation one sample with 0.5% urea enrichment.

Therefore, it can be concluded that the DPLS method can per-
orm the classification and predict the three additives in alfalfa
urea, biuret and poultry litter) with high prediction rates of 96.9%,
00% and 100%, indicating that it is an appropriate method of
lassification of additives in alfalfa with the spectral data. This
emonstrates that NIR spectroscopy and discriminate DPLS anal-
sis permit a clear differentiation between the samples with and
ithout additives.

The use of these discriminate models can be carried out in two
ays, systematically, applying it to all the samples before the quan-

ification of protein, developed in an earlier work [29], or if in the
etermination of protein the values of this parameter surpass the
abitual margins or the sample is eliminated because of spectral
riteria, H > 3, the discriminate analysis is used to classify and pre-
ict the presence or absence of some of the additives and later
uantify them.

.2.2. Equations of discrimination
The equations of discrimination are obtained by the algorithm

iscriminant partial least squares (DPLS) for each constituent, urea,
iuret and poultry litter (with 130 samples) and the global equation
with 260 samples) for the three samples simultaneously.

In Table 3 the number of samples of each group, the inter-
al of application in the equation of discrimination and the
tatistics, RSQ, SEC and SECV are presented, like the groups of
ross-validation and the factors PLS (this number is greater in this
ethod compared with normal PLS). The data are obtained with-

ut any mathematical treatment of the NIR spectra or scattering.
he results obtained indicate that the discriminate functions are
apable of predicting the pertinence of an object to one category
r another, quantitatively, with the statistics RSQ and SECV, are
ood in a regression and the percentage of samples are correctly
lassified.

.3. Quantitative analysis: calibration equations

A PCA analysis was carried out with the 65 samples of each group
f additives (urea, biuret and poultry litter). The risk of mistakes
n the equations under practical conditions is very low or almost
il when using the standardised H-statistic (Mahalanobis distance)
uring routine analysis of unknown samples; zero samples were
emoved for urea, two for biuret and two for poultry litter. In all
ases, the spectral variability explained was 99%, in each case taking
he following principal components as 6 for urea and biuret and 5

or poultry litter.

Calibrations were performed by modified partial least squares
egression (MPLS). Using the T ≥ 2.5 criterion, samples that were
ifferent from the population owing to chemical criteria were
emoved from the set. According to this chemical criterion, seven
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Table 2
Classificatory analysis: samples correctly classified (%)

Constituent Internal validation External validation

Presence Absence Presence Absence

Urea 96.9 95.4 90.0 80.0
Biuret 100 100 100 90.0
Poultry litter 100 100 100 100

A 93.8
Urea 90.0

80.0Biuret 100
Poultry litter 100
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ll the additives
Urea 93.8
Biuret 100
Poultry litter 100

amples were removed from the calibration set in the case of urea,
ve for biuret and four in the case of poultry litter.

The statistical parameters of the calibration equations for
ach additive in the alfalfa are shown in Table 4 where N, the
umber of samples used to obtain the calibration equation, is
resented after removing the samples for spectral (H criterion)
r for chemical reasons (T criterion). The best of the different
athematical treatments, concentration range, and standard devi-

tions for the presence of urea, biuret and poultry litter in alfalfa
re also shown. The results obtained indicate that it is possible to
etermine these parameters in alfalfa with broad applicability.

.4. Validation

.4.1. Internal validation (prediction)
Model evaluation was performed by cross-validation. In this

ethod, the set of calibration samples is divided into a series of
ubsets. In all cases, cross-validation was performed by splitting
he population into six groups. Of these, five were taken for the cal-
bration set and one for the prediction set. The process is repeated
s many times as there are sets, so that all pass through the calibra-
ion set and the prediction set. Using this process, we validated the

odel used and checked its prediction capacity. Fig. 2 shows the
orrelations of the values obtained at the laboratory with respect
o those predicted by NIR with a fibre-optic probe for urea, biuret
nd poultry litter in the alfalfa samples.

.4.2. Prediction capacity of the model
The prediction capacity of the model was assessed using the RPD

ratio performance deviation) parameter [42], defined as the rela-
ionship between the standard deviation of the chemical method
S.D. ref) and that of prediction in the NIR model (SEP). If the RPD
alue is greater than 2.5, it is assumed that the calibration model
s adequate. The RPD values obtained in ground samples for urea,
iuret and poultry litter (11.0, 11.1, 4.0) show that the NIR equations
btained can be applied to unknown samples.

From these data, it may be deduced that the NIRS technique,
sing a fibre-optic probe, is a good alternative for the determination
f the additives urea, biuret and poultry litter in alfalfa samples.

.4.3. External validation
We checked the robustness of the method by applying NIRS

echnology to 10 new samples that did not belong to the calibra-
ion group. The procedure was as follows: Spectra were recorded
n triplicate and the spectral mean was taken. Then, the calibration
quations obtained during the work were applied and the pre-
icted values were compared with the data on enrichment (%) of

he spiked alfalfa samples. The NIRS and chemical methodologies
ere compared for the three additives using the Student’s t-test

or paired values with these samples. The levels of significance
ere found to be 0.42 for urea, 0.66 for biuret and 0.33 for poultry

itter. The level of significance for all constituents was higher than

Fig. 2. Comparison of reference values with the values predicted by the calibration
equations for additives urea, biuret and poultry litter in alfalfa. RSQ, multiple corre-
lation coefficients; SEP, standard prediction error; SEP(C), standard prediction error
corrected by the bias.
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Table 3
Presence of additives in alfalfa: equations of discrimination

Components N S.D. Estimate RSQ SEC SECV Cross-validation group No. of fac PLS

Urea 130 0.5 0.0–1.5 0.755 0.247 0.326 6 17
Biuret 130 0.5 0.0–1.5 0.953 0.108 0.179 6 22
Poultry litter 130 0.5 0.0–1.5 0.934 0.128 0.202 6 19
Global 260 0.43 0.0–1.3 0.793 0.197 0.235 4 25

N, number of samples; S.D., standard deviation; RSQ, multiple correlation coefficients; SEC, standard error of calibration; SECV, standard error of cross-validation; PLS, partial
least squares.

Table 4
Determination of additives in alfalfa: calibration statistical descriptors for the NIR

Components N Mathematical treatment S.D. Estimate RSQ SEC SECV No. of fac PLS Cross-validation group RPD

Urea 58 SNV 2,4,4,1 2.97 0.00–11.90 0.990 0.29 0.59 7 6 11.0
Biuret 58 None 2,8,6,1 3.22 0.00–12.99 0.991 0.31 0.45 8 6 11.1
Poultry litter 59 Detrend 1,4,4,1 8.19 0.00–38.08 0.9

N, number of samples; SNV, standard normal variate; S.D., standard deviation; RSQ, multi
of cross-validation; PLS, partial least squares; RPD, ratio performance deviation.

Table 5
Determination of additives in alfalfa: external validation of the calibration model
(10 samples)

Components P (level of significance) Residual mean RMSE

Urea 0.42 0.78 1.17
B
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iuret 0.65 0.54 0.76
oultry litter 0.33 4.64 6.31

MSE, root mean standard error.

.05 (chosen as the minimum); i.e., there were no differences
etween the results obtained; thus it may be concluded that the
ethod provides significantly equal data to the starting reference

ata. Table 5 shows the results obtained in the external valida-
ion, the means of the residuals, and the root mean standard error
RMSE) values. Our findings show that the analytical method dis-
ussed – employing a fibre-optic probe and measuring the samples
y direct application of the probe – is rapid, does not require sample
reatment and can be used to monitor the urea, biuret and poultry
itter parameters in alfalfas.

. Conclusions

The results show that the analytical method discussed, employ-
ng a fibre-optic probe with which NIR spectra were measured
y applying the fibre-optic probe directly on ground samples, in
irect contact with the sample, is rapid and non-contaminant. This
ethod can be used for monitoring alfalfa quality. In summary, it
ay be concluded that the NIRS technique with a fibre-optic probe

s suitable for detection and quantification of additives (urea, biuret
nd poultry litter) in alfalfa samples, with limits of detection (the
inimum amount that can be classified as positive by DPLS) of

.01% for urea, 0.01% for biuret and 1% for poultry litter.
The work permits the instantaneous and simultaneous deter-

ination of urea, biuret and poultry litter in alfalfas, applying the
bre-optic probe directly to the samples, thereby affording faster
nalysis times because sample preparation is minimal or unneces-
ary.
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29] I. González-Martı́n, J.M. Hernández Hierro, J.M. González Cabrera, Anal. Bioanal.
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chiral selector (CS) for the enantiomer separation of a series of dansyl amino and arylalkanoic acids using
high performance liquid chromatography (HPLC). In this paper, this CS was immobilized to the surface of
a monolithic support and the enantioselectivity and the performance of this novel column are discussed.

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

The separation and analysis of chiral compounds is an area of
ncreasing interest and high performance liquid chromatography
olumns containing immobilized chiral selector (CS) [1] have a
reat potential for optical resolution of such compounds. The chiral
elector commonly used include amino acids [2,3], proteins [4–7],
rown ethers [8–9], oligo and polysacharides [10–12] or macro-
yclic antibiotics [13–15]. In a previous paper, a novel macrocyclic
hiral selector synthesized in our laboratory was dissolved in the
obile phase [1]. This CS demonstrated to be effective in the sep-

ration of a great number of enantiomer pairs [1]. In this paper,
his novel CS was immobilised on a monolithic support and the
nantioselective properties of the resulting material was inves-
igated using d,l-dansyl amino and arylalkanoic acids as model
ompounds.

. Materials and methods

.1. Apparatus
The HPLC system for these measurements consisted of a Merck
itachi pump L7100 (Nogent sur Marne, France), an Interchim
heodyne injection valve model 7125 (Montluçon, France) fitted

∗ Corresponding author. Tel.: +33 3 81 66 55 44; fax: +33 3 81 66 56 55.
E-mail address: yves.guillaume@univ-fcomte.fr (Y.-C. Guillaume).
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039-9140/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2008.05.014
ith a 20 �L sample loop injection, and a Merck L4500 diode
rray detector. The column used was an Interchim C1 monolithic
100 mm × 4.6 mm i.d.) under controlled temperature conditions
25 ◦C) in an interchim TM 701 oven (Montluçon, France). The detec-
ion wavelength was fixed at 254 nm.

.2. Solvents and samples

Water was obtained from an Elgastat option I water purifica-
ion system (Odil, Talant, France) fitted with a reverse osmosis
artridge. Methanol, analytical grade, was provided by Prolabo
Paris, France). Sodium hydrogen phosphate and potassium dihy-
rogen phosphate were obtained from prolabo (Paris, France) and
he mobile phase consisted of a phosphate buffer (at pH 5.60).
his phosphate buffer was prepared by mixing 10 mL of sodium
ydrogen phosphate (0.06 M) and 190 mL of potassium dihydrogen
hosphate. The chiral selector was synthesized as described in a
revious paper [1]. Sodium nitrate was used as a dead time marker
Merck, Saint Quentin Fallavier, France). Dansyl amino acids (i.e.,
ansyl-alanine (dan-ala), dansyl-valine (dan-val), dansyl-norvaline
dan-nor), dansyl-leucine (dan-leu), dansyl-phenylalanine (dan-
he), dansyl-tryptophane (dan-try)) and arylalkanoic acids, i.e.,
todolac (eto), flobuphen (flo), ibuprofen (ibu), flurbiprophen (flu),

aproxen (nap), sulindac (sul), racemic standard compounds and D-
nantiomers were purchased from Sigma–Aldrich (Saint Louis, MO,
SA). The molecular structure of the arylalkanoic acids is given in
ig. 1. Sample solutions were separately prepared at concentrations
f 5 mM in the phosphate buffer. All samples and mobile phases
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Table 1
Retention factor, k, of the D-enantiomer, and enantioselectivity ˛ for the compound
analysed in this study

Compound k ˛

dan-ala 4.71 1.32
dan-val 5.04 1.31
dan-nor 8.24 1.34
dan-leu 7.00 1.33
dan-phe 7.95 1.20
dan-try 6.10 1.18
Eto 4.01 ≈0
Flo 13.10 1.44
Flu 14.89 1.41
Ibu 12.50 1.43
Nap 10.20 1.54
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the retention factor increased in the order: dan-ala < dan-val < dan-
try < dan-leu < dan-phe < dan-nor.

For the arylalkanoic acids, and for each enantiomer (D or L), the
retention order increased in the order: eto < sul < nap < ibu < flo < flu.

Table 2
Chromatographic parameters of naproxen (d-naproxen retention factor (k), enan-
tioselectivity, (˛) asymmetry factor (As)) on the chiral column at different flow-rate

Flow-rate (mL/min) k ˛ As

0.5 10.19 1.54 1.20
0.8 10.21 1.53 1.19
Fig. 1. Arylalkanoic acid molecular structure.

ere filtered with 0.45 �M syringe filter discs (Whatman, Clifton,
J, USA) and degassed by sonification. Twenty microliters of each

ample were injected in triplicate and the retention times were
easured.

.3. Chiral selector immobilisation via physical absorption
The in situ process, which consists of the attachment of the
hiral selector (CS) directly in pre-packed columns, was used to
mmobilize the CS to create the chiral column. The physical absorp-
ion was carried out on the C1 stationary phase by hydrophobic
nteraction. The immobilisation was carried out at a pH 5.60. At

1
1
1
2

M

ul 6.58 ≈0

obile phase: phosphate buffer (pH 5.60, M/15), T = 25 ◦C, mobile phase flow-rate
mL/min.

oom temperature, the interchim C1 monolithic stationary phase
100 mm × 4.6 mm i.d.) was connected to the HPLC system. The chi-
al selector solution (2 g/L) in (M/15) phosphate buffer (pH 5.60)
ontaining 0.5 M of sodium chloride was recycled through the col-
mn at a flow rate of 0.5 mL/min until saturation. Thereafter, the
olumn was washed with (M/15) phosphate buffer (pH 5.60). The
mount of CS bound to the column was determined from the HPLC
nalysis of the fractions collected at the column outlet during the
ercolation of the CS and the washing steps.

. Results and discussion

From the retention time obtained, the retention factor (k) of all
he enantiomers were determined for a phosphate buffer pH 5.6
0.06 M). All the experiments were repeated three times. The pre-
isions of retention times of each enantiomer was characterised by
elative standard deviation (R.S.D.) values comprised between 0.10
nd 0.30%. The variation coefficients of the k values were less than
% in most cases, indicating a high reproducibility and good sta-
ility for the chromatographic system. The stability was tested by
omparing the d-naproxen retention factor during the study and
hen after more than 4 months under the same conditions. The

aximum relative difference between retention time of this com-
ound was never more than 0.6% proving the stability of the column
uring an extended period of time. The chromatographic parame-
ers – retention factor (k) selectivity (˛) – of the racemic mixtures
ested are presented in Table 1. The chromatograms of dan-nor, dan-
ryp, flu and nap are depicted in Fig. 2. For each solute molecule
he L-enantiomer was more retained than the D-enantiomer. For
he dansyl amino acid series, and for each enantiomer (D or L)
.0 10.22 1.55 1.22

.2 10.20 1.56 1.21

.5 10.21 1.53 1.20

.0 10.23 1.53 1.19

obile phase: phosphate buffer (pH 5.60, M/15), T = 25 ◦C.
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Table 3
Retention factor, k, of d-naproxen and enantioselectivity factor, ˛, for the naproxen molecule on the chiral column at different methanol fraction (v/v) in the mobile phase
(phosphate buffer (pH 5.60, M/15)) and with different injection number, T = 25 ◦C

Injection number 0.10 (v/v) 0.15 (v/v) 0.20 (v/v) 0.25 (v/v) 0.30 (v/v) 0.40 (v/v)

k ˛ k ˛ k ˛ k ˛ k ˛ k ˛

100 8.52 1.43 7.21 1.34 6.12 1.20 5.09 1.15 4.10 1.10 3.22 1.03
200 8.52 1.43 7.22 1.35 6.11 1.21 5.09 1.14 4.09 1.09 3.22 1.02
300 8.53 1.41 7.21 1.33 6.12 1.22 5.08 1.15 4.07 1.08 3.21 1.00
400 8.53 1.42 7.23 1.35 6.10 1.20 5.07 1.14 4.05 1.09 3.18 1.00
500 8.52 1.43 7.21 1.34 6.12 1.21 5.06 1.13 4.04 1.08 3.15 1.00
600 8.53 1.42 7.22 1.33 6.11 1.20 5.06 1.12 3.98 1.09 3.00 1.00
700 8.54 1.41 7.21 1.35 6.12 1.22 5.05 1.11 3.97 1.07 2.95 1.00
800 8.52 1.42 7.22 1.34 6.12 1.21 5.04 1.13 3.89 1.07 2.90 1.00

1
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900 8.54 1.41 7.21 1.35 6.11
000 8.52 1.40 7.22 1.34 6.12

obile phase flow-rate 1 mL/min.

These results were in accordance with those obtained in a previ-
us paper [1]. Indeed, the overall association of the enantiomer-CS
epended, at least in part, on the overall hydrophobic interac-

ion between the enantiomer and the methyl group of the chiral
elector. In addition, the shape of the side chain R for the dansyl
mino acid series for example participated in the overall associa-
ion mechanism [1]. From a chiral discrimination point of view, for

ig. 2. Chromatographic enantioseparation of (a) dan-nor; (b) dan-tryp; (c) flu; (d)
ap. Mobile phase: phosphate buffer (M/15) (pH 5.6); flow rate 1 mL/min; T = 25 ◦C.
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1.22 5.05 1.14 3.87 1.07 2.92 1.00
1.21 5.03 1.11 3.86 1.06 2.93 1.00

he aliphatic amino acids dan-ala, dan-val, dan-nor, dan-leu) the
nantioselectivity remained relatively constant around 1.31. As it
as observed previously when the CS was dissolved in the mobile
hase [1], for the aromatic dansyl amino acids (dan-phe, dan-try) a
ecrease of the enantioselectivity was observed (around 1.20). For
he arylalkanoic acid derivatives, the nap molecule presented the
ighest separation (1.54). flo, flu and ibu presented an intermediate
eparation around 1.40. No separation of sul and eto enantiomers
as observed in accordance with previous results obtained when

he CS was dissolved in the bulk solvent [1]. An important feature
f monolithic supports is their ability to operate at high flow-rate
egardless of column back pressure, this is intrinsically not possible
ith particulate columns because by operating at flow-rate higher

han 1.0 mL/min a high column back pressure would result. Focus
as therefore given to the evaluation of this column with respect

o speed of eluent flow. d-naproxen was used as a probe to demon-
trate that this novel chiral column can operate at high flow rate
ithout a significant loss in enantioselectivity Table 2. A decrease in

etention and enantioselectivity was observed, for all solutes, when
he methanol fraction increased in the bulk solvent. An example
as given in Table 3. This behaviour suggested that both retention

nd enantioselectivity mechanisms were depended on hydropho-
ic effects and confirmed a competition effect for the binding with
he chiral selector between the enantiomer and methanol added in
he mobile phase. In addition, Table 3 showed the stability of the
olumn when the methanol fraction in the mobile phase was lower
han 0.25 (v/v). Over a methanol fraction in the mobile phase equal
o 0.25 (v/v) the retention decreased when near 400 injections were

ade. This behaviour can be explained by a possible desorption
f the CS on the chromatographic support for a methanol fraction
0.25 (v/v). These results indicated that a mobile phase containing a
ethanol fraction lower than 0.25 (v/v) guaranteed a long lifetime

nd correct peak shape.

. Conclusion

This newly developed chiral stationary phase was success-
ully used for enantioseparations combining the chiral recognition
roperties of the cyclic hexapeptide molecule and the unique prop-
rties concerning the flow behaviour of silica monoliths. This work
emonstrated that this CS monolithic column can operate at high
ow rate without a significant loss of enantioselectivity. Conse-
uently, faster enantioseparations can be achieved making the
repared supports of interest for high-throughput separations.
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b Department of Analytical Chemistry, Lund University, P.O. Box 124, SE-221 00 Lund, Sweden
c Prosthetic Dentistry, Faculty of Odontology, Malmö University, SE-205 06 Malmö, Sweden
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a b s t r a c t

Lactoperoxidase (LPO) is an enzyme, which is used as an antimicrobial agent in a number of applications,
e.g., food technology. In the majority of applications LPO is added to a homogeneous product phase or
immobilised on product surface. In the latter case, however, the measurements of LPO activity are seldom
reported. In this paper we have assessed LPO enzymatic activity on bare and protein modified gold surfaces
by means of electrochemistry. It was found that LPO rapidly adsorbs to bare gold surfaces resulting in an
amount of LPO adsorbed of 2.9 mg/m2. A lower amount of adsorbed LPO is obtained if the gold surface is
exposed to bovine serum albumin, bovine or human mucin prior to LPO adsorption. The enzymatic activity
of the adsorbed enzyme is in general preserved at the experimental conditions and varies only moderately
BSA
MUC5B
Ellipsometry
G

when comparing bare gold and gold surface pretreated with the selected proteins. The measurement of
LPO specific activity, however, indicate that it is about 1.5 times higher if LPO is adsorbed on gold surfaces
containing a small amount of preadsorbed mucin in comparison to the LPO directly adsorbed on bare
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old electrode gold.

. Introduction

Lactoperoxidase (LPO) is an enzyme, which has been recognised
s one of the innate antimicrobial proteins in addition to lectins,
ysozyme, lactoferrin and secretory peroxidases. LPO from bovine

ilk is a medium size heme-containing protein comprising a sin-
le polypeptide chain of 612 amino acids. The molecular mass of
he enzyme ranges from 74.5 to 79.2 kDa depending on the degree
f glycosylation, which might span from 6.4 to 11.5% of the total
ass [1]. At neutral pH LPO is positively charged due to a pI rang-

ng from 8.5 to 9.3. The catalytic reaction of LPO can be described
y conventional peroxidase reaction Eqs. (1–3), where Compound-
and Compound-II are two- and one-electron oxidised forms of

PO, respectively. AH* represents a one-electron oxidised reducing
gent. The catalytic mechanism of the enzyme is, however, much
ore complicated. LPO shows, e.g., catalase activity [2]. One of the

ot well-understood phenomena is the relatively low stability of

Abbreviations: LPO, lactoperoxidase; BSM, bovine submaxillary mucin; BSA,
lbumin bovine serum; MUC5B, human salivary high molecular weight mucin; ABTS,
,2-azinobis-(3-ethylbenzthiazoline-6-sulfonate).
∗ Corresponding author at: Biomedical Laboratory Science and Technology, Fac-
lty of Health and Society, Malmö University, SE-205 06 Malmö, Sweden.
el.: +46 76 828 3664; fax: +46 46 222 4544.
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PO already at low (�M) concentrations of peroxide, whereas the
nzyme has been found to be structurally stable at room tempera-
ures [3].

PO(Fe3+) + H2O2 → Compound-I + H2O (1)

ompound-I + AH2 → Compound-II + AH∗ (2)

ompound-II + AH2 → LPO(Fe3+) + AH∗ + H2O (3)

Despite the relatively low stability of LPO, the enzyme is of high
nterest for its involvement in the mammalian defence system.
he basic antimicrobial principle of action is due to LPO assisted
eneration of halogens (e.g., I2) and pseudohalogens (e.g., (SCN)2),
hich react with and inactivate the proteins of bacterial cells. The

acteriostatic or bactericidal effects of LPO-H2O2-SCN− and LPO-
2O2-I−, respectively, have been demonstrated [4]. Following the
urrent understanding of how LPO acts as antimicrobial agent a
umber of LPO applications have been proposed in biotechnol-
gy, food technology and biomedical technology (e.g., oral hygiene
roducts and salivary substitutes) [5,6]. The majority of the appli-
ations rely on the addition of LPO to a homogeneous product

hase or immobilisation of LPO on the surface, e.g., of a packaging
aterial [7] or dental (titanium) implants [8]. The development of

ew methods on how LPO could be introduced into different prod-
cts is continuously evaluated; one of the recently demonstrated
xamples describes a possibility of a multilayer assembly of LPO
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n combination with other proteins using layer-by-layer deposi-
ion [9]. In this and other applications, where LPO is adsorbed on
surface, the measurements of the enzymatic activity would be of

he high interest. Within the present article we describe electro-
hemical LPO-activity measurements on gold surfaces. The ability
f the enzyme to oxidise phenolic compounds, specifically catechol,
s exploited for the enzyme activity measurements. The activity of
PO adsorbed on gold is compared to LPO co-adsorbed with other
roteins.

. Experimental

.1. Chemicals

Na2HPO4, NaH2PO4, CaCl2, NaCl, H2O2, H2SO4, K4[Fe(CN)6],
,2-azinobis-(3-ethylbenzthiazoline-6-sulfonate) (ABTS), catechol,
ydroquinone, phenol, p-cresol, and hexaamineruthenium(II)
hloride of analytical or higher grade were obtained from
igma–Aldrich Sweden AB (Stockholm, Sweden). Deionized water
18 M�) used for preparation of all solutions was purified with a
URELABTM UHQ system (ELGA LabWater, UK).

.2. Proteins

Bovine lactoperoxidase (LPO) (L8257, from bovine milk), bovine
ucin (BSM) (M3895, from bovine submaxillary glands, Type I-S),

nd bovine albumin (BSA) (A8531, from bovine serum) were pur-
hased from Sigma–Aldrich. Human salivary high molecular weight
ucin (MUC5B) was purified from collected saliva according to
ickstrom et al. [10] and dialyzed using a Spectra/Por® Dialysis
embrane, MWCO: 6–8000 from Spectrum Europe (Breda, The
etherlands) according to Lindh et al. [11]. All protein solutions
ere prepared freshly before each experiment.

The specific activity of lactoperoxidase in homogeneous
olutions towards different substrates was determined spec-
rophotometrically in 10 mM phosphate buffer, pH 7.0 containing
00 mM NaCl using a Ultrospec II Biochrom “LKB” (Bromma,
weden) spectrophotometer. The absorbance change at differ-
nt wavelengths was measured at 25 ◦C for 60 s, viz. ABTS
� = 420 nm, ε = 36000 M−1 cm−1) and K4[Fe(CN)6] (� = 420 nm,
= 1040 M−1 cm−1). One unit of activity is defined as the amount of

actoperoxidase oxidising 1 �mol of substrate per min at room tem-
erature (approximately 21 ◦C). Specific activities are expressed as
nits of activity per mg of protein.

.3. Gold surfaces

The gold substrates were manufactured in a Balzers UMS 500 P
ystem by electron-beam deposition of 2000 Å of gold onto silicon
1 0 0) wafers, precoated with a 25-Å-thick titanium adhesion layer
Laboratory of Applied Physics, Linköping University, Sweden).
rior to each experiment the gold surface was cleaned electrochem-
cally in 0.5 M H2SO4 by means of cyclic voltammetry.

.4. Ellipsometry measurements

The adsorption of proteins on to gold surfaces was studied with
n situ ellipsometry using a Rudolph thin film automated ellip-
ometer (type 43063-200E, Rudolph Research, Fairfield, NJ, USA)

quipped with a xenon lamp. With a fixed angle of incidence (67.8◦)
he light was detected at 442.9 nm employing an interference filter
ith ultraviolet and infrared blocking (Melles Griot, Netherlands).

he gold surface was vertically mounted into a glass trapezoid
uvette (Hellma, Germany) containing 5 mL of solution, which was

h
f
e

6 (2008) 1159–1164

hermostated at 25 ◦C and stirred using magnetic stirrer with rota-
ion speed of 325 rotations per minute. In order to determine
he refractive index of the surface, prior to each measurement, a
wo-zone surface characterization in buffer solution was carried
ut. After a stable baseline was acquired, protein stock solutions
ere added to the cuvette containing 10 mM phosphate buffer
ith 100 mM NaCl and 1 mM CaCl2, pH 7.0 and formation of the

dsorbed protein film was monitored. In the case of LPO the adsorp-
ion was carried out for 60 min from a 10 �g/mL enzyme solution,
hich corresponds to the concentration presents in human saliva

4]. Combined protein layers with lactoperoxidase were realised by
0 min preadsorption from solutions containing 50 �g/mL of BSM,
SA or MUC5B, respectively. In addition, a lower concentration of
UC5B (0.5 �g/mL) was also investigated. Each protein adsorption
as followed by 5 min cuvette rinsing with phosphate buffer at a

ontinuous flow of 18 mL/min and monitoring for 15 min before
he LPO addition. After LPO adsorption the cuvette was rinsed for
min and monitored for 30 min. From ellipsometric data the thick-
ess and the adsorbed amount was calculated using the value of
.18 mL/g [12] as a refractive index increment (dn/dc) with pro-
ein concentration. All ellipsometry experiments were performed
t least in duplicate.

.5. Electrochemical studies

.5.1. Cyclic voltammetry
Electrochemical cleaning of the gold surfaces was carried out

n 0.5 M H2SO4 by means of cyclic voltammetry, i.e., by sweeping
he applied potential between 0 and 1.9 V vs. NHE with scan rate of
00 mV/s for 30 min. A three-electrode potentiostat (AMEL Instru-
ents, Model 2059, Milano, Italy) with a SCE as a reference and

latinum as a auxiliary electrode was used. An electroactive area of
old electrodes was determined electrochemically via analysis of
he current peak that was due to the electrochemical reduction of
urface bound gold oxide. The method is based on the assumption
hat a monolayer of oxygen is chemisorbed onto the gold film in
relation of 1:1 with the surface gold atoms. Thus integration of

he area of the reduction peak from a current–potential plot pro-
ided the charge passed during the gold oxide reduction. The value
as related to the theoretical value (390 ± 10 �C) required for the

overage of 1 cm2 of polycrystalline gold with oxide film [13].

.5.2. Amperometry
In all experiments, a one-compartment electrochemical cell

volume of 10 mL) was used. The equilibrium current values were
egistered under aerobic conditions at room temperature. A two-
lectrode system with the enzyme-modified electrode as a working
lectrode and a silver wire as a combined reference and counter
lectrode was connected to a potentiostat (ZPta Elektronik, Höör,
weden). The current responses were recorded on a strip chart
ecorder (Kipp & Zonen, Delft, The Netherlands). The applied poten-
ial was −50 mV in the supporting electrolyte: 10 mM phosphate
uffer, pH 7.0 with 100 mM NaCl and 1 mM CaCl2. The error bars
resented on figures correspond to the highest and the lowest mea-
ured values, whereas each data point represents the average of
hree independent measurements.

. Results and discussion

.1. Adsorption of lactoperoxidase on bare gold surfaces
Previous investigations on lactoperoxidase adsorption on
ydrophilic and hydrophobic silica have shown very high LPO sur-
ace affinity and formation of a monolayer at low (0.5 �g/mL)
nzyme concentrations [14]. Higher adsorbed masses, up to
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ig. 1. Schematic representation of electroreduction of LPO-produced o-quinone at
gold electrode.

.2 mg/m2 of LPO depending on enzyme concentration in solution,
ere obtained on hydrophilic surfaces [15]. One problem with silica

urfaces is that it is difficult to measure the activity of the adsorbed
nzyme, which is of obvious importance for the development of
ntimicrobial surfaces. In this work LPO adsorption was studied
n gold substrates which due to the electrical conductivity provide
ossibilities to measure the activity of surface bound LPO by elec-
rochemical means, as illustrated by Fig. 1 (described in Section 3.3),
ased on our earlier electrochemical studies of peroxidases [16,17].

LPO is an asymmetric, oval molecule of dimensions
5 Å × 81 Å × 78 Å and a partial specific volume of 0.721 mL/g
14]. Keeping in mind these geometric characteristics of the
nzyme Mårtensson et al. [14] have proposed two models for
olecular organization of LPO on hydrophilic and hydrophobic

ilicon dioxide surfaces, i.e., “side-on” and “end-on” orientation.
n average thickness of 33 Å of a lactoperoxidase layer on gold
as estimated from our ellipsometric measurements, Fig. 2. The
nal value of the adsorbed amount of 2.9 mg/m2 corresponds

o 4466 Å2 per LPO molecule, which is practically the same as
he area occupied by the “end-on” adsorbed enzyme molecule,

5 Å × 81 Å = 4455 Å2. Data in Fig. 2 show that adsorption of LPO
n gold is a rapid process and is finished within 10–15 min. The
pparent lack of adsorption reversibility and very small desorption
f the protein from the surface can also be observed, Fig. 2.

ig. 2. Adsorbed amount (�) and thickness (×) versus time of adsorption of LPO on
gold electrode surface. Arrows indicate protein addition or rinsing with phosphate
uffer (R).
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ig. 3. Adsorbed amount (�) and thickness (×) versus time of adsorption for sequen-
ial adsorption of BSM and LPO on a gold electrode surface. Arrows indicate protein
ddition or rinsing with phosphate buffer (R).

.2. LPO adsorption on gold surface with other pre-adsorbed
roteins

The gold surface was modified with other proteins (BSM, BSA
r MUC5B) and the subsequent adsorption of lactoperoxidase was
tudied. The most important question was to understand if the
SM-LPO, BSA-LPO, or MUC5B-LPO layers will show substantial
ifferences in the specific activity or stability of the peroxidase as
ompared to LPO adsorbed directly on gold.

.2.1. LPO adsorption on Au-BSM surface
Bovine mucin from the submaxillary glands exhibits structural

roperties similar to some salivary mucins, e.g., MUC7 (MG2). It is
nown that from synergistic interactions BSM can form complexes
ith other proteins [18,19]. Castillo et al. [20] have proposed the

hree-layer model for the in vitro bovine mucin adsorption on the
urface of a contact lens with the top layer consisting of BSM gel lay-
rs capable of desorption. The proposed model confirmed previous
n situ studies on the adsorption of BSM at solid/liquid interfaces
howing the presence of a loosely bound mucin layer in addition to
rreversibly bound BSM [21]. In general, a surface bound BSM layer
s considered to be much softer than a rigid layer of surface bound
SA [19].

In the present investigation it has been observed, that after BSM
dsorption on gold, the amount as well as the thickness of adsorbed
ovine mucin decreased slightly with time (Fig. 3.), achieving an
pproximate surface concentration of 1.6 mg/m2 after rinsing with
hosphate buffer. The decrease of initially adsorbed amount of BSM
robably indicates that the thick layer of BSM is composed of both
trongly and weakly bound glycoprotein molecules where the latter
re removed upon protein rearrangement at the surface. Subse-
uent addition of lactoperoxidase to the mucin layer resulted in an
ncrease in the total adsorbed amount on the gold surface. However,
PO adsorption simultaneously leads to a reduction of the thick-
ess of the film. A noticeable compaction of the protein bi-layer
ay be expected by the incorporation of LPO molecules into the
ucin layer. Similar compaction behaviour of a surface bound BSM

ayer was previously observed upon subsequent addition of BSA
19] or chitosan [22]. The adsorption conditions might be of high

mportance in determining the interactions between biopolymers
t surfaces since a swelling of an adsorbed BSM layer upon subse-
uent adsorption of chitosan has been also reported [23,24]. The
tructural changes of the BSM layer upon LPO adsorption might be
consequence of electrostatic interactions between the oppositely
harged bovine mucin and the bovine LPO.
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order of magnitude below what could be expected from diffusion-
controlled currents, allows us to consider the responses as being
kinetically limited. Thus, electrochemical current measurements
can be used to estimate the specific activity of adsorbed LPO accord-
ig. 4. Adsorbed amount (�) and thickness (×) for sequential adsorption of BSA and
PO on a gold electrode surface. Arrows indicate protein addition or rinsing with
hosphate buffer (R).

.2.2. LPO adsorption on Au-BSA surface
Bovine serum albumin was used as a control as it is used in

urface preparations or as a “blocking agent” in ELISA methods or
iosensor applications. Earlier studies of the adsorption of BSA on
old and stainless steel have shown that albumin adsorbs strongly
n metals [25]. The adsorption profile of BSA on the gold surface
nd sequential LPO adsorption is presented in Fig. 4. A thin albumin
ayer remained on the surface despite buffer rinsing and an increase
f adsorbed amount and of the film thickness was observed after
PO adsorption. A substantial difference between LPO adsorption
n Au-BSA (Fig. 4) can be seen compared to LPO adsorption on Au-
SM surfaces (Fig. 3).

.2.3. LPO adsorption on Au-MUC5B surface
Iontcheva et al. [26] have shown that human salivary mucin

G1 (MUC5B) selectively forms hetero-complexes with amylase,
roline-rich proteins, statherin, and histatins. Further molecular
apping of statherin- and histatin-binding domains in human

alivary mucin MG1 by the yeast two-hybrid system has been
tudied [27]. Wickstrom et al. [28] demonstrated macromolecu-
ar organization of saliva and identification of “insoluble” MUC5B
ssemblies and non-mucin proteins in the gel phase. It has ear-
ier been reported that MUC5B and lactoperoxidase can be used
o build multilayers on hydrophobic and hydrophilic silica surfaces
9]. In our studies human salivary mucin (MUC5B) adsorption on
gold surface has been investigated (Fig. 5). Two different mucin

oncentrations in the reaction solution: 50 �g/mL and 0.5 �g/mL
ave been tested. For the higher MUC5B concentration, amounts
dsorbed of over 3 mg/m2 have been obtained, which can be com-
ared to 2.5 mg/m2 previously observed at hydrophobized silica
11]. However, a small decrease in this value and in layer thick-
ess can be seen after buffer rinsing. Sequential addition of LPO
id not significantly change the ellipsometric parameters of the
lm indicating no or minor LPO adsorption. Therefore, adsorption

rom a 100 times lower concentration of MUC5B solution was used
o modify the gold surface. A much lower MUC5B adsorption was
bserved, which was followed by the highest adsorbed amount
f LPO recorded in the present study, in fact the amount of LPO
dsorbed is close to the value recorded for pure gold which might
e expected due to the small amounts of MUC5B adsorbed.
.3. Activity measurements of immobilised lactoperoxidase

The enzymatic activity of surface bound LPO was evaluated
rom measurements of the current generated by electrochem-
cal reduction of the enzymatically oxidised electron donor as

F
p
p
A
p

uman mucin (MUC5B) and LPO on gold surfaces at two (�, ×: 50 �g/mL and ©,
: 0.5 �g/mL) concentrations of MUC5B (adsorbed amount (�, ©) and thickness

×, ) versus time). Arrows indicate protein addition or rinsing with phosphate
uffer (R).

hown in Fig. 1. The feasibility of current measurements has been
ested with electron donors (called electron transfer mediators)
uch as ABTS, K4[Fe(CN)6], hydroquinone, phenol, p-cresol, hex-
amineruthenium(II) chloride, and catechol. The highest current
esponse has been achieved with catechol. Therefore the activity
f LPO adsorbed on various surfaces was monitored electrochem-
cally using catechol. From Fig. 6 significant differences in current
esponses (presented as current densities) can be observed at dif-
erent electrodes. The current response varied between 0.2 and
.5 �A/cm2, being the highest from LPO adsorbed on gold, modified
ith a low amount of MUC5B. The current response is proportional

o the activity of the enzyme and to the amount of the adsorbed
nzyme (Table 1). Since the amount of the enzyme can be esti-
ated from ellipsometric measurements, the specific activity of

PO on different surfaces was calculated.
The fact, that the current densities (Fig. 6) are about one
ig. 6. Current density of LPO adsorbed on bare gold and gold with preadsorbed
roteins immediately after ellipsometric measurements; 10 mM phosphate buffer,
H 7.0, 100 mM NaCl, 1 mM CaCl2, 0.1 mM catechol, applied potential: −50 mV vs.
g|AgCl|0.1 M NaCl. Insert: operation stability of LPO adsorbed on bare gold and on
rotein-modified gold electrodes for four subsequent activity measurements.
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Table 1
Adsorbed amounts of LPO on bare gold and on gold with preadsorbed protein layers
after buffer rinsing

Surface Concentration of the surface
modifier in the stock solution
(�g/mL)

Adsorbed amount
of LPO (mg/m2)

Au 0 2.93 ± 0.24
Au-BSM 50.0 1.01 ± 0.17
Au-BSA 50.0 0.74 ± 0.24
Au-MUC5B 50.0 0.22 ± 0.15
Au-MUC5B 0.5 2.41 ± 0.22
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ote: LPO concentration in the stock solution used for surface modification was
0.0 �g/mL.

ng to a simple equation (Eq. (4)):

PO activity (U/mg) = Current density (�A/cm2) × 60 s
Amount of LPO (mg/cm2) × n × F

(4)

here n = 2 is a number of electrons by which catechol is enzymat-
cally oxidised, F is the Faraday constant. In Fig. 7 the estimates for
he specific activities of LPO are shown for all surfaces studied. It
an be seen that the specific activity varied from 2.7 up to 7.9 U/mg.
he simple conclusion that can be made is that the specific activity
f the enzyme is relatively well preserved on all surfaces, i.e., varies
ess than a factor of three. The highest estimated specific LPO activ-
ty was found on gold surfaces pretreated with BSM or low amounts
f MUC5B. It is important to note that at these surfaces the specific
ctivity is higher than that found for LPO adsorbed on bare surfaces.
he specific activities estimated on gold electrodes pretreated with
SA and high concentrations of MUC5B were the lowest. It is not
traightforward to interpret these results. One should keep in mind
hat the amounts of adsorbed LPO used in the estimation of the spe-
ific activity are subject to some uncertainty. First, we might expect
hat some of the initially adsorbed protein, i.e., BSA, BSM or MUC5B,
ould be exchanged by LPO. Not accounting for this would lead to
n overestimation of the specific enzymatic activity rather than an
nderestimation. Second, the amounts were based on assumption
f the same dn/dc for all proteins. For example, the dn/dc for mucin

as been reported to 0.16 mL/g [9], resulting in a possible underes-
imation of the amount of mucin of about 10% but provided that no
xchange takes place this does not affect the activity data. In the
ase of MUC5B adsorption at the low concentration (0.5 �g/mL),

ig. 7. Specific activity of LPO adsorbed on bare gold and on protein-modified gold
lectrodes.
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owever, the small amount of adsorbed (exchangeable) MUC5B will
ake the possible error small.
In summary, the specific activities of bovine LPO on bare Au and

rotein modified Au surfaces are comparable (Fig. 7). The stability
f adsorbed LPO was found to be almost independent of surface
odification (Fig. 6, insert) and relatively poor as such. On average

bout 25% of the activity is lost after each electrochemical enzyme
ctivity assay.

. Conclusions

In this paper we demonstrate that LPO adsorbs on bare gold
nd gold surfaces pre-treated with other proteins such as BSA,
SM and MUC5B. The amount of adsorbed LPO on gold is close
o a monolayer. LPO adsorption on a BSM layer imposes substantial
ompaction of the protein bi-layer indicating strong (possibly elec-
rostatic) interactions between LPO and bovine BSM or substantial
xchange of BSM by LPO.

Specific activities of LPO on different surfaces were determined
sing hydrogen peroxide as oxidant and catechol as electron donor.
n all surfaces studied the specific activity was found to be in the

ange of 2.7–7.9 U/mg. The LPO activity was about 1.5 times higher
n gold surfaces carrying a small amount of preadsorbed human
ucin (MUC5B) in comparison to LPO directly adsorbed on bare

old. The observed activity variations are too low to prove any
eneficial interaction between LPO and studied salivary proteins

n terms of lactoperoxidase activity or stability.
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14] J. Mårtensson, H. Arwin, I. Lundström, T. Ericson, J. Colloid Interface Sci. 155

(1993) 30.
15] I.E. Svendsen, L. Lindh, T. Arnebrant, Colloids Surf. B 53 (2006) 157.
16] T. Ruzgas, L. Gorton, J. Emneus, G. Markovarga, J. Electroanal. Chem. 391 (1995)

41.
17] L. Gorton, A. Lindgren, T. Larsson, F.D. Munteanu, T. Ruzgas, I. Gazaryan, Anal.

Chim. Acta 400 (1999) 91.
18] W.-K. Park, J.-W. Chung, Y.-K. Kim, S.-C. Chung, H.-S. Kho, Arch. Oral Biol. 51

(2006) 861.

19] A.A. Feiler, A. Sahlholm, T. Sandberg, K.D. Caldwell, J. Colloid Interface Sci. 315

(2007) 475.
20] E.J. Castillo, J.L. Koenig, J.M. Anderson, N. Jentoft, Biomaterials 7 (1986) 9.
21] J.E. Proust, A. Baszkin, E. Perez, M.M. Boissonnade, Colloids Surf. 10 (1984)

43.
22] A. Dedinaite, M. Lundin, L. Macakova, T. Auletta, Langmuir 21 (2005) 9502.



1 lanta 7

[

[

[

164 K. Haberska et al. / Ta
23] O. Svensson, L. Lindh, M. Cardenas, T. Arnebrant, J. Colloid Interface Sci. 299
(2006) 608.

24] O. Svensson, Interaction of mucins with biopolymers and drug delivery parti-
cles, Health and Society Dissertations, 2008, Malmö University, Malmö.
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A novel chitosan-based chelating resin modified with tris(2-aminoethyl)amine moiety (CCTS-TAA) was
synthesized, and its characteristics in the collection/concentration of mercury was examined. The synthe-
sized resin showed good adsorption toward mercury in a wide pH range, and the adsorbed mercury can
be easily eluted by using 2 M HNO3 without any addition of complexing agent. The resin was then packed
in a mini-column and the mini-column was installed on a computer-controlled automated-pretreatment
(Auto-Pret) system coupled with inductively coupled plasma-atomic emission spectroscopy (ICP-AES) for
on-line mercury collection and determination at trace level.
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ris(2-aminoethyl)amine moiety
ercury
n-line pretreatment
omputer control
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. Introduction

Mercury (Hg) is one of the most toxic heavy metals commonly
ound in the global environment layer [1]. Mercury represents a
erious environmental problem because it is widely used in many
ndustries to produce various kinds of products [2]. The toxicity
f mercury even at very low levels has led to its stringent control
ith a maximum contaminant level of 2 ng mL−1, which has been

et by the US Environmental Protection Agency [3]. This regulated
alue is even lower in Japan, as it was set to 0.5 ng mL−1 by Japan
inistry of Environment [4]. The regulated value and the concen-

ration of mercury in natural waters are very low; hence, powerful
echniques to monitor mercury in natural water are required. In
rder to achieve accurate, reliable and sensitive results, the sepa-
ation and preconcentration step for mercury is necessary prior to
ts measurement.
In recent years, solid phase extraction (SPE) method has received
onsiderable interest for the enrichment of metal ions for their
ccurate determination at trace levels. The importance of sepa-
ation and concentration technique involving chelating sorbent in

∗ Corresponding author. Tel.: +81 86 251 7846; fax: +81 86 251 7846.
E-mail address: motomizu@cc.okayama-u.ac.jp (S. Motomizu).
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race analysis has risen substantially because it can increase ana-
yte concentration to a detectable level, while at the same time it
an eliminate matrix effects [5].

In general, mercury ion interacts strongly with ligands con-
aining nitrogen and sulfur atoms [6]. Several sorbent containing
itrogen and/or sulfur ligands have been proposed for mercury
nrichment [7–11]. Tris(3-aminoethyl)amine, which possesses sev-
ral amine groups, was expected to have a potential to form chelate
ith mercury ion.

Recently, much attention has been paid to the adsorption of
etal ions on various kinds of biomass. Among those biomass, chi-

osan has been proved to be an extremely promising material due
o its high chelating ability, higher hydrophilicity, environmentally
afe, and abundant base material. Chitosan also has been proposed
s biopolymers for mercury removal [12–14]. However, the appli-
ation of chitosan to Hg determination has been hardly reported.

Although the sample pretreatment with solid phase extraction
ethod has a potential to improve the sensitivity of trace met-

ls analysis, the operation of the pretreatment procedures may

ecome tedious and time-consuming if it is carried out in a man-
al batch-wise procedure where stringent control of the laboratory
nvironment is required to avoid sample contamination, especially
hen the determination of trace levels of analytes is attempted.

uch drawback can be overcome by utilizing an automated
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ig. 1. Manifold of Auto-Pret AES System. MC: mini-column; PP: ICP-AES peristaltic p
hows the load (pretreatment) position, and dotted-line shows inject (elution) posi

n-line preconcentration procedure, where less contamination,
ess reagent consumption, and less waste-generation can be
chieved [15–21].

In this work, the cross-linked chitosan (CCTS) functionalized
ith tris(2-aminoethyl)amine (TAA) moiety was synthesized to

mprove chitosan capability and selectivity for Hg adsorption from
queous solution. The potential of the synthesized resin to be
pplied to Hg determination was also demonstrated. This work was
fundamental study and dedicated to explore the potential of the

ynthesized resin to concentrate inorganic Hg(II) as well as the pos-
ibility of this resin to be utilized in an automated-pretreatment
ystem (Auto-Pret) prior to its application to determine mercury in
nvironmental samples.

. Experimental

.1. Instruments

An inductively coupled plasma mass spectrometer (ICP-MS)
PQ8000H System Seiko Instruments (Chiba, Japan) was used for
nvestigating the adsorption behavior of various elements on CCTS-
AA. Infrared spectra (4000–400 cm−1) were recorded by using
asco FT/IR-4100 Jasco International Co. Ltd. (Tokyo, Japan) for char-
cterization of the synthesized-resin. A modular digital syringe
ump Cavro (San Jose, CA, USA), a selection valve and a switching
alve Hamilton (Reno, NV, USA) were used as a part of Auto-Pret
ystem. This Auto-Pret system was coupled with ICP-AES Vista-
ro Seiko Instruments (Chiba, Japan) to demonstrate the potential
f the synthesized resin to be applied to the determination of
ercury in aqueous solution.

.2. Reagents

Chitosan, flake type with 80% deacetylation degree, and tris(2-
minoethyl)amine were purchased from Tokyo Kasei Co. Ltd.

Tokyo, Japan). All other reagents used for the synthesis of CCTS-TAA
ere of analytical reagent grade.

Multi-element standard solutions were prepared from several
inds of single element standard solution for atomic absorption
1000 �g mL−1) purchased from Wako Pure Chemicals (Osaka,

o
b
g
t
t

V1: syringe valve; V2: 6-ports selection valve; V3: 6-way switching valve. Solid-line

apan). Two multi-element stock solutions for ICP-MS, XSTC-13
nd XSTC-1, provided by Spex CertiPrep Inc. Metuchen (New Jer-
ey, USA) were mixed with the single element solutions to give a
ulti-element standard solution containing 63 elements. Accurate

ilution of the standard solutions was carried out by weight.
Ultrapure grade nitric acid (60%, density 1.38 g mL−1) purchased

rom Kanto Chemicals (Tokyo, Japan) was diluted with ultrapure
ater to give 1 M nitric acid. Acetic acid (minimum 96%) and

mmonia water (29%), which were used for preparing ammo-
ium acetate solutions, were electronic industrial reagent grade
urchased from Kanto Chemicals (Tokyo, Japan). Ultrapure water
18.3 M� cm−1 resistance) prepared by Elix 3/Milli-Q Element sys-
em Nihon Millipore (Tokyo, Japan) was used for diluting standard
olution.

.3. Synthesis of CCTS-TAA resin

The CCTS-TAA resin was synthesized in two major steps
Scheme 1): (1) The synthesis of cross-linked chitosan, and (2)
ntroduction of tris(2-aminoethyl)amine moiety into cross-linked
hitosan.

Chitosan dissolves in acidic medium and this characteristic is
onsidered to be a serious disadvantage from the view-point of
etal collection based on solid phase extraction method. There-

ore, in order to improve the mechanical and chemical durability
f chitosan in acidic medium, a cross-linked structure of chi-
osan was synthesized with ethyleneglycoldiglycidylether (EGDE)
s the cross-linker. Among two reactive groups in chitosan, the
ydroxyl group was used as a terminal for the cross-link struc-
ure, while the reactive amino group was preserved for further
erivatization. The detail of synthesis procedure of EGDE cross-

inked chitosan had been reported by Motomizu and co-workers
13].

In the second step, EGDE cross-linked chitosan (5 g) was reacted
ith epibromohydrin (30 g) in order to introduce an extension arm
f epibromohydrin into CCTS, giving CCTS-epibromohydrin. With
romo functional-group on its terminal which serve as a leaving
roup, this extension arm can facilitate the introduction of the
ris(2-aminoethyl)amine moiety. The CCTS-epibromohydrin was
hen mixed with TAA (10 g) in dioxane (100 mL), and the mixture
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Scheme 1. Syn

as refluxed for 3-h. Tertiary amine possesses higher nucleophilic-
ty compared to primary amine because the central nitrogen atom
as surrounded by alkyl group which act as an electron donating

roup. However, in aqueous solution, the stabilization role is mainly
layed by the solvation which involves hydrogen bonding. In this
ituation, primary amine has a higher nucleophilicity because it
an form hydrogen bonding with the presence of N–H, thus the
oupling was likely to take place through primary amine group.

.4. On-line metal collection and determination procedure

The manifold of Auto-Pret AES system for on-line Hg collec-
ion/concentration and determination is shown in Fig. 1. CCTS-TAA
esin was packed in a polytetrafluoroethylene (PTFE) column (2 mm
.d. × 4 cm), and the column was installed on switching valve (SWV)
t the position shown in Fig. 1. PTFE tubing with 0.8 mm of inner
iameter was used for all connecting lines, except for holding coil
here PTFE tubing with 2 mm of inner diameter was used. The on-

ine pretreatment procedure was carried out in four major steps:
olumn conditioning, preconcentration, washing, and elution.

.4.1. Column conditioning step
One milliliter of 0.5 M ammonium acetate solution of appropri-

te pH was aspirated at flow rate of 400 �L s−1 into holding coil
hrough the port 3 of selection valve (SLV). While the SWV was
ept in load position, the solution in the holding coil was propelled
t flow rate of 40 �L s−1 into the column in order to adjust the pH
f the resin.
.4.2. Preconcentration step
Five milliliters of sample was aspirated at flow rate of 400 �L s−1

nto the holding coil through the port 2 of SLV. The aspirated sample
as then propelled into the column at flow rate of 30 �L s−1 for the
etal collection on the resin and the removal of the matrices.

w
o
u
w
w

of CCTS-TAA.

.4.3. Washing step
One milliliter of ultrapure water was aspirated at flow rate of

00 �L s−1 into the syringe pump, and then the ultrapure water was
ropelled into the column at flow rate of 40 �L s−1. This process will
orce the remaining sample in the connecting-line to pass through
he column, and at the same time this process will remove matrices
nd the un-adsorbed elements.

.4.4. Elution step
0.5 mL of 2 M nitric acid was aspirated into the holding coil at

ow rate of 400 �L s−1 from the port 5 of SLV, and then the position
f syringe pump was set to 2.5 mL by aspirating ultrapure water
nto the syringe pump. The position of SWV was turned to inject-
osition, and the eluent was propelled into the column at flow rate
f 30 �L s−1; the effluent zone moved to the ICP-AES for the metal
easurement.
The entire sequence described above was automatically con-

rolled with a home-made software developed by the authors, using
icrosoft Visual Basic 6.

.5. On-line metal collection procedure for CCTS-TAA adsorption
ehavior study

The adsorption behavior of CCTS-TAA resin was investigated by
sing on-line mini-column procedure, where CCTS-TAA was packed

n a small PTFE column (2 mm i.d. × 40 mm) and the column was
nstalled on Auto-Pret AES System. The on-line procedure of this
ork is similar to that described in Section 2.4, except for 2.5 mL
f sample was used in preconcentration step, 2.5 mL of eluent was
sed in elution step, and the effluent obtained from this procedure
as transferred into a polypropylene test tube and then analyzed
ith ICP-MS.
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occurs through ion exchange mechanism. Moreover, the adsorbed
Hg on CCTS could not be removed with nitric acid, and thus the
addition of thiourea into the eluent was necessary [13]. Another
work on mercury preconcentration by using YPA4 chelating resin
Fig. 2. Adsorption of various elements on CCTS-TAA. Sample: 2.5 mL of

. Results and discussion

.1. Characteristics of CCTS-TAA

The products obtained from each synthesis step were char-
cterized by measuring their IR spectra. The peak at 894 cm−1

n the spectrum of cross-linked chitosan confirms the N–H wag-
ing of the amino group. This band intensity was decreased when
he extension arm of epibromohydrin was attached through the
mino group. In CCTS-epibromohydrin, the peak C–Br can be
learly observed in 500–600 cm−1. The intensity of this peak was
ecreased in the spectra of final product which indicate that
he substitution of bromo group by tris(2-aminoethyl)amine was
ccurred in the reaction.

.2. Adsorption of metal ions on CCTS-TAA

The result of CCTS-TAA adsorption behavior study is summa-
ized in Fig. 2, expressed as the recovery of each 10 �g L−1 of 57
lements when the adsorption was carried out in various pH.

CCTS-TAA has a good affinity toward Cr, Co, Cu, Ag, Al, Ga, In,
i, and Hg, of which Co, Cu, Ag, and Hg can be expected due to the
resence of amine group. The affinity toward Cr, Al, Ga, In, and Bi

s extraordinary from the view-point of chelating mechanism. One
ossibility for such affinity is considered from the ion exchange
echanism, in which anionic species can be trapped on the posi-

ively charged amino groups: Cr species, as well as Al, Ga, In, and Bi

re possibly present as an anionic species in alkaline solution.

It is well known that N and S ligands possess affinity to adsorb
g2+ which belongs to group III “soft” cation. Although S ligand
ossess better affinity to bind soft cation compared to N, usually
he retention of soft cation on S ligand is so strong that a com-
n containing 10 ppb of various elements; Elution: 2.5 mL of 2 M HNO3.

lexing agent is necessary for elution [22]. The CCTS-TAA possesses
ertiary amine and primary amine which can serve as a ligand for
g complexation under moderate affinity. Compared to primary
mine, tertiary amine has a higher affinity and selectivity for Hg(II)
n aqueous solution [6]. The proposed chelation structure of Hg by
CTS-TAA is shown in Fig. 3.

The adsorption of Hg on CCTS-TAA can be carried out in wide
H range (pH ≥ 3) with excellent recovery value when 2 M nitric
cid was used as the eluent. Although CCTS itself was reported
o have a good adsorption toward mercury, the adsorption only
akes place when sample was prepared in HCl solution [13]. In
hat case, Hg forms stable complex with Cl−, and the adsorption
Fig. 3. Proposed structure of Hg chelation on CCTS-TAA.
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ig. 4. Peak profile of 5 ng mL−1 Hg obtained by using Auto-Pret AES system with
CTS-TAA. Sample: 5 mL; Eluent: 0.5 mL of 2 M HNO3; Sample flow rate: 30 �L s−1;
luent flow rate: 30 �L s−1.

as also reported to require thiourea addition into the eluent [23].
n CCTS-TAA, it was found that the elution of adsorbed Hg can be
asily carried out by using 2 M nitric acid without any addition of
omplexing agent. The resin cannot adsorb Hg at pH lower than 3,
hich indicates that Hg could be easily desorbed by using strong

cid.

.3. On-line collection/concentration and determination of Hg
ith CCTS-TAA and Auto-Pret AES system

The possibility for applying CCTS-TAA to Hg collec-
ion/concentration and determination using Auto-Pret AES system
as investigated. The result showed that a good peak profile was
bserved when a solution containing 5 ng mL−1 Hg was used as
sample, as shown in Fig. 4. The tailing signal, which appeared

fter the sharp peak, was a result from the common memory effect
f Hg on ICP-AES. However, the signal reproducibility is enough
or reproducible measurement of Hg and the signal rapidly went
own to baseline during the process of preconcentration of the
ext sample, and thus the next measurement sequence should not
e affected by such drawback.

The limit of detection (LOD) corresponding to S/N = 3 for Hg
easurement was found to be 0.1 ng mL−1 for 5 mL of sample,

nd lower LOD can be expected when larger volume of sample
s used. This LOD is lower compared to another work which uti-

ize Hg-imprinted thiol functional sorbent with the same detector
8]. Another work on sequential cloud-point extraction method
y using the same detector was reported to have lower LOD, but
he extraction procedure was tend to be laborious and more time-
onsuming [24,25].

[
[
[
[
[

(2008) 1256–1260

. Conclusion

A novel chitosan resin functionalized with tris(2-aminoethyl)
mine moiety was synthesized, and its ability to adsorb Hg at
arious pH was examined. The synthesized resin showed good
dsorption toward Hg in wide pH range (pH ≥ 3) with excellent
ecovery value when 2 M of HNO3 was used as the eluent. Com-
ared to Hg adsorption on CCTS, the adsorbed Hg on CCTS-TAA can
e easily eluted by using HNO3 without any addition of complex-

ng agent. The proposed method has showed that CCTS-TAA which
as packed in a mini-column and then installed on Auto-Pret AES

ystem can be applied to the on-line collection/concentration and
etermination of trace amounts of Hg.
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a b s t r a c t

A fluorescent silica nanoparticles (FSiNPs) mediated double immunofluorescence staining technique
has been proposed for MGC-803 gastric cancer cells imaging by confocal laser scanning microscopy.
Anti-CEA antibody and anti-CK19 antibody which can be both bonded to MGC-803 gastric cancer cells
were first conjugated to fluorescein isothiocyanate (FITC) doped fluorescent silica nanoparticles (FFS-
iNPs) and RuBPY doped fluorescent silica nanoparticles (RFSiNPs), respectively. The MGC-803 gastric
cancer cells were incubated with the mixture of anti-CEA antibody-conjugated FFSiNPs and anti-CK19
antibody-conjugated RFSiNPs, and subsequently imaged using confocal laser scanning microscopy. With
this method, the in vitro cultured MGC-803 gastric cancer cells lines were successfully doubled labeled
and distinguished through antigen–antibody recognition, together with the green and red signal of FFS-
iNPs and RFSiNPs simultaneously obtained without crossreactivity by confocal laser scanning microscopy
imaging. By comparison with the conventional double immunofluorescence staining using green-emitting
and red-emitting dyes, the photostability of this proposed method for confocal laser scanning microscopy
imaging has been greatly improved. Furthermore, the ex vivo imaging of primary MGC-803 gastric cancer
cells samples came from the tumor tissues of mice bearing the MGC gastric cancer tumor xenografts by

this method have also been explored. The results demonstrate that the method offers potential advantage
of photostability for the confocal laser scanning microscopy imaging of MGC-803 gastric cancer cells, and
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. Introduction

The detection and imaging of gastric cancer cells is of great
linical significance for effectively preventing and treating gastric
ancer because a few cells escape from the original focus and
isseminated into other organs are the common reasons leading
o death of gastric cancer patients [1–3]. Up to now, the primary
echniques used for gastric cancer cells recognition mainly include

orphological analysis and biochemical analysis [4–15]. The
orphological analysis takes advantage of small difference in

ormal gastric cells and gastric cancer cells by using hematoxylin

nd eosin (H&E) staining [7–10]. But some minor changes of
he cells are difficult to be easily distinguished by H&E stain-
ng morphological analysis. Biochemical analysis has shown its
niqueness on gastric cancer cells detection, which relies on the
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rimary MGC-803 gastric cancer cells from the tumor tissues.
© 2008 Elsevier B.V. All rights reserved.

iochemical characteristics of the cell membrane or inside the cells,
ainly including reverse-transcription polymerase chain reaction

RT-PCR), immunolabeling staining and so on [4–6,11–13]. The
olecular biological protocol using RT-PCR targeting some marks

ppears to be an attractive method for gastric cancer cells detection
ith high objectivity and sensitivity, especially the recent real-time

uantitative reverse transcription polymerase chain reaction (RQ-
CR) [6]. While false positive or false negative results would occur
hen the related organisms sharing similar genetic sequences with

arget organisms or inhibitors that inactivate the DNA polymerase.
he immunolabeling staining, especially the immunofluores-
ence staining, possesses its advantages in simple manipulation,
ntuitionistic results and is popular for diagnosis and micrometas-
ases detection of gastric cancer. However, photobleaching and
ensitivity of fluorochromes used in the immunofluorescence
taining are still regarded problem. There is a great need to develop

uitable immunofluorescence staining to avoid the difficulties for
etecting gastric cancer cells, especially multi-antibody combined

mmunolabeling staining. Because many markers have been used
or detection gastric cancer using immunolabeling staining, such
s carcino-embryonic antigen (CEA), cytokeratin (CK), epithelia
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embrane antigen (EMA) and so on [15], there is difference
n affinity between gastric cancer cells and different markers.
he immunolabeling staining marked different antibodies may
mprove the veracity in gastric cancer cells detection.

Recently, the development of luminescent nanoparticles has
elped improve bioimaging, including semiconductor quantum
ots, Au nanoparticles, fluorescent silica nanoparticles and so on
16–25]. Among the nanoparticles, fluorescent silica nanoparticles
ave shown to display good dispersibility in an aqueous environ-
ent, good photostability, strong fluorescence and low toxicity,
hich make them excellent candidates for use in biological markers

21–25]. Moreover, thousands of dye molecules are encapsulated in
single nanoparticle and many biomolecules can be modified on

he surface of nanoparticles due to their high surface-to-volume
atio, so the detection sensitivity can be greatly increased compared
ith the direct fluorochromes labeling [26]. These properties have

pened new possibilities for advanced molecular and cellular imag-
ng as well as for ultrasensitive bioassays and diagnosis by using of
uorescent silica nanoparticles. Up to now, various kinds of fluo-
ochromes doped silica nanoparticles with different emission have
een developed in our group and well used in bioimaging [25–29].

Herein, a fluorescence dye doped silica nanoparticles (FSiNPs)
ediated double immunofluorescence staining has been devel-

ped for gastric cancer cells confocal laser scanning microscopy
maging by taking luminescent and photostable RuBPY doped sil-
ca nanoparticles (RFSiNPs) and fluorescein isothiocyanate (FITC)
oped silica nanoparticles (FFSiNPs) as fluorescence labels simul-
aneously. The microgastric cancer (MGC) cells line (MGC-803 cells)
as selected as the target cells because MGC is one kind of early gas-

ric cancer [30,31]. Anti-CEA antibody and anti-CK19 antibody were
rst conjugated to FFSiNPs and RFSiNPs, respectively. The MGC-803
ells were incubated with the mixture of anti-CEA antibody-
onjugated FFSiNPs and anti-CK19 antibody-conjugated RFSiNPs.
hen the detection of MGC-803 cells was performed on confocal
aser scanning microscopy (CLSM) for obtaining high-resolution
ptical images. The bioconjugated FFSiNPs and RFSiNPs mediated
ouble immunofluorescence staining has been used to image the in
itro cultured MGC-803 cells line, ex vivo primary MGC-803 cells
rom tumor tissues. The photostability of the bioconjugated FFS-
NPs and RFSiNPs mediated double immunofluorescence staining
as also been investigated by comparison with the conventional
ouble immunofluorescence staining using green-emitting and
ed-emitting dyes.

. Experimental details

.1. Reagents and materials

Tris(2,2-bipyridyl)dichlororuthenium(II) hexahydrate (RuBPY),
riton X-100, fluorescein isothiocyanate (FITC), tetramethyl rho-
amine isothiocyanate (TRITC) and anti-CEA antibody were
urchased from Sigma–Aldrich. Anti-CK19 antibody was pur-
hased from Jingmei Company. Cell medium RPMI 1640 was
btained from Clontech. Cyanogen bromide (CNBr) was from J&K
HEMICAL. FACSTM lysing solution was obtained from BD Bio-
ciences (USA). Phosphate-buffered saline (PBS) solutions at pH
.4 were prepared from PBS tablets (Amresco). Other chemi-
als if not specified were all commercially available and used
s received. All aqueous solutions were prepared exclusively in

eionized distilled water (Barnstead Co., USA). MGC-803 cells,
OS-7 cells, Hela cells and 1E8 cells were provided by Cell Cen-
er in our lab. Balb/c and athymic nude mice were obtained
rom Beijing Vital River Laboratory Animal Co., Ltd. (Balb/c). Mice
ere used at ages from 6 to 12 weeks. All operations on mice

t
i
1
(

2008) 1199–1206

ere in accord with institutional animal use and care regula-
ions.

.2. Instruments

A Hitachi JEM-1230 transmission electron microscope was used
or analyzing the shape and size of the nanoparticles. Fluores-
ence spectra of the fluoresecent nanoparticles were measured
n a PerkinElmer LS-55 spectrofluorometer. The cell imaging was
arried out with an Olympus FV-500 laser confocal scanning micro-
cope.

.3. Experimental details

.3.1. Preparation of bioconjugated FSiNPs
Previously published procedures [24–26] were first used to

ynthesize FSiNPs, including RFSiNPs and FFSiNPs. Briefly, a solu-
ion containing 7.5 ml cyclohexane, 1.77 ml Triton X-100, 1.8 ml
-hexanol was mixed with 400 �L water and 100 �L 0.1 mol/L aque-
us RuBPY dye or FITC-IgG solutions as the core material. After
tirred for 1 h, 200 �L of TEOS was then added as a precursor for sil-
ca formation, followed by the addition of 100 �L NH4OH to initiate
he polymerization process. The reaction was allowed to continue
or 24 h to produce FFSiNPs and RFSiNPs, respectively. When it was
ompleted, the FSiNPs were isolated.

The well prepared and isolated FSiNPs were then bioconjugated
ith antibody by using the followed CNBr method as previous

eported [26]. The dried FSiNPs were suspended in 2 ml 2 mol L−1

odium carbonate solutions and ultrasonicated for 10 min. Solution
f CNBr in acetonitrile (1.0 g of CNBr dissolved in 0.5 ml of acetoni-
rile) was then added drop-wise to the FSiNPs suspensions under
tirring for 10–15 min at room temperature. The CNBr activated
SiNPs were washed twice successively with ice-cold water and
BS buffer (pH 7.4), followed by resuspension in 500 �L PBS buffer
pH 7.4). Subsequently, 40 �L (1 mg ml−1) antibody diluted in PBS
uffer was added into the activated FSiNPs suspension, and stirring
as continued for 24 h at 4 ◦C. Antibody-conjugated FSiNPs were

hen treated with 10 ml of 0.03 M glycine solution overnight at 4 ◦C.
inally, antibody-conjugated FSiNPs were washed, resuspended in
BS buffer (pH 7.4), and stored at 4 ◦C for future usage. Anti-CEA
ntibody and anti-CK19 antibody were successfully conjugated to
FSiNPs and RFSiNPs, respectively, by using the above-mentioned
ethod.

.3.2. Characterization of bioconjugated FSiNPs
The samples for transmission electron microscopy (TEM)

ere prepared respectively by placing a few drops of FFSiNPs,
FSiNPs, anti-CEA antibody-conjugated FFSiNPs and anti-CK19
ntibody-conjugated RFSiNPs on carbon-coated copper grids. After
vaporation of the solvent, the particles were observed by a JEM-
230 transmission electron microscope. To investigate whether the
FSiNPs and RFSiNPs were fit to be used as a double fluorescence
abeling for CLSM imaging, the spectrum of FFSiNPs (9.5 mg/ml),
FSiNPs (9.5 mg/ml) and mixture of FFSiNPs (9.5 mg/ml) and RFS-

NPs (9.5 mg/ml) at the volume ratio of 1:1 were carried out
espectively on a PerkinElmer LS-55 spectrofluorometer.

.3.3. In vitro imaging of MGC-803 cells by bioconjugated FSiNPs
ediated double immunofluorescence staining
In vitro cultured MGC-803 cells were first used to evaluate
he feasibility of the double immunofluorescence confocal imag-
ng using FSiNPs labeling. The MGC-803 cells was seeded at
× 106 cells/well in 6-well plates (Invitrogen, CA) and incubated

37 ◦C, 5% CO2) in an RPMI 1640 medium supplemented with 10%
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ig. 1. TEM images of FSiNPs and bioconjugated FSiNPs. (A) FFSiNPs; (A′) anti-CEA
car bar 50 nm.

etal bovine serum, 100 �g/ml of streptomycin and 100 IU/ml peni-
illin for 24 h. The medium in the six-well plate was removed
fter the cells were cultured until the cover rate on the glass slide
eached 70–90%. The glass slide with cells was washed thrice with
BS buffer, and then fixed with 4% paraformaldehyde solution for
0 min at 37 ◦C, followed by washing with pH 7.4 PBS buffer for
hree times. The cells were divided into three groups. One part
f the cells was incubated for 30 min at 37 ◦C in the presence of
ixture of anti-CEA antibody-conjugated FFSiNPs (9.5 mg/ml) and

nti-CK19 antibody-conjugated RFSiNPs (9.5 mg/ml) at the volume
atio of 1:1. The other two parts of cells were respectively incu-
ated with anti-CEA antibody-conjugated FFSiNPs or anti-CK19
ntibody-conjugated RFSiNPs suspension for 30 min at 37 ◦C. The
ll incubated cells were then washed several times with PBS to
iscard bioconjugated FSiNPs that were not attached to cells. Fluo-
escence imaging of MGC-803 cells was visualized using CLSM (FV
00-IX700, Olympus, excitation: 488 nm). Controls included MGC-
03 cells incubated with pure FFSiNPs and RFSiNPs, respectively,
OS-7 cells, Hela cells, 1E8 cells incubated with mixture of anti-CEA
ntibody-conjugated FFSiNPs and anti-CK19 antibody-conjugated
FSiNPs.

.3.4. Ex vivo imaging of MGC-803 cells by bioconjugated FSiNPs

ediated double immunofluorescence staining

Ex vivo MGC-803 cells were derived from the primary tis-
ue explants as the followed procedure. 2 × 106 MGC-803 cells in
00 ml PBS was implanted subcutaneously into Balb/c and athymic
ude mouse on the quadriceps. Tumor growth was monitored daily

3

c

dy-conjugated FFSiNPs; (B) RFSiNPs; (B′) anti-CK19 antibody-conjugated RFSiNPs.

ntil it reached 2–3 mm in diameter. The tumors tissue was got-
en out from the mice under a sterile condition. Place the isolated
issue in a sterile bottle containing hanks balanced salt solution
ith penicillin/streptomycin added. The whole tissue was cut into

lices as small pieces as possible. Then the slices were put into
culture flask containing a glass slide, and then cultured in the

PMI 1640 medium with 10% heat-inactivated fetal calf serum,
00 mg/ml streptomycin and 100 IU/ml penicillin (37 ◦C, 5% CO2).
emove medium from culture flask and wash cells in a balanced
alt solution when adherent cells from the primary tissue explants
ecame semi-confluent. The cells were harvested with 0.5% trypsin
nd were allowed to grow (37 ◦C, 5% CO2) in the 6-well culture
ishes to a confluent state in an RPMI 1640 medium supplemented
ith 10% fetal bovine serum, 100 �g/ml streptomycin and 100 IU/ml
enicillin. Then the primary MGC-803 cells was harvested and incu-
ated with mixture of anti-CEA antibody-conjugated FFSiNPs and
nti-CK19 antibody-conjugated RFSiNPs for 30 min at 37 ◦C. The
ncubated cells were washed several times with PBS to discard
ioconjugated FSiNPs that were not attached to the cells and then
nalyzed with CLSM.

. Results and discussion
.1. Characterization of bioconjugated FSiNPs

The size and shape of FSiNPs and bioconjugated FSiNPs were
haracterized with transmission electron microscope. FFSiNPs and
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the COS-7 cells without expression of CEA and Ck 19, Hela cells
ig. 2. Fluorescence emission spectra of FFSiNPs (A), RFSiNPs (B) and mixture of
FSiNPs and RFSiNPs (C) when they were excited at 488 nm.

FSiNPs were spherical in shape and have an average diameter of
6 ± 4 nm and 70 ± 5 nm, respectively (Fig. 1A and B). When the
SiNPs were conjugated with antibody, the size of the anti-CEA
ntibody-conjugated FFSiNPs and anti-CK19 antibody-conjugated
FSiNPs was not changed obviously by comparison with that of
FSiNPs and RFSiNPs, having diameter of 75 ± 5 nm and 70 ± 3 nm,
espectively (Fig. 1A′ and B′).

In addition, reliable separation of the signals generated by the
uorochromes is critical to double immunofluorescence staining in
LSM imaging [32]. In order to demonstrate whether the FFSiNPs
nd RFSiNPs were suit for double labeling in CLSM imaging, the
pectrum of FFSiNPs, RFSiNPs and mixture of FFSiNPs and RFSiNPs
ave been first detected using fluorescence spectrophotometer. As
hown in Fig. 2, the FFSiNPs and RFSiNPs showed maximum emis-
ions at 516 nm and 590 nm, respectively when they were excited
t 488 nm, which represented the maximum emission of FITC and
uBPY, respectively. And it can be seen that the mixture of FFSiNPs
nd RFSiNPs has two maximum emissions at 529 nm and 601 nm
hen they were excited at 488 nm, which only display red shift
ith 13 nm and 11 nm, respectively, than that of FFSiNPs and RFS-

NPs. The emission spectra results demonstrated that there was
o obvious fluorescence resonance energy transfer (FRET) between
FSiNPs and RFSiNPs, and the overlap between the emission spectra
f FFSiNPs and RFSiNPs is about at 550 nm. Therefore, the FFSiNPs
nd RFSiNPs can be used as double labeling for CLSM imaging, the
reen-emitting and red-emitting can be visualized by CLSM when
xcited with the 488-nm line of an argon ion laser and detected
sing 505–525 nm bandpass and 560 nm longpass filters.

.2. MGC-803 cells imaging by FSiNPs mediated double
mmunofluorescence staining

.2.1. The principle of MGC-803 cells imaging using FSiNPs
ediated double immunofluorescence staining

Cytokeratin is a component of cell skeleton and distributes in
ells deriving from ectoderm. CK19, a member of this family has
een found to be good candidate for detecting disseminated gastric
ancer cells using RQ-PCR or immunohistochemical staining. CEA
s a type of protein molecule that can be found in many different
ells of the body, but is typically associated with certain tumors.
any immunohistochemistry staining works reported both CEA
nd CK19 proteins were expressed in gastric cancer [6,12]. There-
ore, CEA and CK19 were selected as the markers, a method of
SiNPs mediated double immunofluorescence staining was devel-
ped for the CLSM imaging of MGC-803 cells. The principle for

w
d
w
F

2008) 1199–1206

his method was illustrated in Fig. 3. In this scheme, anti-CEA
ntibody-conjugated FFSiNPs and anti-CK19 antibody-conjugated
FSiNPs were first mixed with volume ratio of 1:1, and then
he MGC-803 cells were incubated with the mixture of anti-CEA
ntibody-conjugated FFSiNPs and anti-CK19 antibody-conjugated
FSiNPs. After washing with PBS to discard unbounded biocon-

ugated FFSiNPs and RFSiNPs, the confocal microscopy imaging
f the incubated MGC-803 cells was performed on a CLSM (FV
00-IX700, Olympus) with an argon laser emitting at 488 nm to
xcite both RFSiNPs and FFSiNPs fluorescence simultaneously. We
sed a dichroic beam splitter (DCB) around 560 nm, together with
560-nm longpass (LP) filter for RFSiNPs signal and a 505–525-

m bandpass filter for FFSiNPs signal. Two channels were available
or simultaneous data acquisition: channel 1 (displayed as green)
ncludes emission from 505–525 nm, while channel 2 (displayed as
ed) includes emission from 560 nm. Because CEA and CK19 were
oth expressed in MGC-803 cells, the cells can bind both anti-CEA
ntibody-conjugated FFSiNPs and anti-CK19 antibody-conjugated
FSiNPs and were double labeled. The confocal image of the labeled
GC-803 cells demonstrated the green signal in channel 1 and red

ignal in channel 2. The merged image of the MGC-803 cells would
ppear green, red, and yellow. In the control experiments, the cells
re only visualized one signal of FFSiNPs or RFSiNPs if the cells only
xpressed CEA or CK19. Moreover, the cells cannot be visualized if
one of CEA and CK19 is expressed in cells.

.2.2. In vitro imaging of MGC-803 cells
Before applying bioconjugated FSiNPs mediated double

mmunofluorescence staining for in vitro cultured MGC-803 cells
maging, anti-CEA antibody-conjugated FFSiNPs and anti-CK19
ntibody-conjugated RFSiNPs were first respectively incubated
ith different well-grown MGC-803 cells group to ensure the

inding of bioconjugated FSiNPs with the antigen in the MGC-803
ells, the absence of crossreactivity and non-specific binding
f FSiNPs with MGC-803 cells. As demonstrated in Fig. 4, with
his arrangement, MGC-803 cells were respectively stained with
nti-CEA antibody-conjugated FFSiNPs and anti-CK19 antibody-
onjugated RFSiNPs as a result of the specific antigen–antibody
inding, and the staining pattern were green and red fluores-
ent signal, respectively. There was no detectable crosstalk in
ither direction between the non-co-localizing signals from
EA staining and CK19 staining. It was also observed that there
ere no obvious green or red fluorescence signals in the cells
hen the MGC-803 cells were incubated with pure FFSiNPs or
FSiNPs, which was consisted with our previous reported cells

maging using single functionalized nanopaticles [26–29] (not
hown).

Therefore, we used bioconjugated FSiNPs mediated double
mmunofluorescence staining for the MGC-803 cells imaging. The

ell-grown MGC-803 cells group was incubated with mixture of
nti-CEA antibody-conjugated FFSiNPs and anti-CK19 antibody-
onjugated RFSiNPs. Using appropriate settings for PMT gain,
o-localization staining for MGC-803 cells imaging was shown in
ig. 5A, stained for antigens of CEA and CK19. Green signal was obvi-
us visualized in MGC-803 cells with the PMT gain for the green
ignal in channel 1 and red signal in channel 2. The results indi-
ated the green signal, red signal and merged images of green and
ed shown as yellow were all demonstrated in MGC-803 cells by
imultaneous acquisition of data in both channels. To further con-
rm the veracity of this method for recognition of MGC-803 cells,
ith expression of CEA, and 1E8 cells with expression of CK19 were
esigned as the contrast groups [33,34]. The three kinds of cell lines
ere all incubated with mixture of anti-CEA antibody-conjugated

FSiNPs and anti-CK19 antibody-conjugated RFSiNPs, respectively.
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Fig. 3. Schematic illustrations of MGC-803 cells CLSM imaging usin

he treated cells were visualized with the same PMT gain for simul-

aneous acquisition of data in channel 1 and channel 2. The Hela
ells and 1E8 cells were both demonstrated only one fluorescence
mission with green emission and red emission respectively after
imultaneous acquisition of data in channel 1 and channel 2 (Fig. 5B

o
S
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ig. 4. CLSM images of (A) MGC-803 cells incubated with anti-CEA antibody-conjugate
FSiNPs. a, b, c, and d were represented the images acquired in bright-field, channel 1 (gre
ed channel (channel 1: PMT 750 V; laser intensity 10.0, gain power 1.7. Channel 2: PMT 6
onjugated FSiNPs mediated double immunofluorescence staining.

nd C). While the COS-7 cells did not show any signal for detection

f green emission and red emission in the two channels (Fig. 5D).
uch observations clearly suggested that the bioconjugated FSiNPs
ediated double immunofluorescence staining could be reliably

sed for the MGC-803 cells imaging.

d FFSiNPs and (B) MGC-803 cells incubated with anti-CK19 antibody-conjugated
en signal), channel 2 (red signal) and merged images of the green channel and the
50 V; laser intensity 10.0, gain power 1.7).
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Fig. 5. Bioconjugated FSiNPs mediated double immunofluorescence images by CLSM of the cells that were incubated with mixture of anti-CEA antibody-conjugated FFSiNPs
a 03 cel
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nd anti-CK19 antibody-conjugated RFSiNPs. A, B, C and D were represented MGC-8
he images acquired in bright-field, channel 1 (green signal), channel 2 (red signal) a
ntensity 10.0, gain power 1.7. Channel 2: PMT 650 V; laser intensity 10.0, gain powe

.2.3. Photostability of FSiNPs mediated double
mmunofluorescence staining

Photostability of fluorochromes is a major issue for CLSM imag-
ng, particularly for multi-labeling reconstruction of images. As

e known, green-emitting fluorescein (FITC) is a recognized prob-
em in the cells imaging. Although our previous studies have
hown FSiNPs-based single labeling method was more photostable
han the pure fluorochrome for cells imaging with fluorescence

icroscopy or CLSM [26–29], the FSiNPs-based double immunoflu-
rescence staining was commonly visualized using CLSM with

elative intensive irradiation. The photostability of FSiNPs-based
ouble immunofluorescence staining has been investigated. The

maged MGC-803 cells were excited for 10 min by successive
rgon laser irradiation at 488 nm, and fluorescent images in
hannel 1 and channel 2 were acquired every few minutes.

i
8
fl
c
M

ls, Hela cells, 1E8 cells and COS-7 cells, respectively. a, b, c, and d were represented
rged images of the green channel and the red channel (channel 1: PMT 750 V; laser

.

nd the relative intensity of staining mean pixel intensity of
he first 16-scan image of each series for the region was first
etermined using the Image/Histogrammenu option in Adobe
hotoshop software (AdobeSystems; San Jose, CA). To quantify
hotodegradation, the intensity expressed as a percentage of
he initial value for that series. We found that the fluorescence
ntensity of the MGC-803 cells imaged by the bioconjugated
SiNPs double immunofluorescence staining decreased slowly,
nd both of the green signals and red signals were still clearly
istinguishable after 10 min continuous irradiation. The relative
ntensity of FFSiNPs and RFSiNPs still kept about more than
0% of their initial value. These findings were confirmed by the
uorescence image and photodegradation analysis (Fig. 6). In
ontrast, substantial fading was clearly observed in the imaged
GC-803 cells using FITC and TRITC as double immunoflu-
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ig. 6. Photostability of imaged MGC-803 cells using the bioconjugated FSiNPs-ba
maged MGC-803 cells in channel 2. a, b, c, d, and e were taken 0 min, 1 min, 2 min
omparison of FSiNPs-based (FFSiNPs and RFSiNPs) double immunofluorescence st
channel 1: PMT 750 V; laser intensity 10.0, gain power 1.7. Channel 2: PMT 650 V; l
rescence staining under the same experiment condition. It
emonstrated that the bioconjugated FFSiNPs and RFSiNPs-based
ouble immunofluorescence staining also possessed much better
hotostability.

3

a
c

ig. 7. Bioconjugated FSiNPs mediated double immunofluorescence images by CLSM of e
f mice bearing the MGC gastric cancer tumor xenografts. a, b, c, and d were represented
nd merged images of the green channel and the red channel (channel 1: PMT 750 V; la
ower 1.7).
ouble immunofluorescence staining. (A) Imaged MGC-803 cells in channel 1. (B)
n, and 10 min of continually intense excitation, respectively. (C) Photodegradation

and fluorochromes-based (FITC and TRITC) double immunofluorescence staining
tensity 10.0, gain power 1.7).
.2.4. Ex vivo imaging of MGC-803 cells
After successfully imaging the MGC-803 cells in vitro using

nti-CEA antibody-conjugated FFSiNPs and anti-CK19 antibody-
onjugated RFSiNPs-based double immunofluorescence staining,

x vivo primary MGC-803 gastric cancer cells samples came from the tumor tissues
the images acquired in bright-field, channel 1 (green signal), channel 2 (red signal)
ser intensity 10.0, gain power 1.7. Channel 2: PMT 650 V; laser intensity 10.0, gain
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e then did ex vivo MGC-803 cells imaging using the FFSiNPs
nd RFSiNPs-based double immunofluorescence staining. Firstly,
x vivo MGC-803 cells gained from the tumor tissues of mice
earing the MGC gastric cancer tumor xenografts were cultured
o a confluent state and followed by incubation with mixture of
nti-CEA antibody-conjugated FFSiNPs and anti-CK19 antibody-
onjugated RFSiNP as the same procedure of in vitro cultured
GC-803 cells treatment. Then the incubated ex vivo MGC-

03 cells were imaged by CLSM with the same arrangement
f PMT gain and filter for signals collection. As demonstrated
n Fig. 7, green fluorescence signal and red fluorescence sig-
al were, respectively, visualized in channel 1 and channel 2.
ome co-localization shown as yellow was obtained by simulta-
eous acquisition of data in both channels. It was proposed that
he ex vivo primary MGC-803 cells gained from the tumor tis-
ues of mice bearing the MGC gastric cancer tumor xenografts
ould still be successfully imaged using labeling in this fashion
f anti-CEA antibody-conjugated FFSiNPs and anti-CK19 antibody-
onjugated RFSiNPs double immunofluorescence staining, which
aybe applicable for MGC gastric cancer tumor imaging in

ivo.

. Conclusions

In summary, an improved double immunofluorescence staining
ased on FFSiNPs and RFSiNPs has been developed for imag-

ng of target cells. Because there was no obvious FRET between
FSiNPs and RFSiNPs, successful visualization of dual staining
ithout crosstalk under the simultaneous excitation with the
88-nm line of an argon ion laser by CLSM can be obtained by
se of appropriate settings for PMT gain and emission filter of
05–525-nm bandpass and 560-nm longpass. In this study, the in
itro imaging of MGC-803 cells has been successfully realized by
sing of the bioconjugated FSiNPs mediated double immunoflu-
rescence staining. This relies on the use of antigen–antibody
ecognition of CEA and CK19 in the MGC-803 cells with the
nti-CEA antibody and anti-CK19 antibody on FFSiNPs and RFS-
NPs, respectively, together with the green and red signal during
he double immunofluorescence staining procedure. Other con-
rol cells groups, including COS-7 cells, Hela cells, and 1E8 cells
id not obtained the same imaging results. Moreover, the bio-
onjugated FSiNPs mediated double immunofluorescence staining
as superior to the conventional double immunofluorescence

taining using green-emitting and red-emitting dyes in photo-
tability. The further demonstration of imaging of MGC-803 cells
rom tumor tissues of mice bearing the MGC gastric cancer tumor
enografts confirmed this new bioconjugated FSiNPs mediated

ouble immunofluorescence staining was reliable to effectively

maging interested cells. The bioconjugated FSiNPs mediated dou-
le immunofluorescence staining will be promising approach in
ioimaging for early diagnosis of disease, cancer metastasis and so
n.
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a b s t r a c t

In this study, direct determination of ammoniacal nitrogen residues in water samples using corona dis-
charge ion mobility spectrometry (CD-IMS) was investigated. Pyridine was used as an alternate reagent
gas to enhance selectivity and sensitivity of the method. The results indicate that the limit of detection
(LOD) was about 9.2 × 10−3 �g mL−1 and the linear dynamic range was obtained from 0.03 to 2.00 �g mL−1.
The relative standard deviation was about 11%. Furthermore, this method was successfully applied to the
direct determination of ammoniacal nitrogen in river and tap water samples and the results were com-
eywords:
mmoniacal nitrogen
ater

pared with the Nessler method. The comparison of the results validates the potential of the proposed
method as an alternative technique for the analysis of the ammoniacal nitrogen in water samples.
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orona discharge
on mobility spectrometry

. Introduction

The analysis of ammoniacal nitrogen, which represents the sum
f the ammonia and ammonium compounds, is especially impor-
ant in water samples. The microbial degradation of nitrogenous
rganic material is one of the most important sources for pro-
ucing of ammoniacal nitrogen in a river [1]. These compounds
re transferred into the environment through the different sources
uch as cattle excrement, waste incineration, sewage treatment,
nd car exhausts [2]. In addition, ammoniacal nitrogen is origi-
ated by releasing of fertilizers, industrial emissions, and volcanic
ctivity. Ammoniacal nitrogen has been known to be responsible
or hygienic problems in environmental waters as well as reduc-
ion of growth for farmed animals. The monitoring of aqueous
mmonia provides important information about water quality in
arious samples such as drinking, river, and waste waters. The aque-
us ammonia concentration above 0.2 mg L−1 may be hazardous to
any aquatic organisms [1]. Therefore, the sensitive and selective
ethod is required for the determination of ammonia/ammonium

n the aquatic ecosystems. Two major factors that influence selec-
ion of the method to determine ammonia are concentration and

resence of interferences [3].

Ammoniacal nitrogen has been determined using various meth-
ds including classical and instrumental methods. The standard
ethods such as the Nessler reaction, the Indophenol Blue method,

∗ Corresponding author. Tel.: +98 311 391 2351; fax: +98 311 391 2350.
E-mail address: taghi@cc.iut.ac.ir (T. Khayamian).
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nd the Kjeldahl method were recommended for the examina-
ion of water and wastewater for ammoniacal nitrogen [4–7].
owever, there is a possibility of interferences from amines or
ther organic chemicals in these methods. Traditional instru-
ental methods such as: potentiometric [8], conductometric [9],

uorometric [10,11], reflectance spectroscopy [12], flow injection
13,14], liquid chromatography [15,16], and ion mobility spectrom-
try [1,17,18] have also been used for analysis of ammoniacal
itrogen. The measurement of ammoniacal nitrogen by UV spec-
rophotometry is useful only in clean water due to interferences
rom turbidity and from both inorganic and organic compounds.
olorimetric methods suffer from serious interferences, poor repro-
ucibility and sensitivity, or tedious procedures and undesirable
eagents [19,20]. The ammonia electrode is extremely sensitive to
emperature changes and there is a problem of losing possibility
f ammoniacal nitrogen in alkaline solution due to temperature
hanges [21].

Ion mobility spectrometry (IMS) is another alternative tech-
ique for determination of ammoniacal nitrogen. The IMS is a
ensitive, simple, fast, and portable analytical technique for the
etection of volatile organic compounds (VOCs) at low concen-
ration. It plays an important role in practical application such
s industrial and environmental monitoring and, drug and explo-
ives detection [22]. The IMS works in positive and negative

odes. In the positive mode of IMS, the analyte is ionized in

on-molecular exchange reactions with reactant ions, which are
ommonly hydrated protons. Ionization source is one of the key
arts of the instrument and 63Ni is a common ionization source for

MS, Przybylko et al. [1] determined the aqueous ammonia using
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Table 1
IMS operation parameters

Parameter Setting

Corona voltage 2.00 kV
Drift field 530 V cm−1

Drift gas flow (N2) 500 mL min−1

Carrier gas flow (air) 250 mL min−1

Drift tube temperature 150 ◦C
Inlet temperature 150 ◦C
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ig. 1. Schematic diagram of the corona discharge ion mobility spectrometer (CD-
MS) used in this work.

3Ni-IMS technique by thermally extracting the ammonia through a
ilicon membrane and passing the vapors into the instrument. Their
ata have indicated the detection limit of 1.2 mg L−1, although, they
oted lower concentrations were attainable. In this decade, we have

nvestigated the capability of continuous corona discharge as an
onization source for IMS in both positive [23] and negative modes
24]. The advantage of corona discharge as an ionization source over
3Ni is a higher total ion current by about an order of magnitude.
his, results a better sensitivity, a higher signal-to-noise and a wider
ynamic range.

Due to the low limits of detection (LODs) of IMS and its response
o the numerous organic functionalities, the ion mobility spectra
re complicated by matrix effects if the analyte is in real sample
25]. In order to remove background interferences and to enhance
ensitivity, reagent gases may be used to create alternate reactant
ons that provide additional selectivity in the response. Ammo-
ium, acetone, and halide ions were used as alternate reagent ions
o improve the selectivity of some compounds under the positive
nd negative operation modes [18,26–28]. The subject of alternate
eagent ion chemistry in IMS has been an interesting research topic
29].

The objective of this study is to evaluate the potential use of
D-IMS for direct quantitative analysis of ammoniacal nitrogen in
arious water samples. Pyridine has also been used as the alternate
eagent ions to improve the selectivity of the proposed method.

. Experimental

.1. Apparatus

The IMS apparatus with corona discharge as the ionization
ource in the positive mode has been described previously [23]. All
he parts of the IMS utilized in this work are the same as previously
escribed except sample introduction system. The schematic dia-
ram of the cell and the sample introduction system are shown in
ig. 1. In summary, the glass tube (i.d. 4 cm and 9 cm long) mounted
ith 20 stainless steel guard rings, located 1 mm from each other,
as used as the IMS cell. The guard rings are connected by a series
f resistors to form the electric field. The corona electrode is a sharp
eedle, made of stainless steel that is fixed at one end of the cell.
n the positive mode of IMS, the analyte is ionized in ion-molecular
xchange reactions with reactant ions. These ions are injected elec-
ronically from the ion source region into the drift region by means
f ion gate. In the drift region, ions are separated based on their
obility. A brass tube (i.d. 3 mm and o.d. 6 mm), located orthogo-

t
i
s
o
r

rift tube length 11 cm
eagent gas Pyridine
hutter grid pulse 100 �s

ally with respect to the corona needle, and was used to carry out
he sample to the cell. The vapor of pyridine was injected to the
arrier gas by a syringe pump to provide a certain concentration of
ample which could be varied by adjusting of the pump speed. The
ptimum experimental conditions for obtaining the ion mobility
pectra of the compounds are given in Table 1.

.2. Sample introduction system

The sample introduction system which is based on purging
ethod was selected for injection of the analyte to the IMS. This

eparation technique removes the volatile compounds from a liquid
y diffusion of these materials into a stream of gas bubbles pass-
ng through it [30]. In this work, the sample introduction system
onsisted of a gas washing bottle (150 mL), a rotameter for mea-
uring the gas flow rate and Teflon tubing for connections. Each
queous standard solution of ammonia was transferred into the
ashing bottle. A sodium hydroxide pellet was then added to the

olution to raise the pH of the sample 2–3 units above the pKa value
f NH4

+. The pH was checked using a pH meter (Corning M140,
ngland). Then, the pure nitrogen with a flow rate of 50 mL min−1

as bubbled through the solution. The outlet of the washing bottle
as connected to the IMS cell by Teflon tube and the analyte was

ransferred by nitrogen into the IMS cell.

.3. Chemicals and solutions

Ammonia solution (25%) and hydrochloric acid were purchased
rom Merck. Sodium carbonate (analytical grade) for standardizing
f hydrochloric acid and sodium hydroxide were also prepared from
erck. Stock standard solution (20 mg L−1 ammonia equivalent at

levated pH), was prepared by dissolving 0.047 g of ammonium
itrate (Riedel-deHaen) in triply-distilled water and making up to
00 mL. Working solutions were prepared by successive dilution of
he stock solutions for these compounds. Since ammonia concen-
ration in water samples easily varies with time during the storage
f samples, fresh samples should be analyzed immediately after
ample collection for most reliable results.

. Results and discussion

In this work, the selectivity to ammonia was achieved by dop-
ng the carrier gas with low levels of pyridine, delivered by a
yringe pump. In the presence of triply-distilled water as the blank,
yridine produces a dominant reactant ion species believed to be
hydrated protonated pyridine, as shown in Fig. 2. This figure

hows the ion mobility spectra of background before and after

he doping of pyridine at the optimized conditions of IMS. The
on mobility spectrum of background before doping of pyridine
hows two peaks labeled RIP1 and A, with reduced mobility values
f 2.33 and 2.77 cm2 V−1 s−1, respectively. The comparison of the
ecorded mobility values with the reduced motilities of H+(H2O)n
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ammonium ions to aqueous ammonia. At that pH, the measurement
of the aqueous ammonia will present the ammoniacal nitrogen.

In this work, after raising the pH of the solution to about 12, the
aqueous ammonia was introduced into the IMS cell. The selected
ig. 2. The ion mobility spectra of the background before and after the doping of
yridine at the optimized conditions of IMS.

2.32 cm2 V−1 s−1) and NH4
+ (3.00 cm2 V−1 s−1) reported by Car-

oll et al. [31] at 160 ◦C confirms that the peaks of RIP1 and A
elong to H+(H2O)n and NH4

+, respectively. Although, the major
eactant ions produced in corona discharge are protonated water
lusters, but trace impurity of ammonia in the ionization region
lso gives rise to production of hydrated NH4

+ [32]. When pyridine
as doped into the carrier gas, the ion peak of hydrated proto-
ated pyridine (RIP2) is raised and the height of H+(H2O)n and
H4

+ are decreased. As a result, the major reactant ion in ion mobil-
ty spectrum of background, after doping of pyridine, is RIP2. The
educed mobility of RIP2 is 2.24 cm2 V−1 s−1 that is much closed to
.21 cm2 V−1 s−1 reported by Karpas [33] for protonated pyridine.
hen the blank solution was replaced with the standard solution

f ammonia, the height of NH4
+ peak was increased. This increas-

ng is proportional to ammonia concentration in aqueous solution.
he ion mobility spectrum obtained after passing the purging gas
hrough the ammonia solution (0.1 �g L−1) is shown in Fig. 3. The
educed mobility and their corresponding standard deviations for
ll the ions in the ion mobility spectra of background are listed in
able 2.

.1. Response of the analyte

Solvated ammonia partitions between the gas and aqueous
hases and aqueous ammonia exists in equilibria with ammonium
ons according to the equation of:

H3 + H2O � NH4
+ + OH−

able 2
haracteristic ions for blank (before and after pyridine doping) and ammonia ion
obility spectra

eak Reduced mobility, K0 (cm2 V−1 s−1) Drift time, t (ms)

IP1 (H+(H2O)n) 2.33 ± 0.08 5.04
IP2 (Py-H+(H2O)n) 2.24 ± 0.06 5.24
H4

+ 2.76 ± 0.12 4.26

F
o

T
A

P

L
C
L
R

ig. 3. The ion mobility spectrum of the standard solution of ammoniacal nitrogen
0.1 �g L−1).

Therefore, raising the pH above pKa + 1, converts almost all the
ig. 4. Plot of ammoniacal nitrogen signal versus dilution time obtained by purging
f aqueous solution (0.2 �g mL−1).

able 3
nalytical parameters for determination of ammonia nitrogen using CD-IMS

arameter Value

inear range (�g mL−1) 0.03–2.00
orrelation coefficient 0.9914
imit of detection, LOD (�g L−1) 9.2
elative standard deviation, %RSD (n = 3, 200 �g L−1) 10.8
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Table 4
Statistical results for comparison of CD-IMS and nesslerization methods in ammoniacal nitrogen analysis

Water sample NH3-N found (�g L−1) Fexp. Ftab.(0.05);2,2 Spooled texp. ttab. (98%)

CD-IMS Nesslerization

Ground water (IUT university) <30 <40a – – – – –
Tap water (Isfahan city) <30 <40 – – – – –
Zayanderood river (Dorche) 68.3 ± 7.9 85.3 ± 6.5
Zayanderood river (Isfahanak) 107.3 ± 22.0 132.3 ± 20.8

a Limit of quantification (LOQ) of nesslerization method.
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ig. 5. Plots of IMS response against the concentration of ammoniacal nitrogen, the
lot shown as onset of this graph shows the linear section of the calibration curve.

ample introduction system has a characteristic, which the amount
f the analyte in the purging gas decreases during the dilution time.
his phenomenon is shown for a solution of ammonia (0.2 �g mL−1)
n Fig. 4. According to this figure, when the purged analyte injected
nto the carrier gas, the peak of the compound appears after a short
ime, reaches a maximum and decays almost exponentially. This
gure shows that the height of the ammonia signal is dependent
n the purging time and it decreases with time. The response of all
nalytes was measured after 10 min from beginning of the purging.
n the proposed method, there is no difference between using air
nd nitrogen as the purging gas. However, using air is suitable for
ortable IMS in field screening.

.2. Calibration curves

The calibration curve for the ammoniacal nitrogen was plotted
nd it is shown in Fig. 5. The linear range was from 30 to 2000 �g L−1

nd the correlation coefficient (R2) was 0.9914. The working range
s about three orders of magnitude for the compound. Limit of
etection (LOD) of this method for determination of ammonia was
.2 �g L−1. The detection limit and dynamic range of the proposed
ethod is superior to the previous reported values using 63Ni-IMS.

he limit of detection of 1200 �g L−1 and a linear range of one order
f magnitude for ammoniacal nitrogen have been reported [1]. In

63
ddition, ammonia in ethylene was also determined using Ni-
MS with the detection limit of 25 �g L−1 and a linear range of one
rder of magnitude [17]. The advantage of corona discharge as an
onization source over the conventional 63Ni is an order of magni-
ude higher ion current [23]. The higher current also allows using

A

U
I

1.5 19.0 7.2 2.9 3.8
1.1 19.0 21.4 1.4 3.8

arrower ion pulse widths, which might be improved the resolving
ower. According to previous results [23], we have shown the peak
eight is more than 2 nA, and the signal-to-noise ratio is clearly
uch higher than that of the 63Ni ionization source for a single run

pectrum. Therefore, the CD-IMS technique has a better sensitivity
nd a wider working range with respect to 63Ni-IMS. The relative
tandard deviation percentage (RSD%) was found to be typically
elow 11% for ammoniacal nitrogen. The analytical parameters of
he CD-IMS method for determination of ammoniacal nitrogen are
iven in Table 3.

.3. Analysis of ammoniacal nitrogen in water samples

The proposed method was employed for analysis of the
mmoniacal nitrogen in some environmental waters such as:
ayanderood river water at two different positions of Dorche and
sfahanak, the tap water of Isfahan city, and the ground water at
sfahan University of Technology (IUT). 100 mL of the water sam-
les were transferred into the gas purging bottle and the nitrogen
as was passed through the samples at the elevated pH. In this
ethod, pyridine was used as the reagent gas for enhancing the

electivity. According to the proton affinity values [22], the proton
ffinity differences between pyridine and many of organic com-
ounds are very high. Therefore, there will not be any significant

imitation caused by these compounds in the analysis of ammonia.
he samples were also analyzed with a conventional spectrometric
ethod using Nessler reagent according to standard methods com-
ittee [3]. The results of both methods are listed in Table 4 and the

tatistical results show that there is a good agreement between the
esults of two methods for analysis of ammoniacal nitrogen in these
amples. The higher concentration in the Zayanderood water in
sfahanak position with respect to the Dorche position seems to be
aused by sewage discharged from the houses. The results in Table 4
eveal the capability of the CD-IMS as an easy and rapid method for
irect analysis of ammoniacal nitrogen in these samples.

. Conclusions

Corona discharge ion mobility spectrometry (CD-IMS) was suc-
essfully applied for the determination of ammoniacal nitrogen in
queous samples. This methodology is simple, fast and has the low
etection limits, which reveal the capability of the method. Addi-
ionally, the analysis of the river and tap waters by CD-IMS yields
ood agreement with the Nessler method, thereby reinforcing the
pplicability of this technique as an alternative method for routine
nalysis.
cknowledgements
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a b s t r a c t

An accurate and sensitive method based on the combination of pyrohydrolysis-ion chromatography (PH-
IC) is proposed for the simultaneous separation and determination of boron as borate, chloride and fluoride
in nuclear fuels such as U3O8, (Pu,U)C and Pu-alloys. The determination is based on the initial pyrohy-
drolytic extraction of B, Cl and F from the samples as boric acid, HCl and HF, respectively, which are
subsequently separated by ion chromatography (IC). The proposed method significantly improves the
existing analytical methodology as it combines the determination of boron, a critical trace constituent in
nuclear materials, along with F− and Cl− for chemical quality control measurements. Various experimen-
tal parameters were optimized to achieve maximum recoveries of the analytes during the pyrohydrolysis
and to get better ion chromatographic (IC) separation of borate, F− and Cl− along with other anions such
as CH3COO−, NO2

−, NO3
−, Br−, PO4

3− and SO4
2−. Recoveries of more than 93% could be obtained for all

the analytes in the sample (0.5–1.5 g) at 1200 ± 25 K and distilled with pre-heated steam at the flow rate
of 0.3 mL/min. An isocratic elution with a mobile phase of 0.56 M d-mannitol in 6.5 mM NaHCO3 was
used for the IC separation. The detection limits for B (as borate), F− and Cl− were 24, 13 and 25 �g L−1,

respectively. Precision of about 5% was achieved for determination of boron, Cl− and F− in the samples
containing 1–5 ppmw of boron, and 10–25 ppmw of Cl and F. The method was validated with reference
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. Introduction

Analytical methods have been playing a vital role in the qual-
ty control aspects of nuclear fuels. Some of the elements, when
resent even at trace or ultra trace level cause detrimental effects
n the performance of the fuel and hence required to be determined
ccurately. For example, presence of F− and Cl− even at trace level
an cause local depassivation of the oxide film on the surface of the
lad leading to corrosion and eventual failure of the cladding [1].
imilarly, due to high thermal neutron absorption cross-section,
oron can act as a neutron poison. Therefore, depending upon the
ype of the fuel, specification limits have been laid down for B, Cl
nd F. Hence, precise determination of these elements forms an

ndispensable part of the chemical quality control of nuclear fuels
2,3]. For this purpose, new analytical methodologies, which are
imple, fast, require small sample size (safe handling of radioactive
aterials and minimum exposure to radiation), generate minimum

∗ Corresponding author. Tel.: +91 22 2559 3747; fax: +91 22 25505151.
E-mail address: klram@barc.gov.in (K.L. Ramakumar).
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039-9140/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
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ied to the nuclear fuels. The methodology is easy to adapt on routine basis.
© 2008 Elsevier B.V. All rights reserved.

aste and offer better precision and accuracy, are being devel-
ped. Though many techniques are available for analyzing boron
t trace levels [4–8], spectrophotometry is widely used for its
etermination in various uranium based nuclear fuels and reac-
or grade materials [9,10]. In case of plutonium bearing materials
CP-AES [11] or ICP-MS [5,12] is widely employed. Boron is sepa-
ated from the matrix prior to its determination employing solvent
xtraction [13,14], ion exchange [15,16], or methyl borate distilla-
ion [17,18]. It is well known that during the dissolution, separation
nd other stages of sample preparation, there exits possibility of
oron loss causing erroneous results [19–21]. Pyrohydrolysis, a sim-
le reagent-free separation technique, has been reported for the
eparation of boron in the fairly volatile boric acid form from metal
orides at 1450–1475 K [22,8,23]. Also in nuclear industry, pyrohy-
rolysis is a well recognized separation method for the separation
f F− and Cl− from various nuclear materials [3,24,25]. However,

imultaneous extraction of boron along with F−and Cl− from these
atrices has not been explored. Present investigation therefore

xplores the feasibility of separating B, Cl and F together in their
cid form, employing pyrohydrolysis technique by optimizing its
arious parameters.
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Ion chromatography (IC) coupled with conductivity detector is
powerful analytical technique for the simultaneous separation

nd quantification of anions or cations, preferably present in a
lean matrix solution (like water) [26]. Pyrohydrolysis combined
ith IC is widely employed for the individual separation and deter-
ination of F−and Cl− in nuclear fuel materials [3,27] since the

istillate obtained is as clear as water. Unlike the halides, direct
C of borate or boric acid is not possible because boric acid is a
eak acid (pKa1 = 9.1). Separation of borate or boric acid on an

nion exchanger is feasible only after converting the borate into
strong borate-polyol anion complex by the addition of manni-

ol, sorbitol or glycerol [28]. The possibility of analyzing borate,
− and Cl− in a single IC run has been explored by the addition
f either mannitol or sorbitol in hydroxide eluent and the same
as been extended to the water samples of pharmaceutical inter-
st, where the separation was limited up to the elution of Cl− only
29]. This procedure, however, could not be extended to the simul-
aneous determination of borate, F− and Cl− in pyrohydrolysed
istillates obtained from the nuclear fuel materials mainly because
he Cl− peak could not be resolved from other anions due to poor
electivity.

The aim of the present work was therefore to propose a
yrohydrolysis-ion chromatography (PH-IC) combined method
or standardizing a simultaneous separation and determination

ethodology for boron as borate-mannitol anion complex, F− and
l− in presence of other common anions in nuclear fuel materials.
ince pyrohydrolysis converts the non metallic impurities into their
orresponding acids and thereby produces the acid radicals such as
orate, F−, Cl−, NO2

−, NO3
−, PO4

3−, SO4
2− etc., there is a need for

n IC methodology, which is capable of separating borate, F−and
l− with desired resolutions and eluting the other anions for better
olumn performance.

For meeting this purpose, two different types of anion exchange
eparator columns with OH− and HCO3

− mobile phases were
xamined in the present study which is discussed in two parts.
he first part deals with the development of an IC procedure
or the simultaneous separation and determination of borate, F−

nd Cl− in presence of other anions and the second part focuses
n the optimization of pyrohydrolysis conditions to obtain max-
mum recoveries of the analytes in the distillate. The proposed

ethodology was validated with standard reference materials and
uccessfully applied to (Pu,U)C, Pu-alloy and U3O8 samples.

. Experimental

.1. Instrumentation

The IC system used in the present study was DX500 (Dionex
A, USA) consisting of an isocratic solvent delivery pump (IP-20), a
onductivity detector (ED 50A) and an Anion Self-Regenerant Sup-
ressor (ASRS-II). The samples were injected through a 100 �L loop
tted to a Rheodyne six port injector. The separator columns used
ere IonPac AS4A-SC, 250 mm × 4.6 mm with its guard column AG4

Dionex CA, USA) and IC-Pak A (Waters, Japan), 50 mm × 4.6 mm,
ith its anion guard insert. Part of the equipment consisting of

njector, column(s), suppressor, conductivity cell of the detector and
aste collection bottle was set inside an active fume hood for the

afe handling and analyses of the active sample solutions. Pyro-
ydrolysis of samples was performed in an all Quartz apparatus
nstalled in a radioactive glove box. The details of the apparatus
ncluding the modifications incorporated in the system for the
yrohydrolysis of radioactive materials and to minimize the activity

n the distillate were described elsewhere [30]. All pH measure-
ents were made on a CL-5 pH meter (Toshniwal, India). w
76 (2008) 1246–1251 1247

.2. Reagents and solutions

Analytical grade (AR) reagents were used. Standard stock solu-
ions having 1000 mg L−1 of chloride, fluoride, bromide, nitrite,
itrate, phosphate and sulphate were prepared by dissolving cal-
ulated amount of their corresponding sodium salts of 99.9% purity
Merck, Germany). Standard boron solution of similar concen-
ration was prepared by dissolving known amount of boric acid
GR-ACS, Merck, Germany). High purity deionised water having
8.2 M� specific resistance was obtained from a Milli Q water sys-
em (Millipore, USA) and used for preparation of all the solutions.
he eluents were prepared with NaOH,d-mannitol (GR-ACS, Merck,
ermany) and NaHCO3 (AR grade, Thomas Baker, India) and filtered

hrough nylon membrane filters (0.45 �m) before use.

. Results and discussion

.1. Ion chromatography separation

Since for the IC separation of boric acid or borate anion on
n anion exchanger, conversion to borate-polyol anionic form is
prerequisite due to the very weak dissociation of boric acid Ka is
× 10−10 (pKa 9.1) [31]. In the present study,d-mannitol was chosen
s complexing polyol because the formation and stability of borate-
annitol complexes were well studied [32–34]. Among the various

omplexes formed, from the IC separation point of view, the com-
lex B(H2L)2

− is useful as it is the most abundant anion when the pH
f the medium is above 4.1 [29]. Further, the same study explored
he possibility of analyzing the borate, F− and Cl− ions in a single
un by using IonPac AS4A-SC column and an eluent of 0.8 M d-
annitol in 5 mM NaOH, where the eluent composition was arrived

t considering the available thermodynamic data [32] for the for-
ation of B(H2L)2

− and the weak elution strength of NaOH, which
an separate the weakly retained ions like B(H2L)2

−, F− and acetate.
owever, the study did not include those anions exhibiting stronger

etention than Cl−. During our preliminary investigations, the same
rocedure was followed with a view to analyzing the distillates
btained from the pyrohydrolysis of nuclear fuels for borate, F− and
l− along with other common anions (e.g. NO2

−, NO3
− etc.). We

sed an Anion Self-Regenerant Suppressor (Dionex-ASRS) to lower
he background conductivity in place of an Anion Micro Membrane
uppressor (Dionex-AMMS-1). A standard solution containing mix-
ure of boric acid, F−, Cl−, NO2

−, Br−, NO3
−, PO4

3− and SO4
2− was

njected and the following were observed.

(i) The eluent could separate the B(H2L)2
− from F− but it could not

separate the Cl− peak from NO2
−, which showed very similar

retention behaviour as that of Cl−.
(ii) The ions that have retentions more than Cl− got eluted very

slowly and ultimately produced a bulk unresolved peak which
continued for 45 min and this impaired base line stability
and the separation quality in the subsequent injections. The
difficulty of eluting these strongly retained peaks may be
circumvented by employing a gradient elution with NaOH,
however, it could not be resorted as the IC system available
was configured with isocratic solvent delivery pump.

iii) A negative peak (dip) appeared between B(H2L)2
− and F−

peaks, due to which proper fixing of the base line for both the
peaks was not possible making precise determination of both

−
borate and F difficult. This was the case even when standard
solutions were injected in eluent.

The above limitations necessitated for another separator column
hich could provide better selectivity for these ions.
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it resulted in undesirable deposition of mannitol on the flow
lines of the IC system. With respect to the suppressor, both ASRS
and AMMS are membrane based and can tolerate a maximum
flow pressure of 100 psi only. The slow deposition of mannitol
occurring at the membrane surface increases the suppressor
248 S. Jeyakumar et al. / Ta

.2. Selection of separation column

The IonPac AS4A-SC (capacity: 20 �eq. per column; working pH
ange: 0–14) used in the above studies is packed with ethyl vinyl
enzene cross linked with 55% of divinyl benzene having alkanol
uaternary ammonium functional group and was designed to bring
ast separation among the common anions using CO3

2−/HCO3
−

uffer eluents. With low strength NaOH, it is unable to elute the
trongly retained anions, though it exhibits good selectivity for the
eak anions. Hence, a separator column that exhibits good selec-

ivity for both weak and strong anions is required for the isocratic
eparation. In general, methacrylate polymer based strong anion
xchangers with quaternary ammonium functional group show
ore hydrophilic behaviour and good selectivity than the vinyl ben-

ene polymer based columns for majority of the common anions
ncluding the weakly retained ions. In view of this, IC-Pak A, a short
ength methacrylate polymer based column (50 mm × 4.6 mm;
apacity: 30 �eq. per column; working pH range: 2–12) was cho-
en and separations were performed on this column with the same
luent composition as in the case of IonPac AS4A-SC. The column
howed good selectivity for B(H2L)2

−, which got eluted after 4 min
nd the Cl− was well separated from its neighboring nitrite. How-
ver, the other anions were not eluted from the column due to low
oncentration of NaOH. In order to elute the strongly retained ions,
he strength of NaOH eluent could not be increased because such
ncrease would have raised the pH of the eluent, which is detri-

ental to the column integrity and performance. So, under such
ondition, there is a need for an alternate eluent, which can cir-
umvent these limitations.

.3. Selection of mobile phase

The selection of a mobile phase for the isocratic separation and
etermination of borate along with other common anions depends
n four important factors:

(i) the eluent should separate both weakly and strongly retained
anions with appreciable resolution between them.

(ii) The pH of the modified eluent after addition of d-mannitol
should be more than 8 (for facilitating the formation of the
B(H2L)2

− complex kinetically faster).
iii) The eluent should be compatible with the ASRS suppressor and

amenable to ion suppression.
iv) The resultant pH of the eluent after suppression and before

detection should be more than 4.1 for the stability of the
B(H2L)2

− complex.

Therefore, in suppressed IC, the choice of mobile phase is lim-
ted to OH−, HCO3

− and CO3
2− in direct or modified forms. Sodium

ydrogen carbonate (HCO3
−) was chosen as its elution strength

ies in between the weaker OH− and stronger CO3
2−. The pH of

to 10 mM HCO3
− solutions having 0.8 M d-mannitol was found

o be between 8.8 and 9.2. At the suppressor the HCO3
− gets con-

erted into H2CO3 (weak acid) resulting in drastic reduction in the
H which could be calculated from the Ka1 value (4.5 × 10−7) of
2CO3 [35]. The values obtained were between 4.2 and 4.3 and

his was also confirmed experimentally by measuring the pH of
he suppressed eluents collected at the suppressor outlet. This pH
ange is suffice for the stability of B(H2L)2

−. The deprotonation ofd-
annitol (pKa1 = 13.1, pKa2 = 13.8) [36] had negligible contribution
n changing the eluent-pH due to its very high pKa values. How-
ver, during the suppression, the protonation of B(H2L)2

− occurs,
hich can cause variation in the eluent-pH and the degree of varia-

ion depends on the amount of boron present in the sample. In the
resent case, the variation is negligible as the methodology deals

F
o
5
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ith boron in �M concentration. Therefore, by considering the for-
ation, stability aspects of B(H2L)2

−s and amenability towards ion
uppression for better detection, HCO3

− eluent was chosen for fur-
her investigation.

.4. Optimization of mobile phase conditions

(i) Effect of concentration of HCO3
−

To study the elution behaviour of eight anions such as
B(H2L)2

−, F−, Cl−, Br−, NO2
−, NO3

−, HPO4
2− and SO4

2− with elu-
ents of varying concentrations of HCO3

− in 0.8 M d-mannitol,
for each eluent composition, the total time of separation, res-
olution between adjacent peaks and peak symmetry were
examined. Since, in general, the acetate and F− have close reten-
tions on an anion exchanger, the standard solution was spiked
with acetate and the separations were carried out. In Fig. 1, the
log(retention factors) as a function of log [HCO3

−] are presented
for all the ions under investigation and the plots resulted lin-
earity with negative slopes, which suggests that the modified
hydrogen carbonate eluent follows anion exchange mechanism
for separation. When the HCO3

− concentration was more than
8 mM, the resolution between the peaks of NO3

− and HPO4
2−

became poor and at 10 mM, they got merged as an unresolved
singlet peak, where the B(H2L)2

− peak eluted along with the
excluded water peak. Based on these results, an eluent compo-
sition 0.8 M d-mannitol in 6.5 mM HCO3

− was found to be the
optimum to realise all the chromatographic parameters in the
acceptable range. Fig. 2 shows a typical chromatogram obtained
under the optimized condition for a standard solution contain-
ing mixture of nine anions. The earliest eluted anion B(H2L)2

−

was well resolved from both F− and the excluded water dip and
an insert in Fig. 2 exhibits the same.

ii) Effect of concentration of d-mannitol
Though 0.8 M d-mannitol in 6.5 mM HCO3

− eluent brought
out the desired separation, the use of mannitol at such high
concentration caused certain serious practical difficulties. The
0.8 Md-mannitol solution behaves like a saturated solution and
ig. 1. Dependence of logarithms of retention factors on logarithms of concentration
f eluting anion (HCO3

−). Column: Waters IC-Pak A, 50 × 4.6 mm. Mobile phases:
–10 mM HCO3

− + 0.8 M mannitol.
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pressure which not only deteriorates the suppression process
but also leads to permanent damage to the suppressor. This
necessitates cleaning of the suppressor after every two or three
sample runs, which is practically difficult. The deposition of dis-
solved mannitol on the membrane surface is not expected one
as the cation exchange membrane of the suppressor will not
have any affinity for the neutral organic mannitol. However, this
deposition might be resulting because the mannitol solution is
exposed to relatively larger surface of the membrane from the
narrow flow tubing. In order to circumvent this problem, the
mannitol concentration in the eluent needs to be reduced and
such a reduction should not effect a change in the formation
of B(H2L)2

− complex and other optimized chromatographic
parameters. From the chromatographic point of view, the effect
of mannitol concentration on the complex formation with boric
acid was not investigated earlier and such an investigation is
essential to know if any significant changes would occur in
the elution of B(H2L)2

− including the sensitivity of its mea-
surement. Therefore, the retention behaviour of all ions under
investigation was examined by eluting them with varying man-
nitol concentration from 0.24 to 0.72 M in 6.5 mM HCO3

− which
was compared with the retention behaviour when no mannitol
was added in the eluent. The following were observed.
(a) The retention behaviour of ions did not change due to

change in the mannitol concentration, however, a little dif-
ference in the retention time (not significant) was observed
when the elution was carried out without mannitol. Fig. 3
shows the comparison of chromatograms obtained for a
standard mixture with and without mannitol in the eluent.
It implies that the mannitol played an important role in the
formation of B(H2L)2

− complex and it has no influence on
the retentions of other ions.

(b) Another interesting observation was while increasing the
concentration of d-mannitol in the eluents, the detector
response for B(H2L)2

− peak also increased. This indicates
that the concentration of the B(H2L)2

−complex increases

while increasing the mannitol concentration.

Further a plot of concentration of mannitol against detector
esponse (conductivity) in the form of peak area/peak height of

ig. 2. Separation of standard mixture of anions. Column: Waters IC Pak A,
obile phase: 0.8 M mannitol + 6.5 mM NaHCO3, Flow rate: 1 mL/min. Detec-

ion: suppressed conductivity. Peaks: 1 = borate-mannitol anion (1.4 ppm of B),
= F− (0.5 ppm), 3 = CH3CO2

− (0.8 ppm), 4 = Cl− (1 ppm), 5 = NO2
− (2 ppm), 6 = Br−

1.7 ppm), 7 = NO3
− (2 ppm), 8 = HPO4

2− (7.4 ppm) and 9 = SO4
2− (7 ppm). Insert

xhibits part of the chromatogram to show the borate peak resolved from the
xcluded negative peak.

t
a

3
o

p

F
u

itol on the retention of all common ions by eluting them with 5 mM NaHCO3. (A)
resence of 0.8 M mannitol (B) absence of mannitol. In the absence of mannitol the
orate peak was appeared and other peaks were shifted little extent (within 5%).
eak labels are as in Fig. 2.

he B(H2L)2
− peak was constructed and shown in Fig. 4. The detec-

or response increased steeply up to 0.56 M and thereafter small
ncrease was observed and hence, the concentration of mannitol
as changed from 0.8 to 0.56 M. Standard boron solutions were

njected under the changed condition and the peak areas thus
btained for the standards were proportional to their concentra-
ions. Based on these, the eluent composition was re-optimized
s 0.56 M d-mannitol in 6.5 mM HCO3

−, which brought down the
mount of mannitol per litre of the mobile phase from 146 to 102 g.
his has minimized the formation of mannitol deposit on the sup-
ressor and thereby decreased the suppressor working pressure.

.5. Calibration curve

The method has been calibrated with standard solutions of all
he analytes. Limits of Detection (LOD), linear concentration range
nd coefficients of determination (R2) are shown in Table 1.
.6. Optimization of the pyrohydrolysis conditions and validation
f the method

For the separation of borate, F− and Cl− from the sample matrix,
yrohydrolysis was opted for because IC requires a clean sample

ig. 4. Detector response measured as peak height and peak area for 1.4 mg of B L−1

nder varying concentrations of d-mannitol in 6.5 mM HCO3
− .
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Table 1
Calibration parameters and Limit of Detection (LOD)

Analyte Range (mg L−1) Linearity (R2) LODa (mg L−1)

B 0.05–5.0 0.9995 0.015
F− 0.03–5.0 0.9999 0.005
Cl− 0.05–10.0 0.9996 0.01
NO2

− 0.20–10.0 0.9995 0.04
Br− 0.30–10.0 0.9983 0.85
NO3

− 0.35–10.0 0.9997 0.05
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chromatogram obtained for a sample and the results are given in
Table 4.

Table 2
Pyrohydrolysis conditions for the complete extraction of borate, F− and Cl− from
nuclear fuel materials

Parameters Optimum condition

Sample mass (g) 0.5–1.5
Pyrohydrolysis temperature (K) 1175–1225
O4
3 0.50–25.0 0.9991 0.2

O4
2− 0.50–25.0 0.9994 0.09

a Calculated on the basis of S/N = 3.

olution which is free from bulk ions of any form. Though sep-
rations of F− and Cl− in various nuclear materials have been
nvestigated in our laboratory and the pyrohydrolysis conditions

ere well optimized [27], separating boron in boric acid form along
ith the F− and Cl− requires optimization of pyrohydrolysis condi-

ions. For this purpose, generally the certified reference materials
re subjected to different pyrohydrolysis conditions and the recov-
ries of borate, the F− and Cl− are calculated for each condition.
ince commercially available CRMs were not accessible to us, for
oron we used two certified reference materials (U3O8–CRM-ILCE-

V and V), which were prepared by the Department of Atomic
nergy (DAE), India in 2002 and characterized employing ICP-
ES, DC-Arc-AES, Flame-AAS and ICP-MS techniques during the

nter-laboratory inter-comparison experiments (ILCE) conducted
mong nine different laboratories [37]. Since these two standards
re not certified for F− and Cl− contents, we used an in-house
tandard material (UO2), which was prepared and characterized
mploying spectrophotometry and ion selective electrode methods
30].

Pyrohydrolytic separation mainly depends on (i) temperature,
ii) carrier gas flow rate (which controls the rate of distillate
ollection), (iii) mass of sample, and (iv) time (duration of pyro-
ydrolysis). Since pyrohydrolysis is decomposition of materials by
he combined action of heat and water vapour, the pyrohydrolysis
f metal halides is expressed as

X2n + nH2O → MOn + 2nHX

This reaction is known to occur at about 1000–1200 K [38] and
uring pyrohydrolysis the F− and Cl− present in the sample are
onverted into HF and HCl, respectively. In case of actinide borides,
t is necessary to ensure the feasibility of converting borides into
oric acid in the above temperature range. The actinide borides
ormally exist in the form of MB4 (UB4, PuB4) and the possible
yrohydrolysis reaction of MB4 is

B4 + 14H2O → MO2 + 4H3BO3 + 8H2

Gibbs free energy changes for the conversion of UB4 into H3OB3
t reaction temperatures 1100, 1200, 1300 and 1400 K were cal-
ulated by using Fact Sage software version 5.31 and it suggested
hat the reaction is thermodynamically more prominent in the
emperature range 1100–1200 K. However, previous studies on the
yrohydrolysis of some ceramic materials showed that the recov-
ry of boron (boric acid) was faster at temperatures above 1650 K
39,40]. The all quartz pyrohydrolysis apparatus used in the present
tudy can reach a maximum temperature of 1225 K only and due
o this limitation, the temperature of pyrohydrolysis was fixed as
175 K, which is the maximum safe operational temperature. To

nd out the recovery of boron, U3O8–CRM-ILCE-IV (sample mass
f 1.5 g) was subjected to pyrohydrolysis for different time dura-
ions and the distillates were collected in cleaned polyvinyl chloride
PVC) make bottles each containing 5 ml of 5 mM NaHCO3 solu-
ion. The carrier gas flow rate was adjusted to get a flow rate of

R
E
V

ig. 5. Pyrohydrolytic borate, chloride and fluoride recovery as function of time
furnace temperature was 1175–1225 K).

team (as liquid) as 0.3 mL/min. Prior to the IC analysis, the distil-
ates were not diluted and they were analyzed by weight basis for
he sake of getting appreciable concentration of boron in the distil-
ate for accurate measurement. Similar exercises were performed

ith the in-house UO2 standard (sample mass 0.5 g) to check the
ecovery of F− and CL−. The relation between the pyrohydrolysis
ime against the recoveries of B, F and Cl is shown in Fig. 5. The plot
hows that at 1175 K, maximum F− and CL− could be recovered in
0 min and in case of boron the same could be achieved only after
0 min. Based on the results, the pyrohydrolysis conditions were
ptimized and listed in Table 2. Prior to the sample pyrohydrolysis,
lanks were obtained by following the same procedure.As the work
as carried out inside a radioactive glove box, necessary radioactive
andling safety procedures were followed and further IC analyses
ere performed inside an active Fume-hood. Under the optimized

onditions, both CRMs (U3O8) for boron and in-house UO2 stan-
ard for F− and Cl− were subjected to pyrohydrolysis repeatedly
nd the recoveries of all the analytes were calculated by employing
he optimized IC procedure and the values obtained are shown in
able 3.

.7. Sample analysis

Accurately weighed quantities of (Pu,U)C (fuel for Indian Fast
reeder Test Reactor) and Pu-alloy samples (sample mass range
.5–1.5 g) were subjected to pyrohydrolysis. Fig. 6 shows a typical
ate of flow of the steam (as liquid) (mL/min)a 0.3
xtraction time (min) 60
olume of the condensed distillate (mL)b 15–20

a Controlled by adjusting the carrier gas flow rate.
b Collected in pre-weighed PVC bottles containing 5 mM HCO3

− .
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Table 3
Results obtained for standard materials

Analyte Standard Certified (�g g−1) Obtained (�g g−1) Deviation % of recoverya

Boron ILCE-IVb 1.1 1.08 ± 0.09 −0.02 98.2
ILCE-Vb 0.77 0.72 ± 0.06 −0.05 93.5

Fluorine UO2-stdc 12.6 11.88 ± 0.21 −0.72 94.3
Chlorine UO2-stdc 16.4 16.47 ± 0.24 +0.07 100.4

a Mean of six replicate analysis.
b Certified reference materials prepared by the Department of Atomic Energy India and characterized by employing ICP-AES and ICP-MS techniques in nine different

laboratories.
c In-house standards whose fluoride and chloride contents were arrived by replicate a

methods.

Fig. 6. Typical chromatogram obtained for a sample. Eluent: 0.56 M d-mannitol in
8 mM NaHCO3. Other conditions are as in Fig. 2. Peaks: 1 = borate-mannitol anion,
2 = F− , 3 = Cl− , 4 = NO2

− , 5 = NO3
− .

Table 4
Results obtained for the samples

Sample Boron (�g g−1) Fluoride (�g g−1) Chloride (�g g−1)

UPuC-1 3.91 ± 0.20 0.56 ± 0.03 4.67 ± 0.23
UPuC-2 1.69 ± 0.08 0.54 ± 0.03 3.86 ± 0.19
UPuC-3 1.94 ± 0.10 3.10 ± 0.16 7.59 ± 0.38
UPuC-4 1.58 ± 0.08 0.45 ± 0.02 10.6 ± 0.53
UPuC-5 2.30 ± 0.12 0.72 ± 0.04 13.2 ± 0.66
UPuC-6 0.32 ± 0.02 0.62 ± 0.03 21.9 ± 1.1
UPuC-7 2.61 ± 0.13 0.85 ± 0.04 17.3 ± 0.87
Pu-A-1 4.84 ± 0.30 2.48 ± 0.12 47.2 ± 2.80
Pu-A-2 3.95 ± 0.22 1.42 ± 0.09 68.2 ± 3.50
U
U
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[37] DAE-Interlaboratory comparison experiment (ILCE) for trace metal assay of
uranium – Phase 2, Document, BARC, India, 2002.

[38] V.L. Dressler, D. Pozebon, E.L.M. Flores, J.N.G. Paniz, E.M.M. Flores, Anal. Chim.
3O8-1 0.24 ± 0.01 0.38 ± 0.02 6.10 ± 0.31
3O8-2 0.28 ± 0.01 0.80 ± 0.04 7.21 ± 0.36

.8. Conclusions

The proposed pyrohydrolysis-ion chromatography combined
ethodology is sensitive, accurate and rapid for the simultane-

us determination of F−, Cl− and borate (boron) in Pu bearing
uclear materials. Pyrohydrolysis separation enables safety in
andling radioactive materials and provides clean sample solu-
ion (without producing the undesirable active liquid waste)
uitable for the trouble free IC separation. Since the IC sepa-
ation and detection were resorted with isocratic elution with
onductivity detection, it is simple and versatile compared to
ther spectroscopic techniques. Boron, Cl and F at sub-ppm lev-

ls, can be determined by the proposed methodology with a
eproducibility better than 5% in U and Pu based nuclear fuel
aterials.

[
[

nalyses carried out by employing ion selective electrode and spectrophotometric
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CdTe@SiO2 fluorescent particles were synthesized via hydrolysis and condensation of tetraethyl orthosili-
cate (TEOS) in water-in-oil (W/O) emulsion. Uniform luminophore-doped silica nanoparticles with 100 nm
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ccepted 5 May 2008
vailable online 9 May 2008

eywords:
dTe@SiO2 fluorescent particles

in diameter were obtained using microemulsion method and characterized by SEM. Antibody proteins
were successfully conjugated to the fluorescent particles by the reaction of avidin and biotin, which
were confirmed by fluorescence spectra. CdTe@SiO2 fluorescent particles were potentially useful for the
applications in biolabeling and imaging.

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

Semiconductor nanoparticles made a significant impact on
iotechnological and bioanalytical research [1–3], due to its advan-
ages of desirable fluorescent properties, such as tunable emission
pectra, high photostability, resistance to photobleaching, control-
able surface characteristics, etc. [4–6].

The first milestone application of Quantum dots (QDs) as lumi-
escence labels in bioimaging was reported by Alivisatos’ group,
nd the multicolor labeling of fixed mouse 3T3 fibroblasts was
emonstrated [7]. To be used in bioconjugation, a silica shell
as intentionally coated onto the nanocrystals (NCs), followed by

oupling of ligands to the silica. Biotinylated QDs with red photo-
uminescence selectively stained cytoskeletal filaments modified

ith streptavidin. Green-emitting QDs with trimethoxysilylpropyl
rea and acetate groups showed high affinity to the cell nucleus.
onstant excitation of bioactive QDs over 4 h with an Ar+ laser
esulted in constant emission with little decay. Almost at the same
ime, Chan and Nie prepared water soluble CdSe QDs by surface
xchange of the organic ligands for mercaptoacetic acid, which

ould offer pendant carboxylic acid groups for further coupling [8].
dSe QDs that were labeled with the protein transferrin underwent
eceptor-mediated endocytosis in cultured HeLa cells, and those
Ds that were labeled with immunomolecules recognized specific

∗ Corresponding author at: Department of Analytical Chemistry, College of Chem-
stry, Jilin University, Jiefang Road 2519, Changchun 130023, China.
el.: +86 431 88498099; fax: +86 431 88499976.

E-mail address: JGzhou70@126.com (J.-G. Zhou).

S
i
C
M
s
s
o
q
p
m

039-9140/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2008.05.002
ntibodies or antigens. These two papers reported in 1998 laid the
oundation of QDs as biolabels and opened the door to biological
pplications of semiconductor nanoparticles (NPs).

Quantum dots, however, have characteristics that limit their
ffectiveness for such applications. These limitations include
article growth, photoinduced decomposition, and conjugate
ggregation [7]. Especially, they are rapidly photobleached in the
resence of oxygen. It is a major problem in their use of bioanalytical
pplication, such as biosensor and real-time imaging applications.
morphous silica shells show some prime advantages necessary

or bioconjugation of QDs. The silica shell prevents flocculation of
articles and species from adsorbing onto the surface, and help
o maintain the photoluminescence. In previous work [9,10], the
evelopment of organic-dye-doped silica NPs have been reported,
ut the fluorescence intensity of organic-dye-doped silica NPs was

imited due to the relative low quantum yield of organic dyes,
hese NPs were unsuitable for bioanalysis because of their high
ydrophobicity and poor dispersibility in water [11,12].

In order to solve this problem, coating inorganic nanoparticles
ith silica has been widely investigated. Using the well-known

tÖber method, Liz-Marzán and his co-workers succeeded in coat-
ng aqueous CdS NCs stabilized by sodium citrate and obtained
dS@SiO2 particles with core-shell structure [13]. Nann and
ulvaney further demonstrated that the silica coating on organic-

oluble NCs by the StÖber process could also lead to well-defined

tructures [14]. Under optimized conditions, they successfully
btained silica spheres with 30–120 nm in diameter and single-
uantum-dot cores. Murase and his co-workers reported the
reparation of fluorescent CdTe-silica particles by the reverse
icroemulsion method. It emerged that the CdTe NCs were only



1 a 76 (

s
n
M
a
Q
t

“
p
b
m
s
t
i
r
s
s
v
r
t
t
i
b
d

fl
p
b
i
d
c
b
t
T
b
R
e
i
g
c
a
s

e
u
i
a
d
T
o
t
r
b
T
n
a

s
(
s
d
n
e
t
s

b
e
i
m
t
b
i
s
d
t

2

2

g
a
N
i
g
L
B
L
p
s
p
w

2

P
o
b
m
w
u
d
o

2

d
p
t
s
N
w
o
w
n
u
a
(
f
t
c
6

054 L. Jin et al. / Talant

ituated on the surface of the resultant silica particles [15]. Kirch-
er et al. reported high cell viability of various cell lines including
DA-MB-435S breast cancer and NRK cell lines when ingested and

dsorbed with silica-coated CdSe/ZnS nanoparticles, silica coated
Ds showed there were no cytotoxic effects in the cell lines inves-

igated with concentrations as high as 30 �M [16].
In this work, we developed a method for producing

biofriendly,” spherical, stable, easily preserved, and monodis-
erse silica nanoparticles. Silica was used as a matrix in this work
ecause it has been one of the most commonly used matrices for
aking nanoparticles for in vivo applications, and it has several

uperior properties. Silicate glass is a porous, high-purity, optically
ransparent and homogeneous material [17], so these make it an
deal choice as a matrix for the encapsulation of optically active
eagents. Also, the preparation of silica particles is technically
imple, and tailoring their physicochemical properties, i.e., pore
ize or innersurface hydrophobicity, could be achieved easily by
arying the processing conditions and the concentration or type of
eactants used [18]. Furthermore, the silica matrix made it possible
o retain to a much larger extent compared to organic polymers,
he specificity and reactivity of biologic molecules (i.e., proteins)
n the solid state and provides morphologic and structural control,
ut that is not available when the biologic molecules are simply
issolved in aqueous media [19].

As it is well known that CdTe nanoparticles lose their highly
uorescent properties in the presence of common buffers such as
hosphate-buffered saline (PBS), the growth of a silica shell has
een found to significantly enhance the photoluminescence stabil-

ty of CdTe QDs in buffer solution, provided a versatile platform for
ecoration with any number of functional groups and for successful
onjugation to IgG proteins, which confirmed both bioactivity and
inding specificity. Also it is common knowledge that Cd is highly
oxic, and this could be a major concern for its vivo applications.
he surface oxidation of the core QDs can be reduced by using silica
ased shell layers, which could create a barrier for oxygen diffusion.
emarkably, Kirchner et al. [16] reported that silanized CdSe did not
licit genes related to exposure to heavy metals. Silanization of var-
ous metal and semiconductor nanoparticle systems have shown
reat success in protecting their surface characteristics. This indi-
ates that silica is an outstanding biocompatible protective layer
nd may hold the best promise for non-cytotoxic bioimaging and
ite-directed surgeries.

To further expand the usefulness of silica nanoparticles, a vari-
ty of surface modification and immobilization procedures are
tilized and can be developed to couple the nanoparticles to var-

ous biomolecule targets. For example, oligonucleotides, enzymes,
ntibodies, and other proteins have been used for bioanalytical
etection after the nanoparticles are linked to probe biomolecules.
he silica surface can be modified to contain avidin, sulfide, amine,
r carboxylate groups [20]. Avidin can be passively adsorbed on
he silica surface followed by glutaraldehyde cross-linking. The
esulting avidin-coated nanoparticles can then be conjugated with
iotinylated molecules based on the strong avidin–biotin affinity.
he capacity of silica to bind with avidin will allow the use of the
anoparticles to assays requiring commonly used and widely avail-
ble biotinylated compounds.

In this paper, the CdTe@SiO2 fluorescent particles were synthe-
ized via hydrolysis and condensation of tetraethyl orthosilicate
TEOS) in water-in-oil (W/O) emulsions. CdTe nanocrystals were
tabilized by 3-mercaptopropyl acid (MPA). Under optimized con-

itions, highly fluorescent SiO2 spherical particles with CdTe
anocrystal cores were obtained, and terminated with an out-
rmost layer of avidin. The optical investigation showed that
he avidin-bound CdTe–silica particles retain bioactivity and had
pecific biorecognition ability, a fluoroimmunoassay employing

2

c
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ioconjugation of antibody and antigens was carried out in this
xperiment. The avidin-bound CdTe-silica particles were treated
n biotinylated goat-anti-rabbit IgG solution to form new outer-

ost layer through the strong affinity between avidin and biotin,
he antibody (biotinylated goat-anti-rabbit IgG) could combine to
iospecific antigen (FITC-rabbit-anti-goat IgG) to form a typical

mmunoreaction on the surface of CdTe-silica particles. The inclu-
ion of nanoparticles into the silica matrix was demonstrated and
iscussed briefly. Also given were specific protein-binding studies
hat relate to the biocompatibility of the silica nanoparticles.

. Materials and methods

.1. Materials and reagents

All chemicals used in this experiment were of analytical reagent
rade without further purification. Triton X-100, 3-mercaptopropyl
cid (99+%), tellurium powder (∼200 mesh, 99.8%), CdCl2 (99+%),
aBH4 (99%) were purchased from Aldrich Chemical Co. The follow-

ng biochemicals were used: avidin (10 mg, Rockland), biotinylated
oat-anti-rabbit IgG (1.0 mg/mL, Beijing Dingguo Biotechnology
td. China), FITC-rabbit-anti-goat IgG (1.5 mg/mL, Beijing Dingguo
iotechnology Ltd. China); BSA (5 g, Beijing Dingguo Biotechnology
td. China). BSA and avidin powder were dissolved in a 2 mmol/L
hosphate buffered saline solution (PBS, pH 7.4) to obtain 1 mg/mL
olution and all the solutions were stored at 0–4 ◦C, diluted only
rior to immediate use. Water used throughout was doubly distilled
ater (>18 M� cm).

.2. Instrument and spectrometry

Fluorescence spectra were recorded by a Shimadzu RF-5301
C spectrofluorophotometer. UV–vis absorption spectra were
btained using a Varian GBC Cintra 10e UV–vis spectrometer. In
oth experiments, a 1-cm path-length quartz cuvette was used to
easure the absorption or fluorescence spectrum. All pH values
ere measured with a PHS-3C pH meter (Hangzhou, China). A bath
ltrasonic cleaner (Autoscience AS 3120, Tianjin, China) was used to
isperse the microspheres. All optical measurements were carried
ut at room temperature under ambient conditions.

.3. Synthesis of aqueous-compatible CdTe quantum dots

Stable water-compatible CdTe quantum dots were prepared by
erivatizing nanocrystal surfaces with MPA as described in previous
apers [21,22]. In brief, freshly prepared oxygen-free NaHTe solu-
ion was added to nitrogen-saturated 1.25 × 10−3 M CdCl2 aqueous
olution at pH 11.4 in the presence of MPA as a stabilizing agent.
aHTe was produced in an aqueous solution by reaction of NaBH4
ith tellurium powder at a molar ratio of 2:1. The molar ratio

f Cd2+:MPA:HTe− was fixed at 1:2.4:0.5. The resulting mixture
as then subjected to refluxing to control the size of the CdTe
anocrystals. Finally, QDs with different sizes were synthesized
nder different refluxing conditions respectively. The final clean
nd stable aqueous QDs were well-dispersed in basic solutions
pH > 6), and the luminescence quantum yield of 25% was obtained
or the CdTe nanoparticles at room temperature compared with
he fluorescent emission of Rhodaminutese 6G [23]. Stable water-
ompatible MPA-capped CdTe QDs with emission maximum at
10 nm were used in this study.
.4. Preparation of biofunctional CdTe@SiO2 particles

CdTe@SiO2 particles were prepared as follows: typically, 7.5 mL
yclohexane, 1.77 mL Triton X-100, 1.8 mL n-hexanol, 48 �L aque-
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us solution of as prepared CdTe NCs, 60 �L ammonia aqueous
olution (25 wt.%), and 0.1 mL tetraethyl orthosilicate (TEOS) were
dded to a flask with stirring. Normally 24 h were required to
btain CdTe@SiO2 particles. The CdTe@SiO2 particles were washed
ith ethanol and water, alternately, followed by centrifugation

3000 rpm, 10 min) with sonication (1 min). Finally the particles
ere sonicated and resuspended in 1 mL PBS.

The final deposited layer was avidin, the biofunctional
dTe@SiO2 particles were obtained by electrostatic reaction,
hrough incubating CdTe@SiO2 particles with avidin for 30 min.

.5. Formation of the immunoreaction system of biofunctional
dTe@SiO2 particles/biotinylated goat-anti-rabbit

gG/FITC-rabbit-anti-goat IgG

The formation of immunoreaction system of CdTe@SiO2 par-
icles/biotinylated goat-anti-rabbit IgG/FITC-rabbit-anti-goat IgG
as obtained by incubating the biofunctional CdTe@SiO2 particles

n biotinylated goat-anti-rabbit IgG solution at 37 ◦C for 30 min (BSA
as added to avoid non-specific binding), followed by FITC-rabbit-

nti-goat IgG solution added, incubating for another 30 min. A
ollowed wash step was carried out after incubating, The CdTe@SiO2
articles were washed three times with 200 �L PBS by centrifuga-
ion (3000 rpm, 10 min) and sonication (1 min) between each wash
tep. Then the particles were sonicated and resuspended in 1 mL
BS.

. Results and discussion

.1. Characterization of nanoparticles

Microemulsion method yielded uniform luminophore-doped
ilica nanoparticles with 100 nm in diameter (Fig. 1), and charac-
erized by SEM. The low polarity of the microemulsion water pool
llows quantum dots to aggregate while the silica network would
e formed. In the current reverse-microemulsion system, cyclohex-
ne was served as a continuous phase, in which TEOS was dissolved.

icroscale water pools containing fluorescent CdTe nanocrystals
ere stabilized by Triton X-100 and n-hexanol. The formation of

ilica shell was initiated by hydrolyzing TEOS at the oil/water inter-
ace, catalyzed by ammonia. The possibility for the formation of
dTe@SiO2 core-shell structures was that the hydrolyzed silica

Fig. 1. SEM image of silica nanoparticles at 33,000× magnification.
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ig. 2. Absorption (a) and fluorescence (b) spectra of unmodified CdTe nanocrystals
solid lines), unmodified CdTe nanocrystals mixed with silicate (dashed lines) and
omposite CdTe@SiO2 spheres formed after silicate addition (dotted lines).

pecies formed in the initial stage of the reaction are bound onto
he surfaces of the CdTe nanocrystals and form a silica monolayer.
hen the silica layer grows up in situ by adsorbing the subsequently
ydrolyzed TEOS [24].

These nanoparticles were characterized with some spectro-
copic methods. Fig. 2 shows the absorption and fluorescence
pectra of selected samples of CdTe nanocrystals in aqueous solu-
ions as prepared and of the same crude nanoparticles mixed with
ilicate. Almost no change was observed in the absorption spectra
f crude CdTe nanoparticles after mixing with silica, but the flu-
rescence intensity decreased a little. After the formation of the
dTe@SiO2 particles, the maximum absorption spectrum of the
articles became broader, and the fluorescence spectra was blue-
hifts and became broader, with fluorescence intensity decreases
trongly, compared with crude nanocrystals. Such decreasing was
lso observed in refs [25] for either CdTe, or CdSe, or CdSe/CdS
anocrystals. The silica shell noticeably altered the optical proper-
ies of the nanoparticles due to (1) the change of the refraction index
f the media, (2) the inhomogeneous broadening of the electronic
ransitions affected by the local morphology of the silica shell, and

3) the chemical reactions at the semiconductor/silica interface. The
lue shift of the spectral features indicated the reduction of the
article size during the ripening of the silica layer.

The CdTe@SiO2 materials appeared to be fairly stable over time,
hen exposed to air for more than a week, the fluorescence
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Fig. 3. Fluorescence emission spectra of (a) FITC-rabbit-anti-goat IgG solution, (b)
CdTe@SiO2 particles and (c) immunocomplex of FITC-rabbit-anti-goat IgG solu-
tion and CdTe@SiO2/biotinylated goat-anti-rabbit IgG (FITC-rabbit-anti-goat IgG
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Fig. 4. The fluorescence emission spectra of immunoreaction system of CdTe@SiO2

particles/biotinylated goat-anti-rabbit IgG/FITC-rabbit-anti-goat IgG with a series of
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520 nm increase corresponding to the increasing of the concen-
olution/biotinylated goat-anti-rabbit IgG/CdTe@SiO2 particles). (Figure of inset (a)
ITC-rabbit-anti-goat IgG solution/biotinylated goat-anti-rabbit IgG/CdTe@SiO2 par-
icles, (b) CdTe@SiO2 particles immunocomplex absence of avidin in the coating).
n excitation wavelength of 480 nm was used for all samples.

ntensity remained unchanged. Also the fluorescence intensity
f solutions of CdTe@SiO2 after silanization was measured in
BS buffers (2 mM), but no significant fluorescent quenching was
bserved during 2 h. It is worth noting here that the silica shell
ad dramatic effect on the stabilility of the luminescent proper-
ies compared to those of crude CdTe. Although the fluorescence
ntensity of the materials showed significantly degradation after 3

eeks, it showed improved resistance to air oxidation compared to
rude CdTe. It is suggested that the silicon nanoparticles are pro-
ected in two ways. The first is the existence of Si–H sites, which are
ignificantly less reactive to oxidation due to hydrogen termination
f dangling silicon bonds, and the second is inhibited diffusion of
xygen and water into the mesopores, reducing the rate of oxida-
ion of the silicon. Practically, the enhanced chemical stability to
xidation of the nanocomposite material is a major advantage in
erms of developing a practical silicon-nanocluster-based LED [26].
V–vis absorption spectrum confirm that the nanocrystals is still
isplaying normal exitonic behavior (Fig. 2), which also confirm
hat interactions between particles is mediated by the shell; the
ilica shell prevent flocculation and keep the structural integrity of
he CdTe cores and is sufficient for fluorescent stability.

.2. Fluorescence spectra of the immunocomplex

To demonstrate the use of CdTe@SiO2 for biochemical assays,
ITC-rabbit-anti-goat IgG was used as an antigen and red
dTe@SiO2 with emission wavelengths at 610 nm were used to
valuate the binding property of the CdTe@SiO2. The fluorescent
mission spectra of the CdTe@SiO2 were measured before and
fter conjugation with FITC-rabbit-anti-goat IgG, and the results
re shown in Fig. 3.

From Fig. 3, it can be seen that the fluorescence spectra changed
bviously when CdTe@SiO2 was conjugated with FITC-rabbit-
nti-goat IgG. There are two emission peaks in the fluorescence
pectrum, one is at 520 nm, and the other one is at 596 nm, cor-
esponding to the FITC-rabbit-anti-goat IgG and the CdTe@SiO
2
articles, respectively. Also, a single luminescence peak was
bserved, corresponding to the CdTe@SiO2 particles immunocom-
lex absence of avidin in the coating (insert of Fig. 3). Obviously,
ithout the coating of avidin, CdTe@SiO2 particles can not be con-

t

a
F

ifferent concentration of biotinylated goat-anti-rabbit IgG added: (a) 0.8 mg/L, (b)
.6 mg/L, (c) 2.4 mg/L, (d) 3.2 mg/L, and (e) 4.0 mg/L biotinylated goat-anti-rabbit
gG. All solutions were prepared in 2 mmol/L PBS buffer (pH 7.4). An excitation
avelength of 480 nm was used for all samples.

ugated to IgG. It could also be observed that there is a blue shift in
he peak emission of CdTe@SiO2 particles (596 nm) immunocom-
lexes compared with that free CdTe nanoparticles (610 nm), which
learly shows that the CdTe@SiO2 particles could bind with avidin
o form the biofunctional fluorescent particles, and was also the
vidence for the formation of CdTe@SiO2/IgG immunocomplexes. It
ould be seen from Fig. 3 that the peak width increase by conjugat-
ng the CdTe quantum dots with FITC-rabbit-anti-goat IgG; this may
e caused by surface charge neutralization that occurs concomitant
ith conjugate formation.

.3. Immunoreaction between biotinylated goat-anti-rabbit IgG
nd FITC-rabbit-anti-goat IgG

The bioactivity of CdTe@SiO2 was investigated through selec-
ive reaction between antibody and antigen in this study. For this
urpose, CdTe@SiO2/biotinylated goat-anti-rabbit IgG conjugate
as formed using the same method as CdTe@SiO2/FITC-rabbit-

nti-goat IgG conjugate. A series of different concentrations of
iotinylated goat-anti-rabbit IgG was added in the incubating step
o study the effect of the concentration of biotinylated goat-anti-
abbit IgG, while the concentration of FITC-rabbit-anti-goat IgG was
onstant. Fig. 4 demonstrates the change of fluorescence spectra
f CdTe@SiO2/biotinylated goat-anti-rabbit IgG/FITC-rabbit-anti-
oat IgG immunocomplexes, corresponding to gradually increasing
uantity of biotinylated goat-anti-rabbit IgG. From Fig. 4, it can be
een that the fluorescent intensity at 520 nm increases with the
oncentration of biotinylated goat-anti-rabbit IgG increasing, while
he fluorescence intensity at 596 nm corresponding to the emission
f CdTe QDs was unvaried.

The effect of the concentration of FITC-rabbit-anti-goat IgG was
lso studied in the same way as above. From Fig. 5, fluorescence
ntensity of FITC-rabbit-anti-goat IgG (520 nm) is increased obvi-
usly when the concentration of biotinylated goat-anti-rabbit is
xed. It can be seen that the fluorescence emission intensity at
ration of FITC-rabbit-anti-goat IgG in the range from 0.8 to 4 mg/L.
As expected, both Figs. 4 and 5 demonstrate the immunore-

ction between biotinylated goat-anti-rabbit IgG (antibody) and
ITC-rabbit-anti-goat IgG (antigen). The result also proves the com-



L. Jin et al. / Talanta 76 (

Fig. 5. The fluorescence emission spectra of immunoreaction system of CdTe@SiO2
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articles/biotinylated goat-anti-rabbit IgG/FITC-rabbit-anti-goat IgG with a series
f different concentration of FITC-rabbit-anti-goat IgG added: (a) 0.50 mg/L, (b)
.90 mg/L, (c) 1.20 mg/L, (d) 1.30 mg/L, and (e) 1.60 mg/L FITC-rabbit-anti-goat IgG.
n excitation wavelength of 480 nm was used for all samples.

ination between biotinylated goat-anti-rabbit IgG and avidin on
he surface of the biofunctional fluorescent microspheres.

. Conclusions

In conclusion, uniform biocompatible CdTe@SiO2 nanoparticles
ere obtained using a reverse microemulsion. A controlled hydrol-

sis of tetraethyl orthosilicate in W/O microemulsion led to the
ormation of monodisperse CdTe@SiO2 nanoparticles. The nanopar-

icles had a uniform size of ∼100 nm. The particles were protected
rom the environmental oxygen, as they were doped inside the
ilica network of the nanoparticles. Therefore, it was reasonable
o infer that the silica shell could also prevent the diffusion of
d2+ ions release upon the photooxidation of CdTe NCs, and could

[
[
[
[
[
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onsequently reduce the cytotoxicity of those NCs in biological
pplications [27]. The avidin-bound fluorescent nanoparticles were
reated in biotinylated goat-anti-rabbit IgG solution to form new
utermost layer through a strong affinity between avidin and biotin,
hich could be used for a variety of biomolecules. This simple bio-

onjugation method will promote the application of luminophores
n biochemical analysis and biomolecular interaction studies.
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This study investigated lipid–protein LB film formation with Brewster angle microscopy. Our experimental
results show that hemoglobin (Hb) molecules can enter the lipid layer and remain for an extended time. We
investigated the KCl effect on the LB monolayer of lipid–protein. The lipid–Hb monolayer was transferred
from the air–water interface to a QCM gold electrode. UV–vis spectra showed that Hb retained its natural
structure in the lipid layer. Cyclic voltammetric (CV) and amperometric systems were applied in this study
in order to confirm the remaining bioactivity and sensitivity of Hb to hydrogen peroxide (H2O2). Lipid–Hb-
AM
rotein
ipid
iosensor

modified electrodes showed well-defined redox peaks, indicating that the direct electron transfer between
Hb and the electrode was enhanced by Hb incorporated in lipid layer. Based on this phenomenon, a
novel biosensor for H2O2 was designed. Experimental conditions influencing the biosensor performance
such as pH, and potential were optimized and assessed. The levels of the R.S.D.’s (<5%) for the entire
analyses reflected the highly reproducible sensor performance. Using optimized conditions the linear
range for the detection of H2O2 was observed from 1 × 10−6 to 1.00 × 10−4 mol L−1 with a detection limit

ed on

e
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of 4.00 × 10−7 mol L−1 (bas

. Introduction

The behavior of protein adsorption on different matrices and
he interaction and direct electron transfer between proteins and
he electrode surfaces are of great importance in electrocatalytic
iosensing [1]. Langmuir–Blodgett (LB) technique offers the possi-
ility of developing an ultra-thin film with well-organized structure
n the molecular scale [2]. As well, this technique is considered
s a suitable immobilization method for biosensor manufacture
iven its applicability to creating uniform, well-ordered thin films
ith the amount of biocomponents controlled by varying the num-

er of deposited layers. LB technique has previously been used to
mmobilize various biomolecules [3–7]. One of the emerging fields
f application of LB film is the development of organized protein

r enzyme layers for biosensors and for various analytical tech-
iques [8]. The potentiality of two-dimensional LB monolayer of

ipid molecules, which have been extensively used as a part of
esigning sensitive biosensor [9,10]. It is very important for the
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lectroactivity of a protein or enzyme to be conserved on the solid
urface. Normally proteins or enzymes have high molecular weight,
arge relative size, and a very flexible structure that can change
onformation according to the experimental and immobilization
onditions. A number of methods have been used to form pro-
ein/enzyme monolayers to protect the denaturization of its activity
uring the fabrication of biologically active films [8,11,12].

As part of the research interests of our lab, we already report the
ormation of protein layers by various matrix preparations, includ-
ng LB technique, all applied to direct electron transfer processes
9,10,13]. It is noteworthy that the conventional method for form-
ng lipid–protein film is to first dissolve proteins in subphase firstly,
hen dispersing lipid onto the subphase surface. There are problems
ssociated with this system such as the unwanted formation of a
assive layer prior to film deposition which can impact the electron
ransfer activity of protein. To solve this problem, we already have
eported a new method of forming lipid–protein film [9,10].

In the present study, the above-mentioned method was applied
o the formation of Hb–lipid monolayer at the water–air surface
nd deposition onto the solid substrate. A number of biosensors
ave been designed based on Hb in various configurations [14–18].

he redox centre of Hb is electrically insulated by a relatively thick
rotein shell, hindering its direct electrical communication with
n electrode, yet it is very important for this molecule to maintain
ts electroactivity on the electrode surface [19]. We seek to over-
ome this problem by using LB technique [9,10,20]. The approach
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Fig. 1. The schematic figure of BAM image dur

e propose for making Hb–lipid LB film was expected to enhance
erformance of Hb electron transfer activity at the electrode. Finally
his Hb–lipid film was applied as a biosensor for detecting H2O2.

Hemoglobin is a promising biomaterial for the study of elec-
ron transfer reactions of proteins and for designing biosensors
13,16–18]. Reports have been published on the incorporation of
b in different membranes or microenvironments [21–23], but the

tudy of Hb with lipid film at the air–water interface has received
cant attention. Lipid monolayers have been used as an adsorption
ayer for deposition of nanoparticles [24,25], salts [26], clay [27],
r enzymes [28] from the aqueous phase. The performances of pro-
ein adsorbed onto the matrix monolayer at the air–water interface
as been observed using fluorescence spectra, ellipsometry, sur-

ace plasmon resonance, etc. [29]. In this regards, Brewster angle
icroscopy (BAM) was first used to study monolayer in the early

990s [30]. With the implementation of BAM for monolayer char-
cterization, it has become possible to visualize the inner structure
f different stages of lipid–protein LB film at the air–water inter-
ace without the requirement of added probes [1]. It is noteworthy
hat the conventional method for forming lipid–protein film is to
issolve proteins in subphase first, proceeded by dispersion of lipid
nto the surface of subphase. There are problems associated with
his system that affect the electron transfer activity of protein such
s the creation of a passive layer before film deposition. To solve
his problem, we already have reported a new method of forming
ipid–protein film [9,10].

Reported for the first time in this paper are the formation of
emoglobin (Hb)–lauric acid (LA) LB films characterized with BAM

tudy. Specifically the formation of Hb–LA film has been observed
sing BAM. After depositing this film onto the Au surface, elec-
rochemical properties were investigated. Our experimental data
howed that this type of highly uniform film has good potential as
recognition layer for biosensing. As an extension of this the film
ossessed good electrocatalytic properties towards H2O2.

. Experimental

.1. Reagents

Hemoglobin was purchased from Sigma and used as received.
auric acid (LA) was obtained from Aldrich. Stock solutions of H2O2

ere diluted from 30% solution. All other reagents were of analyt-

cal grade and were used as supplied. The experimental solutions
ere freshly prepared each day by appropriate dilution of the stock

olutions. Stock solutions were stored at a temperature of 4 ◦C. All
tock solutions were made using freshly double distilled water.

P
t
o
w
t

–LA LB film formation at air–water interface.

ater (18 M� cm) was purified using the Nanopure water system
nd was used to prepare all solutions. All experiments were per-
ormed in 0.1 M phosphate buffer solution (PBS) prepared from
2HPO4 and KH2PO4 then adjusted to desired pH by adding HCl.

.2. LB film formation and BAM investigation

Fig. 1 shows a schematic BAM image taken of Hb–LA LB
lm forming at the air–water interface. LA (chloroform solution,
mg/ml) was spread onto the interface of subphase contain-

ng 1.0 M KCl and 0.001 mM PBS in a Langmuir–Blodgett through
ogether with Multiskop (Optrel, German). The surface pressure
as measured using a Wilhelmy balance equipped with a strip
f chromatography paper suspending at the air–water interface.
urface pressure data along with trough and molecular areas are
ed and recorded directly into a computer. After LA solution was
pread onto the subphase interface for a minimum of 10 min, Hb
olution (0.5 mg/ml, pH 7.0 phosphate buffer) was spread carefully
nto the subphase, covered with a layer of LA. A pressure–surface
rea (�–A) curve was immediately recorded to evaluate the state
f Hb/LA layer. BAM images were also concurrently recorded. The
ixed Hb–LA layer was deposited from LB trough to a 9 MHz AT-

ut PQC with gold electrode substrate. The monolayer of Hb–LA on
ubstrate surface was obtained under controlled surface pressures
sing vertical withdrawal method, keeping 5 mm min−1 as the
ithdrawal speed. Prior to electrochemical measurements, Hb–LA-
odified gold electrode was thoroughly washed with ultra-pure
ater. The modified electrode was kept at 4 ◦C when not in use.
nly LA-modified gold electrode was fabricated in the same way.
he electrodes will be referred to from this point on as Au–Hb–LA
nd Au–LA electrode, respectively.

.3. Instrumentation and electrochemical measurements

The UV–vis spectrum was measured using a PerkinElmer UV–vis
pectrometer. Cyclic voltammetry and amperometry were carried
ut with the CHI630 (B) workstation. A three-electrode system
as employed in these experiments. A quartz crystal microbal-

nce gold electrode was used as the mass loading substrate and
orking electrode following cleaning with a piranha solution.
yclic voltammetry (CV) experiments were carried out in 0.1 M

BS by applying 0.3–−0.7 V vs. Ag/AgCl sweep range in the nega-
ive scanning direction. Amperometric measurements were carried
ut in a stirred cell by applying a potential of −500 mV to the
orking electrode. Prior to each experiment, the electrolyte solu-

ion was purged with high purity nitrogen for a minimum of
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ig. 2. �–A isotherm of lipid-only (LA) (dashed line) and lipid–Hb film (solid line)
n subphase.

0 min. An inert environment was maintained during electro-
hemical measurements by allowing a gentle flow of nitrogen
hrough the cell. A magnetic stirrer was employed during amper-
metry experiments. All measurements were performed at room
emperature.

. Results and discussion

.1. LB film formation and BAM

Fig. 2 shows the typical pressure–area (�–A) isotherm of lipid
nd lipid–Hb Langmuir film onto a subphase of KCl solution in
ure water. As can be seen in this figure, after spreading Hb
olecule onto the subphase surface covered with lauric acid, the

nitial surface pressure increased immediately. This would indicate
hat already some Hb molecules have entered the lipid layer. We
ave investigated the effect of KCl concentration on the forma-
ion of lipid–Hb LB monolayer. Maximum increase of initial surface

ccurred at a 1.0 M KCl concentration. It is at this point that the
aximum amounts of Hb molecules enter into the lipid layer. For

his reason 1.0 M concentration of KCl was chosen as the optimal
ondition for forming lipid–Hb LB film.

ig. 3. BAM image of lipid-only LB film at different surface pressures: (a) surface
ressure is 0 mN/m, (b) surface pressure is 15 mN/m and (c) surface pressure is
5 mN/m.

c
t
H
s
i

F
p
2

a 76 (2008) 1029–1034 1031

Fig. 3 shows the BAM images along with �–A isotherm of lipid-
nly LB monolayer in the different states. Fig. 3(a) shows the BAM
mage of only lipid layer after solvent evaporation (chloroform) just
rior to the start of barrier compression. In this image are visible
lear white dots predicted to be lipid molecule. Fig. 3(b) shows a
AM image of same lipid film when surface pressure of the mono-

ayer was approx. 15 mN/m. In this figure the white dots are seen to
e approaching each other forming a colony type of film. Finally,

n Fig. 3(c), we can observe the highly organized monolayer of
B–lipid film. This BAM image was taken at a surface pressure of
pprox. 25 mN/m. From this we can ascertain that the lipid will
orm a well packed LB film monolayer when the surface pressure
eaches approx. 25 mN/m. Fig. 4 shows BAM images of lipid–Hb
onolayer along with �–A isotherm obtained when Hb was spread

nto lipid covered subphase. Fig. 4(a) shows the BAM image of
ipid–Hb monolayer just after spreading Hb molecules onto the
ipid film. The surface pressure was approx. 4 mN/m. In this fig-
re can be discerned bright dots along with patch-like black spots.

n Fig. 4(b) the black spots are more clearly visible and presumed to
e Hb molecules. Fig. 4(c) shows the same lipid–Hb LB film at a sur-
ace pressure of approx. 25 mN/m. It is of interest to note that the
lack spots are more clearly observed in this picture. In contrast the
hite dots are less aggregated than in the lipid-only film of Fig. 3(b)

t identical surface pressures. From this set of observations we can
haracterize the black patch-like spots as being Hb molecule. Thus,
t can be concluded that Hb molecule entered the lipid layer and
ormed a well-defined lipid–Hb layer. We observed similar images
fter 2 h resting time suggesting that the lipid–Hb LB film has long
ime stability.

.2. UV study of the LB film

For this experiment, the lipid–Hb film was transferred onto
uartz at a surface pressure of 20 mN/m controlled by maintain-
ng a withdrawal speed of 5 mm min−1. Only lipid film was also
eposited onto the quartz under same conditions. After deposit-

ng this film quartz, the UV–vis properties were investigated. To

haracterize the native structure of Hb in lipid film we investigated
he UV–vis spectra. According to Fig. 5, UV–vis spectra of mixed
b–lipid showed almost identical absorption pattern as Hb alone in

olution (maximum absorption was at approx. 428 nm). The results
llustrate that Hb keeps its native structure in LA film.

ig. 4. BAM image of lipid–Hb LB film at different surface pressures: (a) surface
ressure is 0 mN/m, (b) surface pressure is 15 mN/m and (c) surface pressure is
5 mN/m.
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ig. 5. UV of LA-only (dotted line), Hb-only (dashed) and LA–Hb-modified gold
lectrode.

.3. Electrochemistry of LB film

Fig. 6 compares the cyclic voltammograms of the Au–Hb–LA
nd Au–LA electrode. It can be observed that there is a pair of
ell-defined redox peaks (solid line) at the Au–Hb–LA-modified

lectrode in 0.1 PBS (7.0). In contrast, no peak was observed at
he Au–LA (dashed line) electrode under same experimental con-
itions. This comparison verifies that the redox peak arises from
he electrochemical reaction of Hb. The result also establishes
hat direct electron transfer between Hb and the electrodes has
ccurred. The anodic and cathodic peak potentials for Hb are
ocated at approx. −260 and −40 mV. The formal potential, E0, was
alculated to be −150 mV. Normally, Hb does not show electroactiv-
ty at the bare electrode [22]. Therefore, it can be established that
u–Hb–LA electrode plays an important role in enhancing elec-
ron transfer rate between the Au electrode and Hb. From this it
an also be gathered that lipid layer provides a good matrix for Hb
mmobilization and biosensor fabrication. Fig. 7 shows the effect of
canning rate on the Au–Hb–LA electrode response. It was found
hat with an increase of scan rate from 50 to 200 mV/s the redox

eak currents of Hb increased linearly. It should also be noted that
eak-to-peak separation increased with increasing scan rates. The
xperimental data proves that this is a quite quasi-reversible and
urface-controlled redox process [13].

ig. 6. CV graphs of LA-only (dashed line) and LA–Hb-modified gold electrode (solid
ine) (scan rate was 100 mV/s).
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ig. 7. CV graphs of LA–Hb-modified gold electrode (with different scan rate).

.4. Electrocatalytic activity towards H2O2

Fig. 8 shows typical cyclic voltammograms (CVs) of the
u–Hb–LA electrode in the absence of and in the presence of
.0 × 10−4 mol L−1 H2O2 in 0.1 M PBS at pH 7.0. As shown in Fig. 8
hen 1.0 × 10−4 mol L−1 H2O2 is added to PBS, a marked increase in
eak reduction current was observed accompanied by a decrease in
he oxidation peak, providing an indication of the electrocatalytic
roperties of the modified electrode. It can be confidently stated
hat the catalytic reduction of H2O2 is due to hemoglobin immo-
ilized in lipid film. We suggest that this type of lipid–Hb film can
e used for biosensor fabrication. The generic reaction occurring at
he electrode is given by the following equation [16]:

b(FeIII) + H+ + e− Hb(FeII) (1)

.5. Optimization of experimental parameters

The effect of applied potential on the amperometric response of
he biosensor is an important parameter. We investigated the influ-
nce of applied potential on the current response of the Au–Hb–LA

lectrode surface to H2O2. Fig. 9(A) shows the current response at
ifferent applied potentials in the presence of 2.0 × 10−5 mol L−1

2O2 in a pH 7.0 PBS. This data reveals that the steady-state reduc-
ion current increases gradually as the voltage decreases from

ig. 8. CV graphs of the LA–Hb-modified gold electrode in the presence of
.0 × 10−4 mol L−1 H2O2 in 0.1 M PBS at pH 7.0 (solid line) and the absence (dashed
ine) of H2O2 (scan rate was 100 mV/s).
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ig. 9. (A) Dependence of biosensor catalytic current on applied potentials in the
resence of 2.0 × 10−5 mol L−1 H2O2 in a pH 7.0 PBS. (B) Influence of pH on biosen-
or catalytic current in the presence of 2.0 × 10−5 mol L−1 H2O2 at a potential of
500 mV.

100 to −500 mV. The maximum reduction current was achieved
t −500 mV. At more negative potential risk of interference from
ther electroactive species may be involved. With this in mind we
hose a working potential of −500 mV for this biosensor, where the
ackground current is minimized and any unforseen interference
eactions of other electroactive species can be effectively avoided.

The influence of pH value is another important factor on the
esponse of electrolytic H2O2 biosensors. The effect of pH on
iosensor response in the presence of H2O2 was investigated for the
lectrodes in question. Fig. 9(B) shows the amperometric current
esponse of the Au–Hb–LA-electrode at different pH in the presence
f 2.0 × 10−5 mol L−1 H2O2. An increase in amperometric current
orresponded to an increase in pH from 3.0 to 6.0; however, the
mperometric response decreased when pH was further increased
rom 7.0 to 9.0. In lower pH values (<4.0) the current response is very
ow. At these pH values the low response may be due to denatura-
ion of the biomolecule [31]. As the maximum response current in
his experiment was observed at pH 6.0, this pH was chosen as a
orking pH for the following experiment.
.6. Amperometric response of the biosensor

Investigation of the amperometric response of the Au–Hb–LA-
lectrode was performed in a stirred cell containing 0.1 M PBS (pH

r
t
c
t
a

ig. 10. Typical current–time response of LA–Hb-modified gold electrode with total
dditions of 1 × 10−4 mol L−1 H2O2 in 0.1 M PBS (pH 6.0) at an operating potential of
500 mV (inset, the calibration plot of the biosensor based on Fig. 10).

.0) at an operating potential of −500 mV. Fig. 10 shows the typical
urrent-response at Au–Hb–LA-electrode for successive addition
f H2O2. Observe that as soon as H2O2 was added, the background
urrent changed and the reduction current rose steeply to reach
aximum value. The response of the fabricated biosensor to H2O2

s very quick; over 95% of the steady-state current was achieved
ithin 5 s. Increasing the H2O2 concentration resulted in a propor-

ional increase of the amperometric response.
Fig. 10 (inset) shows the calibration plots obtained for

he Au–Hb–LA-electrode electrode using optimum experimental
onditions. Under optimal conditions, the proposed biosensor dis-
lays a linear range for H2O2 determination from 1 × 10−6 to
.00 × 10−4 mol L−1 with a correlation coefficient of 0.996 (n = 14).
he detection limit of the proposed biosensor was estimated to
hrough the S/N = 3 is 4 × 10−7 mol L−1.

.7. Selectivity and stability of the biosensor

We also investigated the effect of a select number of substances
hat interfere with the response of the proposed biosensor. Ana-
ytes were added to the PBS containing 0.2 mM H2O2. The current
nhibition was obtained for each interfering substance present at
concentration of 0.2 mM. Glucose, acetic acid, ethanol, and citric
cid caused no observable interference. In the case of ascorbic acid,
he initial value of current response decreased by 20%. This effect
as presumably due to the consumption of H2O2 through oxida-

ion of ascorbic acid [32]. The long-term stability of this biosensor
as also investigated. The Au–Hb–LA-electrode was stored in PBS

pH 7.0) at 4 ◦C when not in use. It retained 85% of its initial cur-
ent response after being stored for 35 days. The repeatability of
he sensor’s current response was also examined. It was found that
he relative standard deviation (R.S.D.) was 4.75% for ten successive

easurements at a H2O2 concentration of 2 × 10−5 �M.

. Conclusion

We have observed the Brewster angle microscopic image of
emoglobin in lipid film at the air–water interface. The BAM
esults illustrate that hemoglobin molecules can enter lipid film and

emain for an extended time. Cyclic voltammetric results showed
here is a well-defined redox peak attributed to the redox heme
entre of Hb. UV–vis spectra showed that Hb keeps its native struc-
ure in lipid layer following deposition to the electrode surface. In
ddition, this kind of film is promising for biosensor design. Based
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a b s t r a c t

To circumvent the leaching problem of optical sensing membranes used for dissolved oxygen (DO) mea-
surements, the encapsulation of Ru(II) complexes linked with bulky dendron(s) in a sol–gel matrix
was investigated. A dendron, readily formed via chemical transformations such as amidation and cat-
alytic reduction, was covalently incorporated into tris(4,7-diphenyl-1,10-phenanthroline)ruthenium(II)
vailable online 9 May 2008

eywords:
u(II) complex
ptical oxygen sensor
ncapsulation

complex, leading to an increase in the size and lipophilicity of dye molecules. Sol–gel-based sensing
membranes encapsulating these Ru(II) complexes displayed a strong luminescence emission at 590 nm
induced by radiation at 480 nm, and showed excellent DO sensing properties and stability for repeated
measurements in aqueous solution. The encapsulation of the dendron-incorporated Ru(II) complexes in
sol–gels prevented the dyes from leaching out of the membranes.

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

Dissolved oxygen (DO) measurements in an aqueous environ-
ent are widely applied to the biological [1], environmental [2,3],

nd industrial [4–6] areas. The most popular detection method for
O is the electrochemical method using an oxygen electrode (Clark
lectrode). This type of electrode, however, is not suitable for long-
erm operation, because it is easily poisoned and consumes oxygen
y an electrochemical reduction reaction [7].

Recently, much effort has been made to develop optical DO sen-
ors based on the oxygen quenching effect of the luminescence
mitted from dye molecules because, compared to conventional
lectrochemical methods, optical sensing methods offer many
dvantages such as a faster response time, no poisoning, no oxy-
en consumption and no requirement for a reference electrode
7–14].

The performance of optical oxygen sensors generally relies
n the ability of the polymer matrix to immobilize the oxygen-

ensitive luminophore while allowing for oxygen diffusion and
ermeability through the matrix. Consequently, various poly-
er matrices have been explored including ethyl cellulose [15],

uoropolymers [16], ion-exchange polymers [17], poly(methyl

∗ Corresponding author. Tel.: +82 62 530 1893; fax: +82 62 530 1909.
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oi:10.1016/j.talanta.2008.05.004
ethacrylate) [18], poly(styrene) [19], poly(vinyl chloride) [20],
ilicone rubber [21,14], and sol–gel matrices [8]. Among these mate-
ials, sol–gel matrices are increasingly utilized as a host material
or optical sensing membranes, due to their superior chemical sta-
ility, mechanical strength, optical transparency and high porosity
22].

Sol–gels, glass-like membranes or thin films, are readily man-
factured by the hydrolysis and subsequent polycondensation
eactions of silicon alkoxide precursors at room temperature. To
ake good sol–gel-based optical sensors, the control of the porous

tructure of the sol–gel membrane and a suitable immobiliza-
ion method of the dye molecules are crucial. The pore size can
e controlled within the range from several angstroms to several
anometers by varying the sol–gel process conditions, including
he type of silicate precursors, pH, ratio of alcohol/water/alkoxide,
nd aging time [23,24]. Immobilization methods of dyes in sol–gels
re generally categorized into either the encapsulation or cova-
ent binding methods. Of these, the encapsulation method is more
ften utilized, because it is accomplished simply by the addition
f dyes to the silicate precursor solution prior to gel formation.
owever, the encapsulation method could cause the leaching of
mall dye molecules from the matrix into the analyte solution
uring liquid-phasing sensing, thereby reducing the sensor life-
ime. The adjustment of the sol–gel process conditions to decrease
he pore size could reduce the extent of dye leaching, but this
ption may increase the sensor response time, due to the reduced
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xygen permeability of the sol–gel membrane. An alternative
ethod would be the attachment of the dye molecules to an inert
acromolecule for the purpose of increasing their size [25–28]. By
eans of this strategy, Senarath-Yapa and Saavedra [28] recently
ere able to prevent the leaching of the dye by its attach-
ent to a PAMAM dendrimer having a molecular weight of

4,215.
Tris(4,7-diphenyl-1,10-phenanthroline)ruthenium(II) complex

Ru(dpp)3] is one of the well-known luminescence dyes used
n luminescence-based oxygen sensors, because of its high
hotochemical stability, high molar absorptivity, long lifetime
erived from its metal to ligand charge transfer (MLCT) excited
tates, and large Stokes shift [9,14,29–32]. In recent years, the
mmobilization of such Ru(II) luminophores in sol–gels has
een intensively investigated for the purpose of developing
ptical oxygen sensors [8,33–35,40]. However, sensing mem-
ranes prepared by the encapsulation of Ru(II) luminophores

n sol–gels still have the problem of dye leaching when used
or DO sensing in an aqueous environment, although the use
f a covalent immobilization method provides another solution
40].

In this study, to realize the stable encapsulation of Ru(dpp)3
n sol–gels without the leaching problem, we designed bulky
endrons, which are covalently incorporated onto Ru(dpp)3 to

ncrease the size and lipophilicity of the Ru(II) luminophore.
his paper reports the preparation of Ru(II) complexes linked
ith specially designed dendrons, and the sensing properties

nd stability of the sol–gel membranes immobilizing these Ru(II)
uminophores.

. Experimental

.1. Reagents and instrumentation

All reagents were purchased from Aldrich Chemical Co. and used
ithout further purification. Solvents were purchased and dried by

he standard method. 4-(2-carboxyethyl)-4-nitroheptanedioic acid
1), 4-[4-(7-phenyl-1,10-phenantrolin-4-yl)phenyl]butyric acid (7)
nd Ru(II) complex (6, Fig. 1) were prepared according to the meth-
ds described in the literature [36,37].

The 1H and 13C NMR spectra were recorded at 300 and
1 MHz, respectively, on a Bruker ARX-R300 spectrometer and were
btained in CDCl3, unless otherwise stated. The mass spectral data

ere obtained on either a Jeol JMS-HX110 high resolution tan-
em mass spectrometer (ESI-MS) or a Voyager DE-STR proteomics
nalyzer (MALDI-TOF). The luminescence measurements were per-
ormed with a Hitachi F-4500 fluorescence spectrophotometer.

Fig. 1. Structure of Ru(dpp)3 possessing a linker arm (6).
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.2. Syntheses

.2.1. 4-(2-Hexylcarbamoylethyl)-4-nitroheptanedioic acid
ishexylamide (2)

DCC (4.71 g, 22.9 mmol) and 1-HOBT (3.09 g, 22.9 mmol)
ere added to a stirred solution of 4-(2-carboxyethyl)-4-
itroheptanedioic acid (1; 1.63 g, 5.88 mmol) in dried DMF (50 mL)
t 25 ◦C. After 30 min, hexyl amine (2.14 g, 22.15 mmol) was added.
fter stirring for 24 h at 25 ◦C, the mixture was filtered and the fil-

rate was concentrated in vacuo to give the crude product, which
as column chromatographed (SiO2) by eluting with a mixture
f n-hexane/EtOAc (1:1) to afford the amide 2 (2.41 g, 78%). 1H
MR (CDCl3): ı 6.28 (br t, 3H, NH), 3.18 (m, 6H, NHCH2), 2.22

t, 7.2 Hz, 6H, CH2CH2CONH), 2.21 (t, 7.2 Hz, 6H, CH2CH2CONH),
.47 (m, 6H, CH2CH2NH) 1.31 (m, 12H, CH2CH2CH2CH3) 0.87
t, J = 7.0 Hz, 9H, CH3). 13C NMR (CDCl3): ı 171.3 (CONH), 93.5
CNO2), 39.8 (NHCH2), 31.5, 30.9, 30.8, 29.4, 26.6, 22.57 (CH2),
4.0 (CH3). ESI-MS for C28H54N4O5: calcd 526.41, found 527.4
M+H)+.

.2.2. 4-Amino-4-(2-hexylcarbamoylethyl)heptanedioic acid
ishexylamide (3)

Raney-Ni (8 g) was added to a solution of the amide 2 (2.41 g,
.58 mmol) in absolute EtOH (30 mL), and then the mixture was
tirred under 90 psi of H2 for 12 h at 25 ◦C. The catalyst was care-
ully filtered, and the filtrate was concentrated in vacuo to afford the
mine 3 (2.23 g, 98%). 1H NMR (CDCl3): ı 6.62 (br t, 3H, NH), 3.16 (m,
H, NHCH2), 2.5 (br s, 2H, NH2), 2.23 (t, J = 7.2 Hz, 6H, CH2CH2CONH),
.63 (t, J = 7.2 Hz, 6H, CH2CH2CONH), 1.45 (m, 6H, CH2CH2NH) 1.25
m, 12H, CH2CH2CH2CH3) 0.86 (t, J = 8.9 Hz, 9H, CH3). 13C NMR
CDCl3): ı 173.3 (CONH), 58.0 (CNH2), 39.6 (NHCH2), 34.6, 31.4, 30.9,
9.4, 26.6, 22.5 (CH2), 13.9 (CH3). ESI-MS for C28H56N4O3: calcd
96.44, found 497.4 (M+H)+.

.2.3. Nitro-substituted dendron (4)
DCC (739 mg, 3.58 mmol) and 1-HOBT (484 mg, 3.58 mmol)

ere added to a stirred solution of the acid 1 (225 mg, 0.92 mmol)
n dried DMF (30 mL) at 25 ◦C. After 30 min, the amine 3 (1.78 g,
.58 mmol) was added. After stirring for 24 h at 25 ◦C, the mix-
ure was filtered and the filtrate was concentrated in vacuo to
ive the crude product, which was column chromatographed (SiO2)
y eluting with a mixture of MeOH/EtOAc (1:20) solution to
fford the amide 4 (1.13 g, 72%). 1H NMR (CDCl3): ı 3.15 (m, 18H,
HCH2), 2.22 (m, 18H, CH2CH2CONH), 2.20 (m, 30H, NO2CCH2,
O2CCH2CH2, CH2CH2CONH), 1.46 (m, 18H, CH2CH2NH) 1.23 (m,
4H, CH2CH2CH2CH2CH3) 0.89 (t, J = 6.9 Hz, 27H, CH3). 13C NMR
CDCl3): ı 173.7 (CONHCH2), 171.1 (CONHC), 91.5 (CNO2), 58.3
NHCH2), 39.8 (NHC), 31.5, 31.1, 30.7, 29.4, 26.7, 22.5 (CH2CH3),
4.0 (CH3). ESI-MS for C94H177N13O14: calcd 1712.35, found 1713.3
M+H)+.

.2.4. Amine dendron (5)
The nitro compound 4 (842 mg, 0.49 mmol) was hydrogenated

ith Raney-Ni (2.5 g) in absolute EtOH (20 mL) at 90 psi for 12 h.
he reaction mixture was filtered through Celite and the solvent
as evaporated in vacuo to give the amine 5 (794 mg, 96%). 1H NMR

CDCl3): ı 3.13 (m, 18H, NHCH2), 2.22 (m, 18H, CH2CH2CONH), 2.20
m, 30H, NO2CCH2, NO2CCH2CH2, CH2CH2CONH), 1.44 (m, 18H,

H2CH2NH) 1.21 (m, 54H, CH2CH2CH2CH2CH3) 0.87 (t, J = 6.9 Hz,
7H, CH3). 13C NMR (CDCl3): ı 173.6 (CONHCH2), 171.0 (CONHC),
8.2 (NHCH2), 49.0 (CNH2), 39.7 (NHC), 31.5, 31.3, 30.8, 29.4, 26.7,
2.5 (CH2), 14.0 (CH3). ESI-MS for C94H179N13O12: calcd 1682.38,
ound 1683.3 (M+H)+.
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.2.5. Bis{4-[4-(7-phenyl-1,10-phenanthrolin-4-yl)-
henyl]butyric acid}ruthenium(II) dichloride (8)

A mixture of 4-[4-(7-phenyl-1,10-phenanthrolin-4-yl)phenyl]-
utyric acid (7) (200 mg, 0.48 mmol) and RuCl3·3H2O (62.5 mg,
.24 mmol) dissolved in DMF (5 mL) was refluxed for 2 h under an
2 atmosphere. After cooling to 25 ◦C, the reaction mixture was
oncentrated in vacuo until the volume became ca. 2 mL and the
esidue was dissolved in water (5 mL). The resulting mixture was
reated with a 30% LiCl solution. The precipitate was collected by
ltration, washed several times with cold water, and dried under
acuum to afford 8 (193 mg, 80%), as a dark violet microcrystalline
olid. The material was used directly without further purification
n the next step.

.2.6. Tris{4-[4-(7-phenyl-1,10-phenanthrolin-4-yl)-
henyl]butyric acid}ruthenium(II) hexafluorophosphate (9)

A solution of the complex 8 (100 mg, 0.1 mmol) and 4-[4-
7-phenyl-1,10-phenanthrolin-4-yl)phenyl]butyric acid (7) (54 mg,
.12 mmol) in EtOH (10 mL) was refluxed for 3 h under an N2
tmosphere. After cooling to 25 ◦C, the reaction mixture was
oncentrated in vacuo to give the crude product, which was
olumn chromatographed (SiO2) by eluting with a mixture of
H3CN/saturated KNO3/H2O (10:1:1). After being concentrated in
acuo, the residual material was dissolved in MeOH (2 mL) and
reated with a saturated aqueous NH4PF6 solution. The precipitate
as filtered, washed with several portions of cold ethanol and dried

o afford 9 (115 mg, 70%). 1H NMR (DMSO-D6): ı 8.33–8.24 (m, 12H,
r), 7.83 (m, 6H, Ar), 7.83–7.46 (m, 27H, Ar), 4.38 (bs, 1H), 2.71 (t,
= 7.2 Hz, 2H, CH2CH2CH2CO2H), 2.26 (t, J = 7.2 Hz, 2H, CH2CO2H),
.86 (m, 2H, CH2CH2CO2H). 13C NMR (DMSO-D6): ı 174.8 (CO2H),
52.6, 148.4, 148.31, 148.36, 143.9, 135.7, 133.3, 130.3, 130.2, 130.0,
29.52, 129.51, 128.55, 128.52, 126.88, 126.80, 126.5, 126.3 (Ar), 34.5
CH2CO2H), 33.6 (CH2CH2CH2CO2H), 26.4 (CH2CH2CO2H). MALDI-
OF for C75H54N8O7Ru: calcd 1646.34, found 1357.41 (M−2PF6)2+.

.2.7. Ruthenium(II) complex possessing mono-dendron (10)
DCC (9 mg, 0.042 mmol) and 1-HOBT (6 mg, 0.042 mmol) were

dded to a solution of 6 (44 mg, 0.03 mmol) in DMF (3 mL) at 25 ◦C.
fter stirring for 30 min, dendron 5 (66 mg, 0.039 mmol) was added
nd the mixture maintained for 24 h at 25 ◦C. After filtration, the fil-
rate was concentrated in vacuo to give the crude product, which
as column chromatographed (SiO2) by eluting with a mixture of
H3CN/saturated KNO3/H2O (10:1:1), and then treated with satu-
ated NH4PF6 solution to afford the complex 10 (75 mg, 80%). 1H
MR (CDCl3): ı 8.41 (bd, 6H, Ar), 8.33 (s, 6H, Ar), 7.80–7.54 (m,
5H, Ar), 3.16–2.85 (m, 20H, NHCH2), 2.43–2.10 (m, 50H, CH2), 1.47
m, 18H, CH2CH2NH) 1.23 (m, 54H, CH2CH2CH2CH2CH3) 0.89 (t,
= 6.9 Hz, 27H, CH3). 13C NMR: ı 173.1, 171.8, 170.6, 152.9, 150.0,
49.5, 145.3, 136.6, 130.8, 130.7, 130.5, 130.2, 130.1, 129.9, 126.9,
8.3, 49.0, 39.9, 36.4, 31.4, 30.86, 30.83, 28.9, 26.6, 22.4, 13.9.
ALDI-TOF MS for C170H231F12N19O13P2Ru: calcd 3138.63, found

848.7 (M−2PF6)2+.

.2.8. Ruthenium(II) complex possessing tri-dendron (11)
DCC (21 mg, 0.1 mmol) and 1-HOBT (14 mg, 0.1 mmol) were

dded to a solution of 9 (40 mg, 0.024 mmol) in DMF (3 mL) at
5 ◦C. After stirring for 30 min, a solution of dendron 5 (160 mg,
.095 mmol) in DMF (2 mL) was added and the mixture stirred for
further 24 h at 25 ◦C. After filtration, the filtrate was concentrated

n vacuo to give the crude product, which was column chro-

atographed (SiO2) by eluting with a mixture of CH3CN/saturated

NO3/H2O (10:1:1), and then treated with saturated NH4PF6 solu-
ion to afford the complex 11 (97 mg, 61%). 1H NMR (CDCl3):

8.33–8.24 (m, 12H, Ar), 7.83 (m, 6H, Ar), 7.83–7.46 (m, 27H,
r), 3.13–2.82 (m, 60H, NHCH2), 2.3–2.1 (m, 150H, CH2CH2CONH),

fl
m
f
c
e
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.8–1.5 (m, 60H, CH2) 1.20–1.18 (m, 162H, CH2) 0.85 (t, J = 7.0 Hz,
1H, CH3). 13C NMR (CDCl3): ı 173.6, 173.3, 170.6, 152.6, 148.4,
48.31, 148.36, 143.9, 135.7, 133.3, 130.3, 130.2, 130.0, 129.52,
29.51, 128.55, 128.52, 126.88, 126.80, 126.5, 126.3, 58.3, 48.9,
9.9, 36.4, 31.4, 30.9, 30.8, 28.9, 26.7, 22.5, 14.1. MALDI-TOF MS for
366H597F12N45O39P2Ru: calcd 6639.44, found 6349.5 (M−2PF6)2+.

.3. Preparation of sensing membranes (M-RuD1, M-RuD3 and
-Ru)

Microscopic slides were used as solid supports onto which the
ol–gel was cast by a manual pipetting technique. Prior to their
se, the surface of the microscope slides was activated by treating

t with 1N HF solution for ca. 2 min, followed by washing with dis-
illed water and MeOH, and then dried at 25 ◦C. A sol–gel solution
as prepared by mixing tetraethyl orthosilicate (TEOS) (0.67 mL,
mmol), ethanol (340 �L, 6 mmol), water (108 �L, 6 mmol) and
.1 M HCl solution (3 �L, 0.3 �mol).

For the preparation of the sensing membrane (M-RuD1, the
embrane encapsulating Ru complex linked with one dendron)

ontaining the Ru(II) complex 10, the latter (4.3 mg, 1.37 �mol) was
dded to the above sol–gel solution and the mixture was stirred for
h at 25 ◦C. The resulting mixture was spread on the microscope

lide and dried at 25 ◦C for 24 h, after which a glassy membrane was
ormed, and it was finally dried at 80 ◦C for 12 h.

For the preparation of the sensing membrane (M-RuD3, the
embrane encapsulating Ru complex linked with three dendrons)

ontaining the Ru(II) complex 11, the latter (9.1 mg, 1.37 �mol) was
dded to the above sol–gel solution and the mixture was stirred for
h at 25 ◦C. The resulting mixture was spread on the microscope

lide and dried at 25 ◦C for 24 h, and finally dried at 80 ◦C for 12 h.
For comparison, a sol–gel membrane (M-Ru) doped with

u(dpp)3 was prepared from a mixture of Ru(dpp)3·2PF6
− (1.9 mg,

37 �mol) and the above sol–gel solution.

.4. Measurement of fluorescence intensity

The luminescence spectra and quenching response data of the
ensing membranes were obtained with a 2D fluorescence spec-
rophotometer (Model F-4500, Hitachi, Japan). The 2D fluorescence
pectrophotometer was connected by a 2 m bifurcated liquid light
onductor (Lumatec GmbH, Germany) to a dye-immobilized sens-
ng membrane on a glass slide placed in the port of a 10 mL
tainless steel gas flow chamber. Thus, there was no interfer-
nce from light outside the chamber. The measurement conditions
f the spectrophotometer were as follows: scanning speed,
0,000 nm min−1; PMT voltage, 950 V; excitation wavelength
ange, 250–650 nm; emission wavelength range 250–650 nm; exci-
ation and emission slits, 10 nm. The desired concentrations of
xygen in water were obtained by passing pure N2 and O2 gas
hrough the chamber using computer-controlled mass flow con-
rollers (Model GFC171, Aalborg, USA) with a constant flow rate of
L min−1.

.5. Leaching experiments

After aging, each sensing membrane on a glass slide was washed
everal times with CHCl3, and immersed in 100 mL of distilled
ater in a leaching vessel continuously shaken at room tempera-

ure. The membranes were periodically withdrawn, placed into the

ow chamber, and their luminescence intensities measured. The
embranes were then returned to the leaching vessel containing

resh distilled water. The extent of dye leaching was determined by
alculating the relative decrease in the luminescence intensity of
ach sensing membrane compared with the initial value.
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Scheme 1. Synthesis of dendron: (a) hexyl amine, DCC, HOBT, DMF, 25 ◦C, 24 h; (b) Raney-Ni, absolute EtOH, 90 psi H2, 25 ◦C; (c) triacid 1 (1/3 eq.), DCC, HOBT, DMF, 25 ◦C,
24 h; (d) Raney-Ni, absolute EtOH, 90 psi H2, 25 ◦C.

s: (a)

3

3
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Scheme 2. Synthesis of Ru(II) complex possessing linker arm

. Results and discussion
.1. Syntheses

Considering the bond formation with the Ru(II) complex as well
s the steric effect of the dye molecule, the second-generation
endron 5 possessing both an amine moiety and nine C6-

w
[
b
r
o

RuCl3·H2O (0.5 eq.), DMF, reflux 3 h; (b) 7, EtOH, reflux 3 h.

ydrocarbon chains was devised, although numerous choices could
e envisioned (Scheme 1). Therefore, the triacid 1 [36] was reacted

ith n-hexyl amine under a standard peptide coupling condition

38] to afford (78%) the amide 2, whose formation was confirmed
y its NMR spectra and the ESI-MS peak at m/z 527.4 (M+H)+. The
eduction of the nitro group in 2 was accomplished (98%) by means
f a Raney-Ni catalyst under 90 psi of hydrogen in EtOH at 25 ◦C to
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We compared the extent of dye leaching from the various sens-
cheme 3. Synthesis of Ru(II) complex linked with dendron(s): (a) complex 6, DCC,
OBT, DMF, 25 ◦C, 24 h; (b) complex 9, DCC, HOBT, DMF, 25 ◦C, 24 h.

fford the corresponding amine 3, whose structure was confirmed
y the chemical shift (13C NMR) from 93.5 (CNO2) to 58.0 ppm
CNH2) and the molecular ion peak (ESI-MS) at m/z 1713.3 (M+H)+.
o obtain the desired dendron 5, the same synthetic strategy as
hat used in the preparation of 2 was employed. Thus, the resulting
mine 3 was reacted again with the triacid 1 to give (72%) the nitro
ompound 4, which was then reduced (96%) to the corresponding
mine dendron 5. The structural confirmation of 5 was provided by
he appropriate chemical shift (13C NMR) from 91.5 ppm (O2NC) to
9.0 ppm (H2NC), as well as the peak for the molecular ion (ESI-MS)
t m/z 1683.3 (M+H)+.

The Ru(II) complex 9, possessing three carboxylic acid moi-
ties available for the formation of bonds with the amine dendron,
as prepared as depicted in Scheme 2. The phenanthroline
erivative 7, which had previously been synthesized [37], was
reated with a half equivalent of RuCl3 in DMF under reflux
o give (80%) the complex 8, which was then reacted with an
quivalent of 7 in refluxing ethanol. The chromatographic purifi-
ation of the crude product afforded (70%) the desired ruthenium
omplex 9, whose structure was confirmed by the presence of the
ppropriate peaks (13C NMR) as well as the observed mass peak
MALDI-TOF) at m/z 1357.41 (M−2PF6)2+.

The attachment of the dendron 5 to Ru(II) the complex 6 was
chieved through the use of the traditional peptide coupling con-
ition to give (80%) the Ru(II) complex 10 linked with one dendron
Scheme 3). The structural confirmation of the product included

he appearance of appropriate 13C NMR peaks and MALDI-TOF MS
eak at m/z 6349.5 (M−2PF6)2+. Similarly, the Ru(II) complex 11

inked with three dendrons was successfully prepared (61%) by
he reaction of the complex 9 with three equivalents of the den-

i
a
M
m

Fig. 2. 2D luminescence spectra of the sensing membrane
(2008) 1070–1076

ron 5 under DCC-promoted coupling conditions. The structure of
1 was identified by the presence of a newly appeared peak (13C
MR) at 173.3 ppm corresponding to the CONH bond and the com-
lete disappearance of the CO2H peak at 174.8 ppm, as well as the
ALDI-TOF MS peak at m/z 6349.5 (M−2PF6)2+.

.2. Spectral and DO sensing properties of optical sensing
embranes

The Ru(II) complexes linked with dendron(s) 10 and 11 have
olecular weights of 3140 and 6643, respectively. Unlike Ru(dpp)3,

he Ru(II) complexes 10 and 11 are quite soluble in volatile organic
olvents, such as CHCl3, CH3CN and MeOH, so that these materials
re well dissolved in the sol–gel solution, which enables these dye
olecules to be rather evenly distributed in the membrane.
We prepared sol–gel-based sensing membranes (M-RuD1 and

-RuD3) by encapsulating these Ru(II) complexes (10 and 11) in
els derived from the sol solution containing TEOS and studied their
pectral and DO sensing properties.

The 2D luminescence spectra of the sensing membranes, M-
uD1 and M-RuD3, are shown in Fig. 2 Similarly to Ru(dpp)3 [39],
oth membranes M-RuD1 and M-RuD3 exhibit a strong lumines-
ence emission at 590 nm when excited by radiation at 480 nm in
e-aerated water. It is evident that the covalent incorporation of
he dendrons into Ru(dpp)3 does not cause any significant change
n its absorption and emission spectra.

The test for the quenching responses of the sensing membranes
as performed by continuously exposing them to a mixture of dis-

olved O2 and N2 obtained by bubbling the two gases. As shown in
ig. 3, the sensing membranes (M-RuD1, M-RuD3) showed typical
uenching responses in that their luminescence emission inten-
ities were decreased by the quenching process when they were
xposed to an aqueous solution saturated with O2 gas. The mem-
ranes are also regenerated by flushing with N2 gas, and there
as no drift in any of the signal changes, indicating that the
embranes M-RuD1 and M-RuD3 can be used for repeated mea-

urements.

.3. Stability of sensing membranes
ng membranes in order to evaluate their long-term operation in
queous solution. The sensing membranes, M-RuD1, M-RuD3 and
-Ru, were soaked separately in distilled water for 40 days. The
embranes were periodically withdrawn from the water and their

s M-RuD1 (a) and M-RuD3 (b) in de-aerated water.
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Fig. 3. Quenching response of the sensing membranes M-RuD1 (a) and M-R
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ig. 4. Leaching of the dye molecules from the membranes M-RuD1 (a), M-RuD3 (b)
nd M-Ru (c) in water.

uminescence intensities were measured at 590 nm with an excita-
ion wavelength of 480 nm. As depicted in Fig. 4, the luminescence
ntensity of the membrane M-Ru gradually decreased, which indi-
ates that Ru(dpp)3 leached out of the membrane and only about
0% of the Ru(dpp)3 originally present in the gels was retained after
0 days [40]. In contrast, in the case of the membrane M-RuD3, the
u(II) complexes did not leach out of the membrane during the
ame time period. In the case of the membrane M-RuD1, a slight
ecrease of the emission intensity was observed during the initial
tage of the experiment, but about 92% of the dye was retained in the
els. These results demonstrate that the encapsulation of the dyes
0 and 11 in gels prevents them from leaching out of the matrix. The
nitial decrease in the luminescence intensity of the membrane M-
uD1 is probably due to the smaller size of the dye molecule 10
s compared to the complex 11, causing it to be loosely retained
nderneath the membrane surface, so that it slightly leaches from
he gels in the initial stage of the experiment.

. Conclusion

In order to prevent the leaching of small dye molecules from a

ol–gel-based optical sensing membrane by increasing the size and
ipophilicity of the dye molecules, a bulky dendron (5) possessing
n amino group, which is readily prepared by chemical transforma-
ions such as amidation and catalytic reduction, was designed and

[
[
[
[
[
[

uD3 (b) to DO when the solution is saturated with O2 (i) and N2 (ii).

ovalently attached through the amide bond formation to Ru(dpp)3
ossessing carboxylic groups. As a result of these manipulations,
he molecular weights of the Ru(II) complex (10) linked with one
endron and the Ru(II) complex (11) linked with three dendrons
ecame 3140 and 6643, respectively. Optical sensing membranes
M-RuD1, M-RuD3) were prepared by the encapsulation of these
u(II) complexes (10, 11) in a TEOS derived sol–gel matrix. These
u(II) complexes linked with dendron(s) are quite soluble in sol–gel
olution to provide a rather even distribution of dyes in the mem-
rane.

The sensing membranes (M-RuD1 and M-RuD3) displayed good
O sensing properties equal to those of the membrane (M-Ru)
oped with Ru(dpp)3, and showed excellent stability in aqueous
olution. The membrane M-RuD3 was superior to M-RuD1 with
espect to the inhibition of dye leaching. Therefore, this approach to
ink a sensing moiety to bulky dendritic side-chains can be a useful

eans to prevent dye leaching from porous matrices.
In addition, the Ru(II) complexes, 10 and 11, are quite solu-

le in most volatile organic solvents such as CHCl3, CH3CN, EtOAc
nd MeOH, so that they are promising dyes for developing optical
ensing membranes based on various polymer matrices soluble in
rganic solvents, such as silicone rubber, poly(ester), poly(styrene),
tc.
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a b s t r a c t

A comprehensive collection of wet-chemical analyses of functional groups on oxidatively treated surfaces
of hydrophobic polymers like poly(ethylene terephthalate) or polyolefine is presented. New methods
are introduced. Textiles and foils have been subjected to advanced oxidation processes and the differ-
ent oxygen functions have been quantified. Analysis of surface functional groups includes radical site
determination with radical scavengers like diphenylpicrylhydrazyl, reduction of peroxides determined
iodometrically, cationic dyestuff adsorption, carbonyl binding to Girard reagent P and surface hydroxyl
group determination by surface nitrosation and subsequent azo-dye formation photometrically deter-
Polymer surface analysis
Functional groups
Wet-chemical analysis
Advanced oxidation process
S

minable. Use of potential surface swelling agents has been excluded except for addition of wetting agent.
Wet-chemical analyses on textile surfaces bear the benefit of integrating over (relatively) large sample
areas, a point which is interesting when regarding inhomogenities of textile or other surface constructions.
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. Introduction

During the course of a research project on the influence of
zone treatment (or ozone and UV-irradiation treatment, advanced
xidation process—AOP) on fibre surfaces of textile materials the
mportance of a quick analysis of surface oxidized functionalities
osed an urgent demand [1].

In the literature AOP-treatment of plastics for surface function-
lization has been reported frequently. Thereby mainly hydroxyl
adicals and peroxy radicals are involved attacking the polymer.
ome of the primarily formed species on the surface are rather
ong-lived other rearrange to stable functions. Quite often the
xygenated surface functions decline on storage (‘hydrophobic
ecovery’) due to polymer segment diffusion into the bulk polymer
especially with polymers of low glass transition temperature). In

ost of the papers XPS-spectroscopy was used in order to assess
hemical groups on the surface [2–5,8,9]. Some chemical analysis
ethods for selected groups were mentioned too. These include

he determination of peroxides, of carboxyl groups and of radicals

6–12]. An interesting chemical approach mainly for fluorescent
erivatization on PE surfaces was given by Holländer in 2004 but
equires rather uncomfortable calibration [13] and still introducing
rganic solvents.

∗ Corresponding author. Tel.: +49 2151 843 165; fax: +49 2151 843 143.
E-mail addresses: knittel@dtnw.de, info@dtnw.de (D. Knittel).
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p
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isation for the existence of surface groups are described.
© 2008 Elsevier B.V. All rights reserved.

Regarding drawbacks of XPS-analyses for quantitative determi-
ation on textile constructions (curvature of filaments, extremely
mall area accessible compared to practical production widths
f >1.5 m, cost of equipment) it was felt necessary to establish
et-chemical analytics for the determination of oxygen contain-

ng functions on common, originally hydrophobic textile polymers
xposed to advanced oxidation processes. For this aim some of the
ethods cited have been adopted and modified for easy analysis,

lso some new methods have been developed. The paper presented
ompiles the methods introduced.

Only methods were chosen which can be applied from almost
ure aqueous solutions. Thus it should be possible to min-

mise swelling effects of surface layers of synthetic polymers like
oly(ethylene terephthalate) (PETP), polypropylene (PP) or simi-

ar polymers when working with organically soluble reagents thus
eeping the (chemical) information depth as close to the surface
s possible. Some of the methods established were tested too and
escribed as qualitative spray-test method for visualisation of AOP-
reatments.

. Experimental
.1. Materials used

Poly(ethylene terephthalate) foil, thickness 190 �m, 274 g/m2

Cadillac Plastics), polypropylene foil, 75 �m, 68 g/m2 (Leco);
oly(ethylene terephthalate) (PETP) fabric, pleine weave,
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29 g/m2, warp 24.8 cts/cm, weft 21.2 cts/cm (Testex); polyethy-
ene fabric (PE), 104 g/m2, warp 6.6 cts/cm, weft 6.2 cts/cm
Leco); polypropylene fabric (PP), pleine weave, 196 g/m2,
arp 22.5 cts/cm, weft 15.3 cts/cm (C.C. Cramer); poly(butylene

erephthalate) (PBT) non-woven, 51.8 g/m2; thickness 390 �m
Freudenberg).

All materials have been extracted in a Soxhlet-apparatus prior
o AOP with methanol/water (1:1). Advanced oxidation of textile
amples (ozone, ozone + UV) has been done as described in [1], i.e.
amples of textiles (30 cm × 15 cm) were treated with ozone (68–74
nd 190–185 g/N m3, respectively) in a cell equipped with a quartz
indow. Treatment time usually was 10–30 min. Some samples

oo were simultaneously irradiated with a mercury UV-lamp for
OP.

.2. Apparatus used

UV–VIS Diode Array Spectrophotometer HP 8452 A (Hewlett-
ackard) with cuvettes of 1 cm optical path length and analyte
olume of about 80–100 �l (Brand) was used for measurements of
yes. A spectrophotometer Datamaster Type DC 3880 (Datacolor)
as used for remission measurements.

.3. Chemicals used

Methylene blue for microscopy (Merck).
Ethyl red 97% (lithium-salt) (prepared from sodium salt, Aldrich).
Intracronred® BF-3RM 150%, reactive dyestuff (Yorkshire).
Nonionic wetting agent Marlipal® O13/80 (Sasol) and SDS
(Aldrich).
H-acid (4-amino-5-hydroxynaphthaline-2,7-disulfonic acid dis-
odium salt hydrate 85%) (Aldrich or Hoechst).
Sulfanilic acid (Fluka).
Girard reagent P (N-acetylhydrazinopyridinium chloride)
(Aldrich).
2,2-Diphenyl-1-picrylhydrazyl (DPPH) (Aldrich).
Other reagents were of analytical grade.

.4. Radical determination on surfaces

The wet-chemical test is oriented on methods of MacManus
t al. [11]. A DPPH-solution (2 mg/20 ml MeOH) is prepared and
pplied to (as-received and after surface oxidation) textile sam-
les of about 120 mg in brown flasks. After shaking for several
ours (up to 3 days) at room temperature the supernatant solu-
ion is quantified by photometry at 516 nm. From the decrease
f DPPH-absorbance the amount of radicals reacted can be
etermined.

This test can be modified for visualisation by simultaneous addi-
ion of an acid dye like the lithium salt of ethyl red. The dye anion
inds to the C-cation of the surface.

.5. Determination and visualisation of peroxidic groups on
xidized polymer surfaces

Reaction vessels given in Fig. 3 are used for quantification
details in [1]). Briefly, they enable the treatment of small samples of
abric to be analysed with heating under inert atmosphere in pres-
nce of reaction partner. Additionally, titration of reagents formed

ay be done using microsyringes. These vessels may be used too

or grafting reactions (occurrence of radicals or peroxides).
For visualisation of the existence of peroxidic groups on oxi-

ized polymer a graft polymerization of acrylic acid monomer may
e induced by heating under inert atmosphere. After removal of

f
a
a
i
c
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omopolymers formed by alkaline washing staining is done with
ationic dyestuff methylene blue.

.6. Determination of hydroxyl containing surfaces: visualisation
f surface hydroxyl groups

A known amount of sample (0.1–0.2 g) is treated with 2.5 ml
f 1 mol/l HCl and 1 ml of 15% Na-nitrite solution. After 10 min
he textile sample is removed and rinsed intensively with 10 ml
aHCO3-solution (1%, containing 0.5% Na-dodecylsulfate for wet-

ing). After neutralisation (about 3 times with 20 ml dist. water) the
ample is transferred to a 25 ml measuring flask and 1 ml of freshly
repared solution of sulfanilic acid (1%) is added. After 9 min of
haking 1 ml of H-acid (0.5% fresh solution) is added and shaken
n the dark for 1.5 h. The resulting red solution can be analysed at
10 nm. Water introduced by the sample is corrected by weighing.
alibration is done simply by the use of a nitrite solution for the
ulfanilic acid/H-acid procedure.

This reaction sequence can be used for visualisation as
praying test sequence on the oxidized fabric: the sample is
ried following the nitrite treatment and sprayed with sul-

anilic acid followed by H-acid. Photographs can be taken after
.5 h storage in the dark. Alternatively a surface oxidized sam-
le may be stained by conventional reactive dyeing procedures
nd resulting colouration may be determined in reflectance
easurements.

.7. Determination of carbonyl groups on oxidized polymer
urfaces

0.5 g of sample is shaken with 2.7 g of Girard P solution (1.11 g/l).
fter addition of 0.3 g acetic acid the vessel is stirred in a closed
essel (see Fig. 3) for 30 min at 90 ◦C. After cooling the solution is
ransferred into a 100-ml flask. The decrease of reagent concen-
ration due to binding of reagent to surface carbonyls is analysed
hotometrically at 260 nm.

.8. Determination of carboxylic groups on surfaces of partially
xidized surfaces of hydrophobic polymers

Samples (0.1–0.5 g) are treated at room temperature with a
.05% solution of methylene blue in Britton–Robinson buffer (pH
.1–7.4). The bluish samples are rinsed thoroughly and dried in air.
or quantitative determination the sample is exposed to 20 ml of
4% aqueous acetic acid and shaken for 1 h. Photometric analysis is
one at 650 nm.

. Strategies for wet-chemical analysis

The analytical methods elaborated enables the quantifica-
ion of surface functional groups on synthetic polymers. The

ethods too can be used as a qualitative quick-test and for
isualisation of surface effects obtained by AOP-treatment. In
he following the scheme of analyses and chemical basics are
escribed.

.1. Radicals on surfaces of hydrophobic textile surfaces

For the determination of surface radicals on PP or PETP the

ollowing reactions have been used (according to [12]) (Fig. 1)
nd widened for visualisation purposes by dye binding. First step
fter radical formation is an electron transfer to DPPH followed by
rreversible protonation to diphenylpicryl hydrazine and a surface
ation. The decay of the violet colour of DPPH can be followed pho-
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ometrically. The surface cation can be trapped by adding an acid
ye.

.2. Wet-chemical detection and determination of hydroxyl
roups on oxidized polymers

For quantification of hydroxyl group contents of oxidized sur-
aces the esterification by aqueous nitrous acid has been chosen.
his reagent has been known for the use in homogeneous reac-
ions for detection of alcohols [14]. It proved to be suitable even
n heterogeneous application and one may expect no interference
rom possibly coexisting amino groups since –NH2 groups will be
estroyed by HONO.

Fig. 2 shows the reaction sequence used. In concentrated solu-
ions of nitrous acid hydroxyl groups on the polymer surface are
sterified. Those surface nitrous acid esters are stable against wash-
ng but can be cleaved afterwards by dilute acid. Cleavage is done
n the washed surface in solutions capably of trapping HONO. The
ewly formed nitrous acid immediately is transformed to a diazo-

ium salt, which can be used for formation of an azo-dye, i.e. with
-acid or similar.

This reaction sequence can be used too for visualisation on the
extile as a spray-test application.

ig. 1. Detection of radical functions on oxidized polymers by reaction with
iphenyl-picrylhydrazyl, followed by formation of dyestuff binding for visualisation.

F
m

3
g

f
(
d
t

d

b
a
e

ig. 2. Scheme for quantification of hydroxyl groups on surfaces of oxidized poly-
ers.

.3. Wet-chemical detection and determination of peroxidic
roups on oxidized polymers

The presence of peroxidic groups on oxidized polymer sur-
aces (ozone treatment) can be determined using potassium iodide
cf. [12]). There is no discrimination between hydroperoxides or
ialkylperoxides. Using apparatuses as described in Fig. 3, a simple
itrimetric analysis can be performed.

This reaction vessel can be used too for other analyses on oxi-
ized samples.
In addition to titration peroxidic structures on surfaces may
e used for inducing grafting reactions on the surface with
crylic monomers (cf. [4,15–18]). A successful grafting reaction,
.g. with acrylic or methacrylic acid can be visualised after-
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ig. 3. Testing equipment for radical-, peroxide-, carbonyl- and grafting-analysis.

ards by using a cationic dyestuff as described in Section 2.4
cf. [16,17]).

.4. Wet-chemical detection and determination of carbonyl
roups on oxidized polymers

There are numerous reaction for the determination of carbonyl
roups in solution. An important one for the purpose of surface
nalysis lies in the use of a water soluble Girard reagent (Girard P).
ualitative analysis using such a reagent can be done by reflectance
easurements on oxidatively treated polymer surfaces after expo-

ure to Girard P solutions.
Performing this analysis on oxidized textiles with minimal vol-

mes of reagent (i.e. almost not more than textile wet pick up) the
ecrease of Girard-concentration in the treating solution can be
onitored and quantified by photometric analysis within cuvettes

f about 100 �l working volume.
.5. Wet-chemical detection and determination of carboxyl
roups on oxidized polymers

Detection and determination of carboxylic groups on oxidized
olymer surfaces follows well known strategies, i.e. binding of

g
a
c

able 1
et-chemical analysis of oxygen functionalities before and after ozone treatment of poly

ample Total –COOH (�mol/cm2) To

ETP-original (2.0 ± 0.1) × 10−4 (
3-treated (4.2 ± 0.2) × 10−2 (
P-original (7.0 ± 0.5) × 10−4 (1
3-treated (1.7 ± 0.13) × 10−2 (1

able 2
xygen containing groups of AOP-treated fabrics

ample code Total –COOH (�mol/g) Total –

ETP-original 0.11 ± 0.006 0.17 ± 0
ETP, 30 min O3 0.48 ± 0.03 5.4 ± 0
BTP-original 0.37 ± 0.007 n.d.
BTP, 30 min O3 0.39 ± 0.007 n.d.
BTP, 30 min O3 with UV-irradiation 1.62 ± 0.03 n.d.
P-original 0.04 ± 0.003 0.6 ± 0
0 min O3 0.07 2.4

.d., not determined.
ta 76 (2008) 1136–1140 1139

ationic dyestuffs on carboxylate functions, visualisation for doc-
mentation and then detachment of the cationic dyestuff by acid
reatment and photometric analysis of the solutions obtained (cf.
6]). Preferable for this determination is the use of highly pure
ationic dyestuff as used for microscopy (i.e. methylene blue).

. Results on AOP-treated samples obtained by
et-chemical analyses

.1. Results on AOP-treated polymers

To illustrate the versatility of the analytical methods described
ome examples are given in Table 1 for surface group analysis on
OP-treated foils and Table 2 for textiles (details see [1]). Samples
re analysed immediately after preparation.

Analysis for radicals on treated PE-fabric showed 0.012 �mol/g
abric just after AOP-treatment, decreasing to about 0.006 �mol/g
n storage for 6 days, traces are still detectable even after 22 days.
s known from the literature, all the samples showed hydropho-
ic recovery on storage for several days. Thus the chemical surface
nalysis proves to be a rather quick and sensitive and inexpensive
ool.

.2. Visualisations of functional groups on surfaces of synthetic
aterial

Visualisation of hydroxyl groups can be done as test on the fab-
ic or on the foil by spraying the reagents (nitrite/-HCl/sulfanilic
cid/H-acid) onto the sample.

Other examples of various staining reactions on oxidized poly-
er surfaces, differently treated with ozone and analysed for

isualisation of carboxylic and peroxidic groups and radical centers,
espectively are presented in Fig. 4. Radical detection on oxidatively
reated polyesters and on polyolefins combines the reaction with
PPH resulting in a surface cation which is trapped by use of an
nionic dyestuff like salts of ethyl red giving rise to visible staining.

. Discussion
In this work it could be shown that almost all relevant oxy-
enated functions on polymer surfaces can be quantitatively
ssessed by wet-chemical analysis on textile constructions. Wet-
hemical analyses on textile surfaces bear the benefit of integrating

mer foils (30 min O3) (sum of both sides)

tal –C O (×10−2 �mol/cm2) Total –OH (×10−2 �mol/cm2)

2.7 ± 0.04) (1.4 ± 0.3)
2.7 ± 0.04) (80 ± 17.6)
.22 ± 0.015) (5.0 ± 1.1)
.77 ± 0.02) (24 ± 5.3)

C O (�mol/g) Total –OH (�mol/g) Total peroxides (�mol/g)

.03 3.4 ± 0.75 0
.03 ∼29 ± 6.3 6.6 ± 0.12

15 ± 3.3 n.d.
8.4 ± 2.85 n.d.
3.5 ± 0.8 n.d.

.02 0.4 ± 0.09 0
7.7 ± 1.7 2.04
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ig. 4. (A) Spray test on AOP-treated PP-fabric for visualisation of the existence of hy
ET. (C) Same on PE. (D) Visualisation of peroxides on PET by KI/starch solutions. (E)
imultaneous application of DPPH in the presence of an acid dye for marking the ca

ver (relatively) large sample areas, a point which is interest-
ng when regarding inhomogenities of textile or other surface
onstructions. In addition, the wet-chemical analysis – being
ather quick – avoids problems due to changes during sample
torage.

Especially important are the possibilities to characterize par-
ially oxidized surfaces of rather large size. Obviously wet-chemical
nalysis includes surfaces of cracks or other morphological irregu-
arities thus giving higher analytical values than an XPS-sampling.
t present a preliminary comparison of values for carboxylic groups
n surface indicates about 20-fold higher values for wet-chemical
nalysis on PETP-fabric than as detected by XPS. This higher value
ay be due sampling over large fabric areas including fibre irregu-

arities like cracks.
XPS-sampling is methodically restricted to specimen of some

icrometer dimensions, often randomly taken for measure-
ents. More comparative investigations on oxygenated films

wet-chemical vs. XPS-analysis) will be systematically done in
uture with synchronously performed analysis. This has to be done
ecause it is known that surface functionalities disappear often
ather quickly (hydrophobic recovery) and to correlate information
epth obtained. Problems in detectability of functional groups on
urfaces may arise when dealing with compact and smooth surfaces
ecause of sensitivity of analytical methods introduced.

In addition the methods presented in this work uses inexpensive
quipment and can be done quickly in a normal lab even as process
ontrol.
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a b s t r a c t

An amperometric biosensor based on horseradish peroxidase (HRP) and carbon nanotube
(CNT)/polypyrrole (PPy) nanobiocomposite film on a gold surface has been developed. The HRP was incor-
porated into the CNT/PPy nanocomposite matrix in one-step electropolymerization process without the
aid of cross-linking agent. Amperometric response was measured as a function of concentration of phenol
derivatives, at a fixed bias voltage of −50 mV. Optimization of the experimental parameters was performed
with regard to pH and concentration of hydrogen peroxide. The linear range, sensitivity and detection
limit of the biosensor were investigated for eighteen phenol derivatives. The sensitivity in the linear range
increased in this order: 4-methoxyphenol > 2-aminophenol > guaiacol = m-cresol > 2-chlorophenol = 4-
arbon nanotube

henol derivatives
mperometric biosensor
olypyrrole

chlorophenol = hydroquinone = pyrocatechol > 2,6-dimethoxyphenol > 3-chlorophenol > p-cresol > p-
benzoquinone = 4-acetamidophenol > catechol > phenol = pyrogallol = 2,4-dimethylphenol. CNTs was
shown to enhance the electron transfer as a mediator and capable to carry higher bioactivity owing to its
intensified surface area. The biosensor exhibited low detection limits with a short response time (2 s) for
the tested phenolics compared to the reported working electrodes. It retained 70% of its initial activity
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after using for 700 measu

. Introduction

The determination of phenol and its derivative compounds is
f the environmental importance, since these species are toxic and
volved in many industrial processes. They are present in many
astewater streams of the oil, paint, polymer and pharmaceutical

ndustries [1]. Electrochemical methods have been widely used for
easuring these compounds due to their advantages such as good

electivity in the presence of phenol oxidases, relatively low cost of
ealization and storage and the potential for miniaturization and
utomation [2–4]. Regarding the amperometric enzyme biosen-
ors, tyrosinase has been the most currently used enzyme for the
etection of phenolic compounds [5–9]. However, these tyrosinase

iosensors are restricted to the monitoring of phenolic compounds
aving at least one ortho-position free [10]. On the other hand, lac-
ase biosensors give response to phenolic compounds with free
ara- and meta-position with a complicated catalytic cycle [11]. HRP
aving less selectivity to phenolics is capable of giving response to a
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E-mail address: e.erhan@gyte.edu.tr (E. Erhan).

i
i
t
c
t
C
a
A
b
b

039-9140/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2008.05.016
nts in 1 month.
© 2008 Elsevier B.V. All rights reserved.

arge number of phenol derivatives [12], and shows a high stability
nd efficiency for different biosensor designs [3,13].

The selectivity and sensitivity of the modified electrodes
epends on the stability of the phenoxy radicals produced in the
nzyme reaction, electrode material, immobilization method, and
he magnitude of the applied potential [11]. In addition to this,
he performance of biosensor is mainly affected by the electro-
atalytic activity of modified electrode material and composites.
NTs have emerged as a new class nanomaterials that are receiv-

ng considerable interest owing to their ability to promote electron
ransfer reactions with enzymes [14,15]. The high conductivity of
his carbon material leading to level of 102 �−1 cm−1 improves
lectrochemical signal transduction, while its nano-architecture
mposes the electron contact between the redox centres, deeply
nlaided in enzyme structure, and the smooth surface of the elec-
rode [16]. Sotiropoulou et al. reported that CNTs have a metallic
haracter in the range of potentials between −1.5 and +1.5 V, since
here are no apparent oxidation or reduction peaks. Based on this,

NTs can donate and accept electrons in a wide range of potentials,
nd could therefore be used as mediators in biosensor systems [17].
key barrier for developing CNT-based biosensors is the insolu-

ility of CNTs in most solvents [18]. Functionalization of CNTs has
een achieved by an oxidation process, which involves extensive
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ltrasonic treatment in a mixture of concentrated hydrogen perox-
de and sulfuric acid [19]. The ends and sidewalls of the treated CNTs
re mainly decorated with carboxyl groups. CNTs functionalized in
his manner obtain good solubility in water and retain their pris-
ine electronic and mechanical properties [20]. Recently, there has
een growing interest in using CNT-based electrode configurations
ith tyrosinase and laccase polyphenol oxidases for detection of
henolics [21,22]. However, the use of HRP, alternative polyphenol
xidase, in modified CNT electrodes has been less reported for the
easurement of phenol derivatives.
The aim of this study is to develop a CNT/PPy/HRP nanobiocom-

osite film for the bioanalytical applications. The working electrode
as constructed in one-step by the electropolymerization process
f multiwalled CNT, pyrrole and HRP. The parameters such as oper-
ting potential, pH level and concentration of hydrogen peroxide
ere investigated and were tested using a large set of eighteen
henol derivatives.

. Experimental

.1. Reagents

Horseradish peroxidase (E.C.1.11.1.7) with an activity of
0,000 U/vial (according to pyrogallol method performed by
he supplier), aqueous solution of hydrogen peroxide (30%),
ithium chloride, di-potassium hydrogen phosphate, citric
cid, tri-sodium citrate, acetic acid (96%), sodium acetate
ri-hydrate and potassium di-hydrogen phosphate were pur-
hased from Merck. Phenol, �-benzoquinone, hydroquinone,
,6-dimethoxyphenol, 2-chlorophenol, 3-chlorophenol, 4-
hlorophenol, 2-aminophenol, 4-methoxyphenol, pyrocatechol,
uaiacol, m-cresol, o-cresol, p-cresol, catechol, 4-acetamidophenol,
yrogallol, 2,4-dimethylphenol, pyrrole (99%), CHES buffer and
odium dodecyl sulfate (SDS) were obtained from Sigma. The
henol reagents were used as purchased without any further
re-treatment. Stock solutions of various phenols were daily
repared in 0.1 M phosphate buffer solution (pH 7.0). Multiwalled
NTs were obtained from Nanocs, Inc., NY, USA.

.2. Apparatus

Electrochemical experiments were performed by using a CHI
odel 800B electrochemical analyzer. A gold working electrode

2 mm diameter), a Platinum wire counter electrode, an Ag/AgCl
3 M NaCl) reference electrode, and a conventional three-electrode
lectrochemical cell were obtained from CH Instruments.

.3. Preparation of CNT/PPy/HRP nanobiocomposite film coated
old electrode

Gold electrode was polished with slurries of fine alumina
owders (0.3 and 0.05 mm) on a polishing microcloth pad. The elec-
rode was then rinsed with distilled water. The facile routine for
reparation of water-soluble CNTs was a modification of the acid
xidative method developed by Smalley’s group [23]. Firstly, 14 mg
f multiwalled CNTs were added into 5 mL of a 9:1 concentrated
2SO4/H2O2 (30%) aqueous solution and the mixture was stirred for
0 min for CNTs oxidation. After the reaction, 15 mL of the 9:1 con-
entrated H2SO4/H2O2 (30%) aqueous solution was added into the
ixture. The mixture was placed in an ultrasonic bath (Elma 460-

) and sonicated for 5 min. Resulting CNTs dispersion was diluted
sing 1 L of distilled water, then was filtered through a 0.45 �M cel-

ulose membrane. After, the filtrate was washed with 10 mM NaOH
olution and distilled water till the pH level reaching to 7, the fil-
rate was separated from the membrane and dispersed in distilled

3

p

ig. 1. Multiscan cyclic voltametric curves for CNT/PPy/HRP nanobiocomposite film
a), CNT/PPy film (b) in 0.1 M phosphate buffer (pH 7.0). Potential was scanned
etween −1.2 and +1.2 V at the scan rate of 100 mV s−1.

ater (0.03 mg/L). The resulting CNTs solution was sonicated for
min to obtain a homogeneous CNTs solution [19].

CNT/PPy/HRP nanobiocomposite film was coated onto the
urface of the gold working electrode by electrochemical poly-
erization in a three-electrode cell. The polymerization medium

ontained 5 mL of oxidized CNTs solution, 5 mL of 50 mM pH 6.5 cit-
ate buffer including 0.01 M pyrrole, 0.6 mg/mL SDS and 0.3 mg/mL.
RP used in this study is a water-soluble enzyme. SDS is one
f the best supporting electrolyte for electropolymerization of
yrrole in aqueous medium [24]. Since the anion of the SDS rep-
esents the dopant ions that stabilize the cationic sites in the
olypyrrole, it might have a certain effect on the amount of the

mmobilized enzymes as well as its activity. Cyclic voltammogram
f the nanobiocomposite film was scanned between 0 and 1.2 V for
min.

.4. Electrochemical measurements

Electrochemical batch measurements were carried out in a 0.1 M
hosphate buffer solution (pH 7.0) in the presence of 0.7 mg/mL

ithium chloride with an applied working potential of −50 mV and
continuous stirring at 600 rpm in three-electrode cell mentioned

n Section 2.2. Various phenol derivatives were tested to produce
–t curves of chronoamperometric measurements.

. Results and discussion

.1. Characterization of the CNT/PPy/HRP nanobiocomposite film

Fig. 1 shows the CV of the CNT/PPy film and CNT/PPy/HRP
anobiocomposite film in 0.1 M phosphate buffer (pH 7.0) at the
can rate of 100 mV s−1. The peak current increased by the intro-
uction of HRP into the film, indicating the synergy effect between
RP and CNT similar to the previous study [25]. In addition to this,

he electrocatalytic sites placed in the active centre of HRP would
oin into the CNT/PPy nanobiocomposite film. There was virtually
o change in the shape or peak potentials of the CV suggests that
here was no hindrance for electron transfer process between elec-
rode and HRP. The well-defined peaks indicate that films are highly
omogeneous.
.2. Effect of applied potential and pH on biosensor response

The response of the peroxidase biosensors to phenolic com-
ounds is based on the so-called double displacement or
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ig. 2. Influence of applied potential on amperometric response of the biosensor to
6 �M hydroquinone in 0.1 M, pH 7.0 phosphate buffer.

ping-pong” mechanism in which two substrates, a peroxide and
he given phenolic compound are involved [26,27]. At the surface of
n electrode, where resting state and oxidized state of enzyme can
e electrochemically reduced directly, the use of a second substrate
uch as a phenolic compound gives rise to a much faster process
12]. The monitoring of the enzymatic reaction is carried out by the
lectrode reduction of the phenoxy radicals. The reduction current
s proportional to the concentration of phenolic compound in the

edium, if adequate concentration of hydrogen peroxide is present.
he dependence of CNT/PPy/HRP nanobiocomposite film electrode
esponse on applied potential is shown in Fig. 2. The reduction
eak tends to increase with the additions of hydroquinone. Hydro-
uinone is already reduced around 0 mV, and the reduction current
ncreases rapidly as the applied potential moves negatively from 0
o −50 mV, which is due to the increased driving force for the fast
eduction of hydroquinone at low potential. The current change
pproaches a plateau at −50 mV, thus this value is selected as the
orking potential. Same results were obtained for the other phenol
eriatives tested (not shown).

The influence of pH on the response of CNT/PPy/HRP nanobio-
omposite film electrode was investigated to optimize the reaction

onditions. The change of chronoamperometric current between
he pH level of 5–9 at a constant p-benzoquinone concentration
0.1 �M) is shown in Fig. 3. As seen in Fig. 3 the maximum response
as obtained at pH 7.0 which is very similar to those observed for

ig. 3. Dependence of the current response of CNT/PPy/HRP nanobiocomposite film
lectrode to 0.1 �M p-benzoquinone on the pH of buffer solutions at an applied
otential of −50 mV vs. Ag/AgCl, 3 M NaCl.
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ig. 4. The dependence of the biosensor response for phenol concentration in the
resence of different hydrogen peroxide concentrations in 0.1 M, pH 7.0 potassium
hosphate buffer solution. Applied potential −50 mV vs. Ag/AgCl, 3 M NaCl.

he soluble enzyme [28]. The optimized pH level of 7.0 was then
sed through further experiments.

.3. Determination of optimum hydrogen peroxide concentration

The peroxide concentration is very important in HRP reactions to
roduce good sensitivity and avoid the inactivation of the enzyme
ue to high concentration of peroxide [29]. Fig. 4 shows dependence
f the hydrogen peroxide concentration of CNT/PPy/HRP nanobio-
omposite film electrode response for phenol concentrations in
he range of 16–240 �M. The analytical curve obtained for phenol
t various hydrogen peroxide concentrations of 8, 16, and 32 �M,
howed a linear response ranging from 16 to 48 �M with a corre-
ation coefficient (r) of 0.98 and a sensitivity of 0.7 nA/�M, 16 to
44 �M with a r value of 0.99 and a sensitivity of 1 nA/�M, and 16
o 48 �M with a r value of 0.98 and a sensitivity of 0.65 nA/�M,
espectively. Thus, 16 �M of hydrogen peroxide was used for fur-
her experiments due to its maximum sensitivity and the widest
inear range with an excellent correlation coefficient.

.4. Response of the CNT/PPy/HRP nanobiocomposite film
lectrode to eighteen phenol derivatives

Eighteen phenolic compounds (phenol, catechol, p-
enzoquinone, m-cresol, o-cresol, p-cresol, guaiacol, 2,4-dimethyl-
henol, 2,6-dimethoxyphenol, 2-chlorophenol, 3-chlorophenol,
-chlorophenol, hydroquinone, 4-acetamidophenol, pyrogallol,
-methoxyphenol, pyrocatechol, 2-aminophenol) were detected
y CNT/PPy/HRP nanobiocomposite film electrode in 0.1 M phos-
hate buffer solution (pH 7.0) at a working potential of −50 mV
vs. Ag/AgCl). Fig. 5 (not included all the phenolics tested) illustrates
ypical amperometric responses for the CNT/PPy/HRP working
lectrode after the addition of successive aliquots of phenolic
ompounds under continuous stirring. Table 1 summarizes the
haracteristics of the calibration plots obtained for the phenol
erivatives, as well as the corresponding limits of detection
alculated according to the 3sb/m criteria in Ref. [30], where m
s the slope of the linear range of the respective calibration plot,
nd sb is estimated as the standard deviation of the signals from
ifferent solutions of the phenolics at the concentration level

orresponding to the lowest concentration of the calibration plot.
he lowest detection limit was found to be 0.027 �M (S/N = 3)
or p-benzoquinone and the highest detection limit was found
o be 27.9 �M (S/N = 3) for 2,4-dimethylphenol among the tested
erivatives. Detection limit ranges between 0.00003 and 346 �M
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Fig. 6 shows the comparison of the produced responses to the
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ig. 5. (a) Current–time recordings and (b) calibration curve of the CNT/PPy/HRP
anobiocomposite film electrode to increasing 4-acetamidophenol, catechol, pyro-
allol, guaiacol and m-cresol concentrations (initial phenolic concentration is
.6 �M). Applied potential: −50 mV vs. Ag/AgCl, 3 M NaCl.

S/N = 3) for various phenol derivatives with different phenol
xidases in recently reported biosensors [31–44].

The sensitivity of HRP-based biosensor depended on the

tability of the phenoxy radicals produced in the enzyme reac-
ion, electrode material, HRP immobilization method and the

agnitude of the applied potential [11]. For the detection of
ifferent phenolic compounds, the trend of the sensitivity was
onsistent with the ability of the substituents for forming electron-

s
P
a
fi

able 1
alibration plot parameters and analytical characteristics for various phenolic compound

ompound r Sensitivity (nA/�M) Lineer

henol 0.99 1 16–
-Benzoquinone 0.99 3 0.02–
ydroquinone 0.99 8 16–
,6-Dimethoxyphenol 0.99 7 1.6–
-Chlorophenol 0.99 8 1.6–
-Chlorophenol 0.99 6 1.6–
-Chlorophenol 0.99 8 1.6–
-Aminophenol 0.99 40 8–
-Methoxyphenol 0.99 50 1.6–
yrocatechol 0.99 8 1.6–
uaiacol 0.98 9 1.6–
-Cresol 0.99 9 8–

-Cresol
-Cresol 0.98 5 128–
atechol 0.98 2 1.6–
-Acetamidophenol 0.99 3 1.6–
yrogallol 0.98 1 1.6–

2,4-Dimethylphenol 0.98 1 64–

pplied potential; −50 mV, 0.1 M phosphate buffer (pH 7.0) containing 16 �M H2O2.
(2008) 1147–1152

onor conjugation. Usually, stronger ability of electron-donor
onjugation resulted in higher sensitivity for the detection.
ccording to Wilkolazka et al. [31], the enzymatic oxidation
roducts of the ortho-substituted phenols are more rapidly pro-
uced showing an increase in the amplification reaction cycle.

n this study, 2-aminophenol and guaiacol showed the higher
ensitivity among the ortho-substituted phenols tested. For 2-
minophenol, the corresponding conjugation structure could
e easily formed because of strong ability of electron-donor
onjugation of the substituent. Kane et al. [45] reported that
he phenol compounds with electron-donor substituents in an
rtho-position gave no response. CNT/PPy/HRP nanobiocomposite
lm electrode did not give any response to o-cresol. The sen-
itivity was calculated from the slope of the calibration curves.
he sensitivity in the linear range increase in this order: 4-
ethoxyphenol > 2-aminophenol > guaiacol = m-cresol > 2-chloro-

henol = 4-chlorophenol = hydroquinone = pyrocatechol > 2,6-di-
ethoxyphenol > 3-chlorophenol > p-cresol > p-benzoquinone = 4-

cetamidophenol > catechol > phenol = pyrogallol = 2,4-dimethyl-
henol (Table 1). It can be deduced that there is obvious difference
mong the phenol derivatives with regard to sensitivity. The
ifferent sensitivities observed can be attributed to the formation
f o-quinones during the enzymatic reaction for each phenolic
ompounds [32]. The highest sensitivity was obtained from the
alibration of 4-methoxyphenol. The presence of –OCH3 group of
-methoxyphenol allows HRP to oxidize more efficiently. A lower
ensitivity was observed for 2,4-dimethylphenol, as expected, for
he one having the ortho-position occupied by a methyl group.
he sensitivity ranges between 1 and 50 nA/�M for the phenolics
ested (Table 1). It is reported in the range between 0.011 and
46 nA/�M for various phenol derivatives at recent studies of
henoloxidases [31–44].

According to Koile and Johnson, a lose in linearity at higher con-
entration of phenolic compounds is attributed to slow surface
ouling by the reaction products [46]. CNTs-based electrode was
eported to increase electrocatalytic activity and to minimize sur-
ace fouling [32]. In this study, wide linear range with high r-value
0.99) was obtained for each phenolic tested. This result can be
ttributed to the nanobiocomposite structure based on CNTs.
uccessive additions of 16 �M hydroquinone for CNT/PPy/HRP and
Py/HRP working electrodes in 0.1 M phosphate buffer (pH 7.0)
t the potential of −50 mV (vs. Ag/AgCl). PPy/HRP biocomposite
lm electrode showed no reproducible signals to the hydroquinone

s at CNT/PPy/HRP nanobiocomposite film electrode

range (�M) LOD (�M) Response time (s) %RSD

44 3.52 2 2.89
0.16 0.027 2 4.43
240 6.42 2 6.5
9.2 0.29 2 1.8
8 0.26 2 1.7
12.8 0.2 2 1.1
14.4 0.3 2 1.87
60.8 1.53 2 5.4
81.6 1.06 2 2.8
446.4 6.27 2 6.7
9.6 0.3 2 1.92
20.8 1.5 2 2.84

no response
832 24 2 2.5
8 0.93 2 3.8
16 1.11 2 2.57
22.4 1.24 2 1.2
240 27.9 2 2.2
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ig. 6. Steady-state current–time responses to the successive additions of hydro-
uinone (16 �M) at PPy/HRP working electrode (a), at CNT/PPy/HRP working
lectrode (b). Applied potential: −50 mV vs. Ag/AgCl, 3 M NaCl.

dditions. Nevertheless, CNT/PPy/HRP nanobiocomposite film elec-
rode achieved to produce measurable responses by the regular
rowth of reduction currents. CNTs were thought to impose the
lectron transfer of the mediated reaction. It was previously
eported that peroxidases were able to do direct electron trans-
er between enzyme molecules and electrode thus they did not
eed electron mediators for electron transfer [47]. However, in this
tudy, the available responses could only be obtained by CNTs-
ased electrode. Furthermore, the amount of active immobilized
nzyme in CNT/PPy/HRP nanobiocomposite film and PPy/HRP bio-
omposite film was found to be 6.1 and 2.7 �g, respectively. The
mmobilized enzyme quantity was measured by using the enzyme
ctivity assay according to the procedure performed by Vojinovic
t al. [48]. Nanobiocomposite film, involving CNTs, attached higher
mount of enzyme than the composite film without CNTs due
o their unique structure having activated large surface area. The
anostructure of the biocomposite could intensify the surface for
igher biocatalytic activity. The sensitivity value of CNT/PPy/HRP
anobiocomposite film electrode was calculated as 8 nA/�M in the
oncentration range of 16–240 �M hydroquinone.

Time to allow the system to come to equilibrium is defined as
response time”. The response of CNT/PPy/HRP nanobiocomposite
lm electrode was rapidly reached to steady-state current in about
s for all phenolics tested. This value is obviously shorter than
ost of the previously reported biosensors where the response

ime is ranged between 5 and 35 s for various phenolic compounds
32,38,41,44].

.5. Stability of the CNT/PPy/HRP nanobiocomposite film
lectrode

The stability of the CNT/PPy/HRP nanobiocomposite film elec-
rode was monitored by the measurement of the response for a
eries of 50 successive additions of a 1.6 �M phenolic to 0.1 M
hosphate buffer (pH 7.0) at the potential of −50 mV (vs. Ag/AgCl).
ell-defined reduction responses were obtained for all phenolics
ith relative standard deviations (RSD) range between 1.1% and

.7% (Table 1). The biosensor response lost 30% of its initial value at
he end of 1 month after 700 measurements. Relatively high stabil-
ty can be attributed to the mild enzyme immobilization condition.
ince, the acid treatment of CNTs attaches various oxygen groups

mainly carbonyl groups) to the sidewalls and ends of multiwalled
NT [49], large amount of HRP can be immobilized on the activated
urfaces of CNTs. Therefore, nanostructure of CNT can provide favor-
ble architecture for retaining the bioactivity of the enzyme and
ontribute to the stability of the working electrode.

[

[
[

[

(2008) 1147–1152 1151

. Conclusions

The relative response of the CNT/PPy/HRP nanobiocomposite
lm electrode was investigated for eighteen phenol derivatives. Due
o the relatively low oxidation potential of the pyrrole monomer,
he immobilization of enzyme in a CNT/PPy nanocomposite film
hrough electropolymerization enables films to be grown in aque-
us solution that are compatible with most of the biological
lements. The properties of good compatibility and film-forming
bility make CNT/PPy nanocomposite film electrode suitable and
obust matrix to incorporate enzyme in a one-step without using
ny cross-linking reagents. CNTs was shown to enhance the elec-
ron transfer as a mediator and capable to carry higher bioactivity
wing to its intensified surface area. In conclusion, the fabricated
iosensor can easily detect various phenolics in a wide range of

inearity. The developed biosensor exhibited available sensitivity
nd low detection limit for the most of phenolics comparable to
ther polyphenol oxidase based electrodes. The response time of
he biosensor for all phenol derivatives was very short, reaching
9% of its maximum response in about 2 s. The biosensor subjected
o at least 700 measurements showed 70% of its initial activity after
-month storage at 4 ◦C in the dark.
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Marko-Varga, Analyst 117 (1992) 1235.
48] V. Vojinovic, A.M. Azevedo, V.C.B. Martins, J.M.S. Cabral, T.D. Gibson, L.P. Fon-

seca, J. Mol. Catal. B: Enzyme 28 (2004) 129.
49] Y.C. Tsai, S.C. Li, S.W. Liao, Biosens. Bioelectron. 22 (2006) 495.



E
c

S
D

a

A
R
A
A

K
D
D
M
E
S

1

e
a
c
s
o
p
a
a
n
c
d
l
h
t
d
a
a

s

0
d

Talanta 76 (2008) 997–1005

Contents lists available at ScienceDirect

Talanta

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

lectroanalytical determination of acetaminophen using nano-TiO2/polymer
oated electrode in the presence of dopamine

. Ashok Kumar, Chun-Fang Tang, 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 28 March 2008
ccepted 25 April 2008
vailable online 4 May 2008

eywords:
etection of acetaminophen

a b s t r a c t

We report a new method for selective determination of acetaminophen (AP) in physiological condition.
A new hybrid film modified electrode was fabricated using inorganic semiconducting nano-TiO2 parti-
cles and redox active polymer. Redox polymer, poly(acid yellow 9) (PAY) was electrochemically deposited
onto nano-TiO2 coated glassy carbon (GC) electrode. Surface characterizations of modified electrode were
investigated by using atomic force microscope and scanning electron microscope. The PAY/nano-TiO2/GC
hybrid electrode shows stable redox response in the pH range 1–12 and exhibited excellent electro-
opamine
odified electrodes

lectrocatalysis
ensors

catalytic activities towards AP in 0.1 M phosphate buffer solution (pH 7.0). Consequently, a simple and
sensitive electroanalytical method was developed for the determination of AP. The oxidation peak current
was proportional to the concentration of acetaminophen from 1.2 × 10−5 to 1.20 × 10−4 M and the detec-
tion limit was found to be 2.0 × 10−6 M (S/N = 3). Possible interferences were tested and evaluated that it
could be possible to selective detection of AP in the presences of dopamine, nicotinamide adenine dinu-
cleotide (NADH), ascorbic acid and uric acid. The proposed method was used to detect acetaminophen in
commercial drugs and the obtained results are satisfactory.
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. Introduction

Nanomaterials have received much interest by virtue of their
xcellent properties suited for applications in various fields such
s electronic, pharmaceutical, biomedical, cosmetic, energy, and
atalysis [1–6]. The nano-TiO2 films and membranes had good
tructural and catalytic properties, including homogeneity with-
ut cracks and pinholes, high surface area and porosity, narrow
ore size distribution, small crystallite size, high crystallinity, and
ctive anatase phase [1]. Devices containing functional molecules
nchored to nanocrystalline TiO2 electrodes have attracted a sig-
ificant amount of attention [2–6]. Nanocrystalline TiO2 electrodes
oated with light-absorbing dyes are fundamental components of
ye-sensitized solar cells [7] and a number of display devices uti-

izing TiO2 electrodes with adsorbed electrochromic compounds
ave been reported [8]. In each case, the redox chemistry of

he bound molecular species is intimately involved with the
evice performance. Nano-TiO2, known as their biocompatible
nd environmentally benign properties, have been proposed as
potential interface for the immobilization of biomolecules and
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pplied in photochemistry [9,10] and electrochemistry [11–13]
entatively.

A wide range of polymer and inorganic mesoporous metal
xide have been combined to form nanocomposite materials with
nique mechanical, electrical, magnetic and adhesive properties
1,14]. Inorganic nanoparticles of different nature and size can
e combined with the conducting polymers, giving rise to a
ost of nanocomposites with interesting physical properties and

mportant applications [14,15]. This is related to some distinctive
roperties of nanoparticles and anomalous cooperative properties
f systems and it has several advantages than its individuals.

Dopamine (3,4-dihydroxyphenylethylamine) is an important
eurotransmitter of the catecholamine group that exists in the
ammalian central nervous system and is well characterized by

ts electrochemical activity [16]. In recent years, there has been
onsiderable interest in developing new methods to measure this
eurotransmitter in biological samples [17]. Identification and
etermination of DA with electrochemical techniques are more
romising approach. However, DA oxidation required high overpo-
ential at bare electrodes and its oxidation products were strongly

dsorbed onto bare electrode surface results electrode fouling and
nstable analytical signal [16,18]. Ascorbic acid (AA), uric acid (UA)
nd reduced form of nicotinamide adenine dinucleotide (NADH) are
he important biomolecules often coexist with DA. Electrochemi-
al oxidation of AA, UA and NADH at bare electrode results highly
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3.1. Electrochemical modification of electrode

The electrochemical polymerization was carried out onto nano-
TiO2 modified GC electrode as said condition in Section 2.2. Fig. 1
98 S.A. Kumar et al. / Ta

verlapped peak which lead poor selectivity and reproducibility of
he electrode. To determine these biomolecules selectively in the
resence of each other has been a major goal of electroanalytical
esearch [19] and several methods mainly based on the chemical
odification of traditional electrode materials, have been devel-

ped to resolve the problem [20–38].
Recently, selective electrochemical determination of DA in the

resence of ascorbic acid using sodium dodecyl sulfate micelles
s masking agent [39], poly-chromotrope 2B modified GC elec-
rode [40], poly(4-amino-1-1′-azobenzene-3, 4′-disulfonic acid)
oated electrode [41], poly(p-nitrobenzenazo resorcinol) modi-
ed GC electrode [42], nano-Au self-assembly GC electrode [43],
afion/carbon-coated iron nanoparticles–chitosan composite film
odified electrode [44] and PtAu hybrid film modified electrode

45] were reported.
Acetaminophen (N-acetyl-p-aminophenol or paracetamol) has

een used widely all over the world as a pharmaceutical analgesic
nd antipyretic agent. It is suitable for patients who are sensitive to
spirin and safe up to therapeutic doses [46]. So it is necessary to
evelop a rapid, precise, simple and reliable method for the deter-
ination of acetaminophen. Recently, l-cysteine film modified
C electrode [47], carbon-coated nickel magnetic nanoparticles
odified GC electrodes [48], and 4-amino-2-mercaptopyrimidine

elf-assembled monolayer modified gold electrode [49] has been
abricated and they were applied to the electrochemical determi-
ation of acetaminophen.

Catecholamines are small molecules made by nerve tissue
including the brain) and the adrenal gland. The major cate-
holamine is dopamine. This substance breaks down into other
ompounds, which leave our body through our urine. A urine
est can be done to measure the level of catecholamine in our
ody. The important drugs such as acetaminophen will inter-
ere with the catecholamine measurements in biological samples
50]. So, it is very important to measure the concentration of
cetaminophen in the presence of dopamine. For the first time,
n this paper, we report a new method for electrochemical deter-

ination of acetaminophen in the presence of dopamine using
oly(acid yellow 9)/nano-TiO2 modified glassy carbon electrode.
he electrochemical properties of the poly(AY) coated nano-TiO2
odified GC electrodes and the valuable applications of this elec-

rode in the fabrication of stable and high sensitive electrochemical
ensor for AP was developed. Surface characterization of PAY/nano-
iO2 and nano-TiO2 coated electrodes were investigated using
canning electron microscope (SEM) and atomic force microscope
AFM).

. Experimental

.1. Reagents and instruments

All chemicals and reagents used in this work were of analyti-
al grade and used as received without further purification. These
ere 4-amino-1-1′-azobenzene-3,4′-disulfonic acid (AY, dye con-

ent about 95%), reduced form of �-NADH, dopamine hydrochloride
nd uric acid were purchased from Sigma–Aldrich (St. Louis, MO,
SA). p-Acetaminophen, sulfuric acid (H2SO4) and sodium hydrox-

de (NaOH) were purchased from Wako pure chemicals (Osaka,
apan). Ascorbic acid, sodium acetate (CH3COONa) and sodium
ihydrogen phosphate (NaH2PO4) were received from E-Merck

Darmstadt, Germany). Nano-TiO2 suspension was purchased from
ver-light Chemical Industrial Co., Ltd., Taiwan. Supporting elec-
rolytes were prepared by using doubly distilled deionized water
nd before each experiment the solutions were deoxygenated by
urging with pre-purified nitrogen gas for 10 min.

F
t

6 (2008) 997–1005

Electrochemical measurements were performed with CH Instru-
ents (TX, USA) Model-400 potentiostat with a conventional

hree-electrode cell. A BAS glassy carbon and platinum wire are
sed as the working electrode and counter electrode, respectively.
ll the cell potentials were measured with respect to an Ag/AgCl

KCl (sat)] reference electrode. Hitachi scientific instruments (Lon-
on, UK) Model S-3000H Scanning Electron Microscope was used
or surface image measurements. The AFM images were recorded
ith a Multimode Scanning Probe Microscope System operated

n tapping mode using model CSPM4000 Being Nano-Instruments
Beijing, China). All experiments were carried out at room temper-
ture.

.2. Modification of the electrodes

Prior to electrode modification, the GC electrode was mechani-
ally polished with alumina powder (Al2O3, 0.05 �m) up to a mirror
nish and ultrasonicated in distilled water for 5 min. Then GC
lectrode was electrochemically activated by using 20-times cyclic
otential sweeps in the range of −0.5 to 2.0 V in 0.1 M H2SO4 solu-
ion at a scan rate of 100 mV/s. Indium tin oxide (ITO) coated glass
ubstrates were cleaned by using detergent, diluted hydrochloric
cid and then finally rinsed with distilled water.

5 mg nano-TiO2 particles suspension was added into 10 mL
ouble-distilled water and then ultrasonicated for 10 min to cre-
te a suspension with a concentration of 0.5 mg mL−1. The mixture
f 10 �L nano-TiO2 suspension was spread evenly onto the surface
f the GC electrode which was left to evaporate the solvent under
mbient conditions in the absence of light. The PAY/nano-TiO2/GC
lectrode and alone PAY/GC coated electrode were fabricated in
.5 mM AY monomer solution under the same conditions as those

n the electrode activation procedure using nano-TiO2/GC or GC
lectrodes. The as-prepared dark blue colored films were obtained
nd strongly adherent to the substrates. Subsequently, the modified
lectrodes were rinsed thoroughly with distilled water and then
hey were dried in air and used in electrochemical experiments.

. Results and discussion
ig. 1. CVs of the poly(AY) film growth on nano-TiO2 coated GC electrode from elec-
rolyte 0.1 M H2SO4 solution containing 0.5 mM AY monomers. Scan rate = 0.1 V/s.
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hows the consecutive cyclic voltammograms (CVs) of polymer
rowth on the electrode surface. First scan started at −0.30 V, dur-
ng the first scan an anodic peak observed at +1.0 V (Pa1), this
eak ascribed to oxidation of NH2 group of acid yellow 9 (AY)
onomer [41,51,52]. Upon continuous cycling, a new cathodic peak

at +0.41 V, Pc1) and a new anodic peak (at +0.56 V, Pa2) were devel-
ped which is indicated that the growth of the polymer film on
ano-TiO2/GC electrode. The polymerization mechanism may be
escribed as follows AY was first oxidized to free radical (Pa1); the
ree radical combined together rapidly to hydrazobenzene sulfonic
cid; then hydrazobenzene sulfonic acid was oxidized to azoben-
ene sulfonic acid (Pa2), and azobenzene sulfonic acid reduced to
ydrazobenzene sulfonic acid (Pc1) (Scheme 1). After polymeriza-
ion started, a broad cathodic peak (Pc2) centered at −0.24 V was
eveloped. It may due to the insertion of anions (for example SO4

2−)
ccompanied by the hydrogenation of polymer site and similar
inds of observations were reported for some azo and sulfonated
niline compounds at solid electrodes [41,53–56].

.2. Electrochemical properties and surface characterizations

Typical CVs of PAY/nano-TiO2/GC electrode in pH 1.5 H2SO4
olutions at different scan rates are shown in Fig. 2A. A pair of

0 ′
edox peak was obtained in each of the CVs at E +0.31 V and the
eak currents of the PAY/nano-TiO2/GC electrode are proportional
o the scan rates up to 1000 mV/s, indicating the surface confined
lectrochemical redox process [57]. The anodic peak currents (Ipa)
ere linearly dependent of scan rate with the linear equation:

ig. 2. (A) CVs of PAY/nano-TiO2/GC modified electrode in pH 1.5 acidic solutions at
ifferent scan rates. The scan rates from inner to outer are 0.02, 0.1, 0.2, 0.3, 0.4, 0.5,
.6, 0.7, 0.8, 0.9 and 1.0 V/s, respectively. (B) Plot of Ipa and Ipc vs. scan rate.
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p (�A) = −0.1x − 0.9 (r2 = 0.997), and the ratio of anodic peak cur-
ent to cathodic peak current (Ipa/Ipc) was almost equal to unity
Fig. 2B). The peak to peak separation (�Ep = Epa − Epc) was 75 mV
t low scan rate (5–20 mV/s). According to the following equations

p = n2F2��A

4RT
(1)

� = nFA� (2)

here n is the number of electrons, A is the working electrode
rea (0.0707 cm2), � scan rate (20 mV/s) and other parameters are
sual meanings [57–59], the electron transfer number and the sur-

ace coverage were calculated to be 2.10 and 3.7 × 10−10 mol/cm2,
espectively. The cyclic voltammograms of PAY/nano-TiO2/GC elec-
rode was strongly affected by the solution pH (Fig. S1). An increase
f solution pH caused a negative shift in E0 ′ value with slopes of
58 mV/pH which is close to the expected value of −59 mV/pH for

nvolving same number of electron and proton coupled electron
ransfer process (Scheme 1) [41].

The surface characterizations of the TiO2 and PAY/nano-TiO2
oated electrodes were performed using SEM (a and b) and AFM
c and d) as shown in Fig. 3. The average particle size of the
iO2 particles was found to be in the range of 100 ± 20 nm. SEM
nd AFM images of poly(AY) coated electrode confirmed that
he polymer thin film deposition on electrode surface. The aver-
ge roughness values found to be 17.7 and 171 nm for nano-TiO2
nd PAY/nano-TiO2 coated electrode, respectively. It is confirmed
hat the poly(AY)/nano-TiO2 hybrid films on the electrode surface.
hickness of the nano-TiO2 and poly(AY)/nano-TiO2 hybrid films
ere found to be 200 and 1391 nm, respectively. Film thickness and

oughness values are higher for hybrid film modified electrodes;
he high conductivity of nano-TiO2 in the composite film increases
he electrical properties of the redox processes of polymer and also
rovides a large surface area available for polymer intercalation.

.3. Electrocatalysis

The electrocatalytic ability of the PAY/nano-TiO2/GC electrode
owards DA was investigated. In order to assess the electrocatalytic
ctivity of PAY/nano-TiO2/GC electrode, its response to the oxida-
ion of DA was studied. When 120 �M DA was added to a pH 7.0
uffer solution, an increase in the oxidation peak at about 0.21 V
ould be seen with cathodic peak at 0.18 V(Fig. 4A, curve b). This
ew anodic peak results from DA oxidized to dopamine-o-quinone
DOQ), cathodic peak results from DOQ reduced to DA (Scheme 2,
q. (4)) at PAY/nano-TiO2/GC electrode. However, direct oxidation
f DA on bare GC electrode results a highly ill-defined anodic peak
otential at 0.23 V and a reduction peak potential at 0.16 V (curve c).
or the oxidation of DA at PAY/nano-TiO2/GC electrode, the separa-
ion of peak potentials (�Ep) was 30 mV, which was on accordance
ith a near Nernst reversible behavior and identified that the num-

er of electrons involved in the reaction was about equal to 2.
ntensive increase in DA peak current was also observed due to
he improvement in the reversibility of electron transfer process
n the larger surface area of the PAY/nano-TiO2/GC electrode. All
he above results suggested that an efficient oxidation reaction of
A at the PAY/nano-TiO2/GC electrode.

.4. Effect of scan rate and pH on DA oxidation
The effect of the scan rate on peak current of DA was investi-
ated in pH 7.0 buffer solution containing 120 �M DA. The anodic
nd cathodic peaks current were proportional to the scan rate
ver the range 10–100 mV/s. The linear regression equations were

pa (�A) = −0.249x − 0.612 and ipc (�A) = 0.174x − 0.42, with the
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Scheme 1. Electrochemical

orrelation coefficient, 0.999 and 0.999, respectively. Therefore,
he electrochemical reaction of DA was surface confined electrode
rocess. CVs were recorded in the presence of 120 �M DA in vari-
us pH supporting electrolyte solutions. The E0 ′ of DA redox peak
as shifted negatively with a slope of −60 mV/pH, it was indi-

ated that same number of electrons and protons involved in the
edox reaction of DA. In addition, we found that the maximum
atalytic current was obtained for DA oxidation at PAY/nano-
iO2/GC electrode in neutral buffer solutions (Fig. S2). Reasons
or this phenomenon could be partly explained on the basis of
he dissociation ability of SO3

− (H) group of poly(AY) film in
ifferent pH environments. When the solution pH was neutral,
he SO3H group of poly(AY) film could dissociate favorably into
negative charge group SO3

−. Under this condition, the NH2
roup of DA molecules (pKa 8.9) [41,54] could obtain a proton
nd form the positive ion of DA. Therefore, the negative charge
roup SO3

− on the surface of poly(AY) modified electrode had
well affinity to the DA positive ions and could catalyze and pro-
ote the oxidation of DA efficiently. Based on the above results

he electrochemical oxidation reactions of DA is described in
cheme 3.

.5. DA oxidation at PAY/GC and PAY/nano-TiO2/GC modified
lectrodes

Fig. 4B shows the CVs of 120 �M DA oxidation by using
AY/GC (curve a) and PAY/nano-TiO2/GC (curve b) modified elec-

rodes. The Ipa of DA oxidation almost no change but a new
ump is observed about −0.22 V at PAY/GC electrode. This is

ndicating that the oxidation product of DA was adsorbed on
he electrode surface (curve a) [60,61]. By contrast this behav-
or is not observed in nano-TiO2 coated electrode (curve b).

c
i
a
t

erization mechanism of AY.

oly(AY) is negatively charged polymer, however, it has more
ffinity for positively charged species like DA (pKa 8.9). As dis-
ussed in Section 3.4, poly(AY) coated electrode had potent
lectrocatalytic properties towards DA. However, our experimen-
al results suggested that alone poly(AY) coated electrode get
dsorbed by DA molecules after continuous measurements or
ipping of poly(AY) electrode in pH 7 buffer solution contain-

ng 100 �M DA for an hour (Fig. 4C, curve a). This may be a
sual behavior for opposite charged species but it is a limitation
f modified electrodes. By contrast to PAY/GC modified elec-
rode, PAY/nano-TiO2/GC modified electrode was also immersed
n 100 �M DA solution for an hour, thereafter, CVs were recorded,
nd the same voltammograms were observed before and after
mmersion. This result suggested that DA molecules were not
dsorbed on the nano-TiO2 incorporated electrode (Fig. 4C, curve
). This study clearly suggested that an application of nano-
iO2 particles in this hybrid film modified electrode. In addition,
fter 50 measurements of 100 �M DA in pH 7.0 buffer solution
sing PAY/nano-TiO2/GC modified electrode, there is no change

n CVs before and after measurements which is indicated that
ano-particles improved antifouling properties of electrode sur-

ace. For these reasons, we fabricated nano-TiO2 coated polymer
odified electrode and used in further studies throughout this
ork.

.6. Electrocatalysis of AP
Cyclic voltammetry (CV) was used to investigate the electro-
hemical behavior of AP at the PAY/nano-TiO2/GC coated electrode
n 0.1 M PBS. As shown in Fig. 5, a reversible peak is observed
t the PAY/nano-TiO2/GC electrode. After addition of 120 �M AP,
he PAY/nano-TiO2/GC modified electrode gave a highly enhanced
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Fig. 3. SEM (a and b) and AFM (c and d) images of (a a

eak current and a more reversible electron transfer process to
P. A well-defined and stable redox wave of AP was observed
ith the anodic and cathodic peak potentials at 0.397 and 0.37 V,

espectively (curve f). The separation of peak potentials at the
AY/nano-TiO2/GC film modified electrode, �Ep was 27 mV, which
as on accordance with a near Nernst reversible behavior and iden-

ified that the number of electrons involved in the reaction was
bout equal to 2.

The CV of 120 �M AP at the bare GC electrode under identical
onditions is given for comparison. As shown in Fig. 5, curve a′, a
ighly irreversible oxidation peak is obtained at about 0.5 V, and
o reduction peak appears in the reversal scan. The comparison
f curves f and a′ shows that the PAY/nano-TiO2/GC film enhances

he oxidation/reduction peak currents of acetaminophen remark-
bly and the electrode process turns more reversible, suggesting
hat PAY/nano-TiO2/GC film can accelerate the electron transfer of
P and overpotential required for AP oxidation is reduced about
00 mV and increases Ipa four times higher than bare GC electrode.

r
o
a

Scheme 2. Electrochemical o
Nano-TiO2 film, (b and d) PAY/nano-TiO2 hybrid film.

lectrochemical oxidation of AP at PAY/nano-TiO2/GC electrode
s two-electron transfer reaction, AP is oxidized to N-acetyl-p-
enzoquinone imine (NAPQI) (Eq. (5) and Scheme 3) [62–64].
urther Fig. 5 (curve a–f) shows the voltammetric responses of
he PAY/nano-TiO2/GC modified electrode to the various concen-
rations of AP in pH 7.0 PBS. Distinct voltammetric peaks were
btained for concentrations as low as 20 �M AP. The peak current
alues showed a strong linear correlation with AP concentration,

p (�A) = −0.06x − 0.5, displaying an r2 value of 0.994. The calibra-
ion curve exhibited a linear range up to 120 �M, with a limit of
etection (S/N = 3) for AP was 2 �M.

.7. Effect of interferences
In biological samples, ascorbic acid (AA), uric acid (UA) and
educed form of NADH are the most important interferences. More-
ver, at bare electrodes, the oxidation of these molecules takes place
t a potential close to that of DA and AP [29,37,38]. The voltam-

xidation of DA and AP.
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3.10. Determination of AP in real samples

To ascertain the applicability of the method presented above was
applied to the determination of AP in PACINTM 650 tablets (John-

Table 1
Determination of AP in tablets

a

Scheme 3. Electrochemical oxidation

etric responses were recorded by using PAY/nano-TiO2/GC coated
lectrode in 0.1 M PBS before (curve a) and after successive addi-
ions of 10mM AA, 10mM UA and 15mM NADH (Fig. 6A curves b–d).
here is no any change in anodic or cathodic peak currents of redox
olymer due to above biomolecules oxidation reactions under the
otential range used. It was concluded that these biomolecules are
ot interferences at this modified electrode. This behavior could be
artly explained on the basis of the dissociation ability of SO3Na
H) group of poly(AY) film in different pH environments, in pH 7.0
BS SO3

− groups are negatively charged and this properties makes
olymer backbone to repel the negatively charged species, since AA,
A and NADH are negatively charged at pH 7 [16,18–22]. We con-
luded that, the PAY/nano-TiO2/GC coated electrode can be applied
or determination of DA and AP in the presences of AA, UA and
ADH.

.8. Simultaneous detection of DA and AP

The next attempt was taken to detect DA and AP simultaneously
y using the PAY/nano-TiO2/GC. The linear sweep voltammetry
LSV) results show that the simultaneous determination of DA
nd AP with well-distinguished two anodic peaks correspond-
ng to their oxidation could be possible at the PAY/nano-TiO2/GC.
ig. 6B shows the LSVs obtained at the modified electrode when
he concentrations of DA and AP were simultaneously changed.
he presence of PAY/nano-TiO2/GC film resolved the mixed voltam-
etric response into two well-defined voltammetric peaks at

otentials 0.202 and 0.39 V, corresponding to the oxidation of
A and AP, respectively. The separation between the two peak
otentials is sufficient enough for the simultaneous determina-
ion of DA and AP. In addition, a substantial increase in peak
urrents was also observed due to the improvements in the
eversibility of the electron transfer processes. LSV results show
hat the calibration curves for DA and AP were linear for the
hole concentrations range investigated (12–120 �M for DA and

2–120 �M for AP) with good correlation coefficients. The linear
egression equations for DA and AP were Ip (�A) = −0.04x − 0.006
r2 = 0.963) and Ip (�A) = −0.05x + 0.09 (r2 = 0.992), respectively.
xperimental results showed that the detection limit was 1.0 �M
or DA and 2.0 �M for AP (S/N = 3). We have tested the linear

etection of DA using PAY/nano-TiO2/GC electrode as shown in
ig. 7. PAY/nano-TiO2/GC electrode responds with the concen-
ration of added amount of DA. The perfect linear regression
quation (y = −x) was found with correlation coefficient value
f r2 = 1. This r2 value is very good than other electroanalytical

S

T
T
T

and AP on nano-TiO2/poly(AY) film.

ethods reported for detection of DA [39–45]. We believe our pro-
osed modified electrode can be applied for selective detection
f DA too.

.9. Stability, reproducibility and repeatability of the modified
lectrode

Stability test for PAY/nano-TiO2/GC electrode was tested by
eeping the electrode in pH 7 buffer solutions about 1 month,
fter a month the CVs were recorded and compared with CVs
btained before immersion, the results indicated that 2% peak
urrent was decreased for PAY/nano-TiO2/GC electrode. It was con-
luded that PAY/nano-TiO2/GC electrode have good stability and
igher shelf-life. Good stability of the PAY/nano-TiO2/GC electrode
an be attributed to the irreversible deposition and the strong
dherent of poly(AY) onto nano-TiO2 modified GC electrodes.

A relative standard deviation (R.S.D.) of 2.3% for nine measure-
ents of 120 �M AP (n = 9) suggested that the PAY/nano-TiO2/GC

lectrode have good reproducibility. Six hybrid film electrodes fab-
icated independently, were used to determine 120 �M AP, and the
.S.D. was 3.9%, revealing an excellent repeatability of the elec-
rode preparation procedure. The R.S.D. of 15 successive detections
f 100 �M DA using a same PAY/nano-TiO2/GC modified electrode
as 1.2%, and the R.S.D. of 8 different modified electrodes based
n the same fabrication procedure and determination was 2.34%.
hese results indicated that the PAY/nano-TiO2/GC electrode has
ood reproducibility. To ascertain the repeatability of the electrode,
easurement of 100 �M AP were done using the same modified

lectrode for 21 times at the intervals of 2 h. The R.S.D. value was
ound to be 2.8% which is indicated that PAY/nano-TiO2/GC elec-
rode has good repeatability.
amples Labeled (mg/tablet) Found (mg/tablet) R.S.D. (%) Recovery (%)

ablet-1 650 656.83 3.84 101.05
ablet-2 650 662.00 2.33 101.85
ablet-3 650 666.33 1.52 102.51

a Average value of three measurements.
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Fig. 4. (A) CVs recorded using PAY/nano-TiO2/GC modified electrode in pH 7.0 buffer
solutions in the presences of (a) 0.0 �m DA, (b) 120 �M DA and (c) at bare GC
e
e
i
e

s
i
l
f
t
a
i
e
s

u
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Fig. 5. CVs recorded in pH 7 PBS after each addition of acetaminophen using
PAY/nano-TiO2/GC modified electrode, (a) 0.0 �M, (b) 20 �M, (c) 40 �M, (d) 60
�M, (e) 80 �M, (f) 120�M and (a’) bare GC electrode with 120 �M AP.
lectrode. (B) CVs recorded using (a) PAY/GC and (b) PAY/nano-TiO2/GC modified
lectrode in pH 7.0 buffer solutions containing 120 �M DA. (C) CVs were recorded
n pH 7.0 PBS after immersion of (a) PAY/GC and (b) PAY/nano-TiO2/GC modified
lectrode in 0.5 mM DA solution for an hour.

on & Smith Co., Bangalore, India). The results obtained are listed
n Table 1. In our experiments, the concentration of AP was calcu-
ated using standard additions method. The R.S.D. of each sample
or three time’s parallel detections is less than 3.84%. In addition,
he recovered ratio on the basis of this method was investigated
nd the value is between 102.51 and 101.05%. The recovered ratio
ndicates that the determination of AP using PAY/nano-TiO2/GC
lectrode is effective and can be applied for detection of AP in real

amples.

The linear range, detection limit, oxidation potential and pH
sed for detection of AP were compared with the earlier reports in
able 2. From the data’s shown in Table 2, this new method could be

Fig. 6. (A) Typical CVs obtained with a PAY/nano-TiO2/GC modified electrode in
0.1 M PBS (pH 7.0) with successive additions of (a) blank, (b) 10 mM ascorbic acid, (c)
10mM uric acid and (d) 15 mM NADH solutions. (B) LSVs of simultaneous detection
of DA and AP at PAY/nano-TiO2/GC modified electrode (each additions increased
20 �M).
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Table 2
Comparisons of various electroanalytical methods proposed for detection of acetaminophen

Modified electrodes pH used Linear range Detection limit Oxidation potential
(V)

References

(PANI–MWCNTs) composite modified
electrode

5.5 1.0 × 10−6 to 1.0 × 10−4 mol/L 2.5 × 10−7 mol/L 0.436 [64]

Tetra (p-aminophenyl)porphyrin nickel
film electrode

Basic
medium
(0.5 M
NaOH)

1 × 10−6 to 2 × 10−4 M – 0.43 [62]

Multi-wall carbon nano-tube
composite film modified glassy carbon
electrode

5.0 5.0 × 10−7 to 1.0 × 10−4 mol/L 5.0 × 10−8 mol/L 0.4 [63]

Cu(II)-conducting polymer complex
modified electrode

7.0 2.0 × 10−5 and 5.0 × 10−3 M 5.0 × 10−6 M – [65]

PAY/nano-TiO2/GC electrode 7.0 1.2 × 10−5 to 1.2 × 10−4 M
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ig. 7. Differential pulse voltammograms recorded in 0.1 M PBS at different concen-
ration of DA using PAY/nano-TiO2/GC modified electrode, (a′) 0.0 �M, (a) 12 �M, (b)
4 �M, (c) 36 �M, (d) 48 �M, (e) 60 �M, (f) 72 �M, (g) 84 �M, (h) 96 �M, (i) 108 �M
nd (j) 120 �M DA.

pplied for detection of AP in neutral buffer solution (pH 7) at lower
xidation potential. For the first time we demonstrated simultane-
us detection of dopamine and acetaminophen in neutral solution.
he major biological compounds ascorbic acid, NADH and uric acid
re not interferences at this method. From our experimental data’s
e conclude that our proposed method can be applied for selective
etection AP in the presence of DA, ascorbic acid, NADH and uric
cid.

. Conclusions

Herein, we reported a new PAY/nano-TiO2/GC hybrid film modi-
ed GC electrode fabrication, characterizations and its applications

or detection of DA and AP by cyclic voltammetry and LSV. It was
ound that the peak current responses of DA and AP were improved
ignificantly and the oxidation peak shifted towards more nega-
ive potential in the presence of PAY/nano-TiO2 hybrid film. The
esults indicated that the hybrid film provided a good platform for
etermination of DA and AP. The enhanced electrocatalytic activ-

ty of PAY/nano-TiO2/GC towards DA and AP mainly came from

he combined properties of organic polymer/inorganic nano-TiO2
articles such as strong adsorptive ability, larger specific area.
inally, the hybrid film electrode was successfully employed for
he voltammetric determination of DA and AP in neutral buffer
olution. We also demonstrated that the application of PAY/nano-
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iO2/GC for detection of AP in commercial tablets with satisfactory
esults.
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a b s t r a c t

The development of a highly sensitive voltammetric sensor for reduced l-glutathione (GSH) using a basal
plane pyrolytic graphite (BPPG) electrode modified with iron(III) tetra-(N-methyl-4-pyridyl)-porphyrin
(FeT4MPyP) adsorbed on multi-walled carbon nanotubes (MWCNT) is described. Scanning electron
microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) were used to verify the morphologies
and composition of the MWCNT after modification with the FeT4MPyP complex. The modified electrode
showed very efficient electrocatalytic activity for l-glutathione oxidation, substantially decreasing the oxi-
dation peak to −0.025 V vs Ag/AgCl. A linear response range from 5 �mol L−1 to 5 mmol L−1 was obtained
educed l-glutathione
ron(III)
etra-(N-methyl-4-pyridyl)-porphyrin
arbon nanotubes

with a sensitivity of 703.41 �A L mmol−1. The detection limit for GSH determination was 0.5 �mol L−1 and
the relative standard deviation (R.S.D.) for 10 determinations of 250 �mol L−1 GSH was 1.4%. The modified
electrode was applied for GSH determination in erythrocyte samples and the results were in agreement

para

n
[
i
b
s
s

t
m
o
(
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l
h
o

rythrocyte to those obtained by a com

. Introduction

Carbon nanotubes (CNT) have attracted enormous interest in
ecent years due to their exceptional electrical, chemical and
echanical properties, which make them attractive candidates

or many applications [1,2], particularly in the area of chemical
ensors with electrochemical detections [3,4], once CNTs can be
unctionalized with organic compounds without destroying their
lectrical and chemical properties [5–10]. In this context, studies
f catalytic activity of modified multi-walled carbon nanotubes
MWCNT) electrodes with several electrocatalysts have been per-
ormed.

The choice of a metalloporphyrin molecule was based on the
act that porphyrins play an important role in several biochemi-
al processes [11] and the observed electrochemical reversibility
f iron-porphyrin derivatives on several electrode materials, which

ake them perfectly suitable electron transfer mediators in prepar-

ng chemically modified electrodes. Iron-porphyrins are also well
nown for their excellent electrocatalytic properties toward the
etection of many important analytes, such as nitric oxide [12],

∗ Corresponding author. Tel.: +55 19 3521 3053; fax: +55 19 3521 3023.
E-mail address: rcsluz@iqm.unicam.br (R.C.S. Luz).
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039-9140/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2008.05.009
tive method described in the literature.
© 2008 Elsevier B.V. All rights reserved.

eurotransmitters [13], oxygen [14], hydrogen peroxide [15], nitrite
16], superoxide [17], sulfur oxyanions [18] and tryptophan and
ts derivatives [19]. Unfortunately, most of the modified electrodes
ased on iron-porphyrin derivatives have shown poor stability and
electivity, and some of the methods that have been employed for
urface modifications are laborious and expensive.

In addition, given the widespread involvement of thiols and
he corresponding disulfides in many essential biological functions,

uch effort has been made to develop sensitive and selective meth-
ds for the detection of such compounds. Specifically, l-glutathione
Fig. 1a) can exist in oxidized (GSSG) or reduced (GSH) forms
nd it is an essential compound in many biological processes
uch as catabolism and transportation [20]. The reduced form of
-glutathione (GSH) is required to maintain the iron(II) form of
emoglobin in its reduced state and for maintaining the structure
f red blood cells [21,22]. Although many studies on GSH electro-
hemical oxidation using various modified electrodes have been
eported, to our best knowledge, there is no report about the use of
basal plane pyrolytic graphite (BPPG) electrode with FeT4MPyP
Fig. 1b) complex and MWCNT. In this sense, a simple one-step
rocedure was used for modification of a BPPG electrode with
e(III)T4MPyP and MWCNT by non-covalent (–( stacking, aiming
t designing a new special nanostructured interface to improve the
lectron transfer.
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Energy dispersive X-ray spectroscopy measurements of the
ig. 1. Chemical structures of (a) l-glutathione and (b) iron(III) tetra-(N-methyl-4-
yridyl)-porphyrin.

. Experimental

.1. Reagents and solutions

All used chemicals were of analytical grade. The multi-walled
arbon nanotubes (>95% purity, 10–30 nm diameter, 5–20 �m
ength), reduced l-glutathione (�-l-glutamyl-l-cysteinyl-glycine,
SH), 5,5′-dithio-bis(2-nitrobenzoic acid), l(+)-cysteine, l(+)-
scorbic acid, l(+)-glutamic acid, d(+)-glucose and glycine were
cquired from Sigma, St. Louis, USA; disodium and monosodium
hosphates (Na2HPO4 and NaH2PO4) and Na2H2EDTA·2H2O from
ynth, São Paulo, Brazil; and iron(III) tetra-(N-methyl-4-pyridyl)-
orphyrin (FeT4MPyP) from Porphyrin Products Inc., UT, USA.
,N′-dimethylformamide (DMF) was purchased from Merck, Rio
e Janeiro, Brazil. Ellman’s reagent, 5,5′-dithio-bis(2-nitrobenzoic
cid) (DTNB), utilized in the reference method for GSH determina-
ion, was prepared at a concentration of 3 mmol L−1 in 0.1 mol L−1

hosphate buffer containing 0.5 mmol L−1 Na2H2-EDTA. Working
tandard solutions were daily prepared with appropriate dilution
f the stock solutions with deionized water.

FeT4MPyP solution was prepared in DMF and the other solu-
ions were prepared with water purified in a Milli-Q Millipore
ystem. The actual pH of the buffer solutions was determined with
Corning pH/Ion Analyzer 350 model. Phosphate buffer solutions

0.1 mol L−1) were prepared from 0.1 mol L−1 H3PO4–NaH2PO4, and
he pH was adjusted with 0.1 mol L−1 H3PO4 or 2.0 mol L−1 NaOH.

.2. Microscopy and electrochemical measurements

Scanning electron micrographs were obtained using a JEOL

SM-5610LV scanning electron microscope (SEM). MWCNT and
eT4MPyP/MWCNT elemental compositions were determined by
nergy dispersive X-ray spectroscopy (EDS) using a Noran Vantage
105 spectrometer.

M
s
a
I

(2008) 1097–1104

Electrochemical measurements were performed with an Auto-
ab PGSTAT 10 potentiostat/galvanostat from Eco Chemie (Utrecht,
etherlands) coupled to a microcomputer with GPES 4.9 software.
three electrode electrochemical cell was employed for all elec-

rochemical measurements. The working electrode was a basal
lane pyrolytic graphite (BPPG) disk, with a geometrical area of
a. 0.35 cm2, mounted in Teflon®. The counter and reference elec-
rodes were a platinum electrode and Ag/AgCl (sat.), containing KCl
3 mol L−1), respectively.

.3. Preparation of the FeT4MPyP/MWCNT/BPPG modified
lectrode

Prior to the electrode modification, the BPPG surface was pol-
shed with emery paper and then cleaned by sonication to remove
ny adhesive [23]. Right after, a dispersion of 1.2 mg MWCNT in
mL of a solution of 1.5 mmol L−1 FeT4MPyP in DMF was prepared
ith the aid of sonication and 30 �L of the dispersion was placed
irectly onto the BPPG electrode surface. The electrode was let dry
t 80 ◦C during 10 min to form the FeT4MPyP/MWCNT composite
n the BPPG surface. Finally, the modified electrode was thoroughly
insed with distilled water and placed in the electrochemical cell.

The effective area of the FeT4MPyP/MWCNT/BPPG electrode
as estimated as described by Siswana et al. [24] and using the

e[(CN)6]3−/4− redox couple and the Randles–Sevcik equation [25].
he effective area determined was approximately 0.42 cm2.

.4. Sample preparation and spectrophotometric measurements

Blood samples of 10 mL were collected from six volunteers
between 24 and 32 years old) in tubes containing heparin. The
amples were treated according to the literature [26]. The blood was
entrifuged at 1000 × g for 15 min at 4 ◦C and the plasma was dis-
arded. The erythrocytes were washed three times with phosphate
uffer solution (0.2 mol L−1, 0.9% NaCl, pH 7.4) and aliquots of the
rythrocytes were hemolysed (1:1, v/v) in 1 mmol L−1 Na2H2EDTA
olution. After preparing the hemolysed erythrocytes, 10% (w/v)
-sulfosalicylic acid was added, followed by vigorous shaking and
entrifugation at 1000 × g for 10 min at 4 ◦C. The supernatant was
ollected for the GSH determinations.

For the amperometric measurements, 50 �L of the hemolysate
ample was diluted in 5 mL of 0.1 mol L−1 phosphate buffer (pH
.4), while for spectrophotometric method the procedure described
y Griffith [27], which is based on the reaction of GSH and
TNB (Ellman’s reagent), was followed. DTNB reacts specifically
ith the analyte, forming 2-nitro-5-mercapto-benzoic acid, which

s monitored spectrophotometrically at 412 nm. A Beckman DU
40 spectrophotometer and a cell with 1.0 cm optical path were
mployed in the optical measurements.

. Results and discussion

.1. Characterization of the MWCNT and of the
eT4MPyP/MWCNT composite

The SEM images of the unmodified (Fig. 2a) and the FeT4MPyP
odified MWCNT (Fig. 2b) show that FeT4MPyP molecules are dis-

ributed on the MWCNT surface without any detectable large-scale
ggregation of the porphyrin molecules [28,29], indicating a good
ispersion onto the surface.
WCNT surface showed two peaks, at 0.280 and 0.527 keV, corre-
ponding to the C and O atoms (Fig. 2c). A Fe peak was observed
t 6.37 keV, due to impurities present in the carbon nanotubes.
n addition to theses peaks, the MWCNT surfaces coated with the
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Fig. 2. SEM images of (a) MWCNT and (b) FeT4MPyP/MWCNT and t

orphyrin complex (Fig. 2d) presented a peak at 0.413 keV, which
orresponds to the N atom of the porphyrin complex. Furthermore,
he presence of the iron in the porphyrin ring intensified the peak
t 6.37 keV. It is important to stress that the characteristic line for
ach element is in agreement with that reported in the literature
30].

.2. Electrocatalytic oxidation of GSH on the
eT4MPyP/MWCNT/BPPG electrode

Fig. 3a shows cyclic voltammograms obtained with the bare
PPG electrode in the absence (curve 1) and the presence (curve
) of 5 mmol L−1 GSH and the cyclic voltammograms of the
eT4MPyP/MWCNT/BPPG electrode in the absence (curve 3) and
he presence (curve 4) of 5 mmol L−1 GSH. After co-immobilizations
f iron-porphyrin and MWCNT on the BPPG electrode surface, a
edox couple with anodic and cathodic peak potentials at −0.095
nd −0.145 V vs Ag/AgCl, respectively, was verified (Fig. 3a, curve 3).
his redox couple can be associated to the reactions of the immobi-
ized [Fe(II)T4MPyP]3+ into [Fe(III)T4MPyP]4+ species on the carbon
anotubes. Upon addition of 5.0 mmol L−1 GSH, there is a signifi-
ant enhancement of the anodic peak current while the cathodic
eak current disappears (Fig. 3a, curve 4), which characterizes an
lectrocatalytic oxidation process [31]. The anodic peak potential

or oxidation of GSH on the FeT4MPyP/MWCNT/BPPG electrode is
bout 0.0 V, whereas in an unmodified BPPG electrode the GSH is
ot oxidized until 0.7 V (Fig. 3a, curve 2). Thus, a decrease in overpo-
ential and an enhancement in the peak current are achieved with
he FeT4MPyP/MWCNT/BPPG electrode.

i
d
i

responding EDS spectra of (c) MWCNT and (d) FeT4MPyP/MWCNT.

Fig. 3b shows the cyclic voltammograms of the MWCNT/BPPG
lectrode in the absence (Fig. 3b, curve 1) and the presence (Fig. 3b,
urve 2) of 5.0 mmol L−1 GSH. In the absence of GSH no redox peaks
ere observed (Fig. 3b, curve 1). Upon addition of 5.0 mmol L−1 GSH

Fig. 3b, curve 2), there is a poor enhancement of the anodic peak
urrent when compared to the FeT4MPyP/MWCNT/BPPG electrode
Fig. 3a, curve 4). Indeed, the peak potential for GSH oxidation on the

WCNT/BPPG electrode was observed at 0.45 V (Fig. 3b, curve 2),
hich is located at much more positive potential when compared

o the FeT4MPyP/MWCNT/BPPG electrode.
Fig. 3c shows the cyclic voltammograms of a FeT4MPyP/BPPG

lectrode in the absence (Fig. 3c, curve 1) and the presence (Fig. 3c,
urve 2) of 5 mmol L−1 GSH. The FeT4MPyP modified BPPG, in the
bsence of MWCNT, presented poor response for GSH oxidation.
hese results show that the presence of the complex and of the
arbon nanotubes is of fundamental importance to get high elec-
rocatalytic activity toward gluthatione oxidation. The high activity
f the FeT4MPyP/MWCNT/BPPG electrode for the oxidation of GSH
n aqueous solutions can be associated with the low charge transfer
esistance of the FeT4MPyP/MWCNT system as well as to the better
atalyst dispersion on MWCNT.

.3. Effect of the amount of FeT4MPyP and MWCNT on the
esponse of the modified electrode
The FeT4MPyP and MWCNT concentrations used in the compos-
te preparation were investigated. Firstly, the electrode response
ependence on the FeT4MPyP amount for 250 �mol L−1 GSH was

nvestigated by using different amounts of FeT4MPyP (0.1, 0.5, 1.5,
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Fig. 3. Cyclic voltammograms for: (a) the unmodified electrode in the
absence (curve 1) and the presence (curve 2) of 5 mmol L−1 GSH; the
FeT4MPyP/MWCNT/BPPG electrode in the absence (curve 3) and the presence (curve
4
t
a
0

2
a
t
c
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e
t
t

Table 1
Influence of the FeT4MPyP concentration on the peak current obtained with the
sensor for 250 (mol L−1 GSH in phosphate buffer solution at pH 7.4

[FeT4MPyP] (mmol L−1) Ip (A)

0.1 5.75 (±0.03)
0.5 6.02 (±0.02)
1.5 7.10 (±0.02)
2.0 7.05 (±0.01)
2.5 7.08 (±0.03)

Experiments carried out using 1.0 mg mL−1 MWCNT. Potential scan rate: 0.01 V s−1.

Table 2
Influence of the MWCNT concentration on the peak current obtained with the sensor
for 250 (mol L−1 GSH in phosphate buffer solution at pH 7.4

Concentration of MWCNT (mg mL−1) Ip (�A)

0.3 2.05 (±0.22)
0.5 5.38 (±0.15)
1.0 7.10 (±0.13)
1.2 10.09 (±0.20)
1
2

E

c
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a
c
c
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t
t
the solution pH in the investigated range. Thus, the optimum pH
for further studies was set at 7.4, which is similar to the phys-
iological pH. On the other hand, it was observed that the peak
potential depended on the solution pH (Fig. 4). A linear correla-
) of 5 mmol L−1 GSH; (b) the MWCNT/BPPG electrode in the absence (curve 1) and
he presence (curve 2) of 5 mmol L−1 GSH; (c) the FeT4MPyP/BPPG electrode in the
bsence (curve 1) and the presence (curve 2) of 5 mmol L−1 GSH. Potential scan rate:
.01 V s−1.

.0 and 2.5 mmol L−1) and maintaining the MWCNT concentration
t 1.0 mg mL−1 (Table 1). The best responses were obtained for
he 1.5 mmol L−1 FeT4MPyP solution. The use of FeT4MPyP con-
entrations lower than 1.5 mmol L−1 resulted in low responses,

robably due to the small amount of porphyrin complex on the
lectrode surface. On the other hand, the use of FeT4MPyP concen-
rations higher than 1.5 mmol L−1 did not promote an increase of
he oxidation peak current, which can be associated to a maximum

F
M
r

.5 10.34 (±0.10)

.0 10.80 (±0.12)

xperiments carried out using 1.5 mol L−1 FeT4MPyP. Potential scan rate: 0.01 V s−1.

apability of the MWCNT for the complex sorption. Based on these
spects, a 1.5 mmol L−1 concentration was chosen to prepare the
eT4MPyP/MWCNT/BPPG electrodes.

The response of the FeT4MPyP/MWCNT/BPPG electrode is also
ffected by the MWCNT amount on the surface. This amount was
ontrolled by using the same volume of suspension with different
oncentrations of MWCNT (0.3, 0.5, 1.0, 1.2, 1.5 and 2.0 mg mL−1).
s can be seen in Table 2, an increase of the MWCNT concentra-

ion significantly increases the current response up to a MWCNT
oncentration of 1.2 mg mL−1.

.4. Influences of pH, buffer solution and buffer concentration

The influence of the solution pH on the GSH electrochemical
xidation was investigated in 0.1 mol L−1 phosphate buffer solu-
ions with pH 6.0, 6.4, 7.0, 7.4, 8.0 and 8.4. This study showed that
he electrocatalytic peak current was not significantly affected by
ig. 4. Influence of the solution pH on the peak potential for 250 �mol L−1 GSH.
easurements carried out in 0.1 mol L−1 phosphate buffer solution. Potential scan

ate: 0.01 V s−1.
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deviations from linearity in the Levich plots (Fig. 6a), suggest-
ing kinetic limitations when rotating rates were used. Under
these conditions, to determine the number of electrons n of total
electrons transferred to the electrode during the oxidation of
GSH and the heterogeneous rate constant kobs (mol−1 L s−1), the
ig. 5. Plot of Ep vs log v for GSH at the modified electrode. All measurements were
erformed in 0.1 mol L−1 phosphate buffer at pH 7.4.

ion was obtained from pH 6.0 to 8.4 for the Ep vs pH curve with a
lope of 0.057 V/pH. This slope is close to a Nernst system, which is
.059 V/pH at 25 ◦C, where np (number of protons) = ne (number of
lectrons) [32].

The influence of the buffer solution type on the sensor response
as tested with three different buffer solutions (phosphate, Pipes

nd HEPES), at concentrations of 0.1 mol L−1, and indicated that
hosphate buffer solution at pH 7.4 gives the best response. Finally,
he measurements carried out in different concentrations of phos-
hate varying from 0.1 to 0.25 mol L−1 presented almost constant
urrent. Thus, a 0.1 mol L−1 phosphate buffer solution at pH 7.4 was
hosen for further experiments.

.5. Kinetic studies of GSH oxidation on the
eT4MPyP/MWCNT/BPPG electrode

According to Andrieux and Saveant [33], the catalytic current Ip
epends on the potential scan rate v (Fig. 5) for the case of slow
can rates and large catalytic rate constants as follows:

p = 0.496nFAC0D1/2
0 v1/2

(
nF

RT

)1/2
(1)

here D0 and C0 are the diffusion coefficient (cm2 s−1) and the
ulk concentration (mol cm−3) of the substrate, respectively, and
he other symbols have their usual meanings.

The value of Ip/
[

nFAD1/2
0 v1/2C0(nF/RT)1/2

]
was calcu-

ated from the corresponding cyclic voltammograms for the
eT4MPyP/MWCNT/BPPG electrode in the presence of GSH. Then
he value of log[kobs�/D1/2v1/2C0(nF/RT)1/2] was graphically
etermined from Fig. 1(b) in the article of Andrieux and Saveant
33] and according to the procedure described by Florou et al. [34],
here kobs and � are the rate constant and the amount of the

ctive catalyst on the electrode surface (coverage), respectively. �
an be estimated from the relation � = Q/nFA, where Q is the charge
btained by integration the anodic peak of the modified electrode
n the absence of GSH and the other symbols have their usual

eanings. In the present case, the value of � was determined as

.5 × 10−10 mol cm−2.

By using a GSH concentration of 5 mmol L−1 at pH 7.4, a
alue of 5.0 × 10−6 cm2 s−1 for the diffusion coefficient [35],

rate constant of 5.19 × 105 mol−1 L s−1 was calculated for
he FeT4MPyP/MWCNT/BPPG electrode with a coverage of
.5 × 10−10 mol cm−2 and an effective area (A) of 0.42 cm2.
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.6. Chronoamperometric measurements

Chronoamperometry was used to investigate the electrode pro-
ess of GSH on the FeT4MPyP/MWCNT/BPPG electrode as well as to
orroborate the diffusion coefficient of the GSH molecules in solu-
ion. Under diffusion control, the observed currents are function of
he time t according to the Cottrell’s equation [36]:

= nFAD1/2
0 C0�−1/2t−1/2 (2)

ased on Eq. (2), a plots of I vs t−1/2 was constructed and resulted in
straight line with correlation coefficient of 0.999, for experimen-

al times between 0.6 and 2 s, GSH concentrations between 10.0
nd 50.1 �mol L−1, and considering that GSH is oxidized to GSSG
n = 2). The average value estimated for the GSH diffusion coeffi-
ient was 5.76 × 10−6 cm2 s−1, which is close to the value found in
he literature [35].

.7. Rotating disk electrode (RDE) experiments

Analyses of the rotating disk electrode polarization curves
ecorded at different electrode rotation rates ω (s−1) showed
ig. 6. (a) Levich and (b) Koutecky–Levich plots constructed from RDE data recorded
n FeT4MPyP/WMCNT/BPPG electrode at different rotation rate (225, 325, 400, 500,
25, 900, 1600 and 2000 rpm) in (1) 0.02, (2) 0.07, (3) 0.12 and (4) 0.17 mmol L−1 GSH
olutions in 0.1 mol L−1 phosphate buffer (pH 7.4). Potential scan rate of 0.005 V s−1.
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Table 3
Summary of the oxidation potentials, sensitivities and detection limits for l-glutathione determination on various modified electrodes

Electrode Potential (V) Dynamic range (�mol L−1) Limit of detection (�mol L−1) Sensitivity (�A cm−2 �mol)

CoTsPc/PLL [26] 0.2 0.05–2.16 0.015 1.5
Glassy carbon electrode modified with
MWCNT [37]

0.3 5–100 3.3 0.097

Well-aligned CNT array electrode [41] 0.52 0.4–16.4 0.2 0.25
Renewable sol–gel carbon ceramic
electrodes modified with a Ru-complex
[22]

0.8 5–700 1 0.25

PQQ/PPy[42] 0.5 – 13.2 0.0003
CNT–epoxy composite [43] 0.8 5–50 2.9 0.18
Ceramic–CNT nanocomposite [44] 0.45 – 20 0.07
l-Glutathione peroxidase [45] 0.65 19–140 – 0.22
TTF-TCNQ [46] 0.2 5–340 0.3 0.09
FeT4MPyP/MWCNT immobilized on basal
p
w

−0.025 5–5000 0.5 1.67
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Table 4
Effects of some possible interfering compounds on GSH determinations on
FeT4MPyP/MWCNT/BPPG electrodes with SWV technique under optimized
conditions

Interfering compound Relative response (%)

l(+)-Ascorbic acid 103.5 (±0.3)
l(+)-Cysteine 102.7 (±0.2)
l(+)-Glutamic acid 100.8 (±0.6)
d(+)-Glucose 99.3 (±0.4)
G

[
f

3

f
a

I

w

lane pyrolytic graphite electrode (this
ork)

outecky–Levich equation [36] was used:

1
Ilim

= 1
0.62nFAD2/3�−1/6ω1/2C0

+ 1
nFAC0kobs�

(3)

here D (cm2 s−1) and � (0.01 cm2 s−1) are the diffusion coefficient
nd the kinematic viscosity of the aqueous solution, respectively,
nd C0 (mol cm−3), kobs (mol−1 L s−1) and � (mol cm−2) represent
he bulk concentration of the reactant in the solution, the heteroge-
eous rate constant for the reaction between the catalyst and the
SH molecule and the amount of the active catalyst on the elec-

rode surface, respectively. All other parameters have their usual
eanings.
According to Eq. (3), at a given potential, a plot of I−1 vs ω−1/2

hould be linear, as shown in Fig. 6b. In addition, the rate constant
obs can be calculated from the intercept of such plot. The values
f kobs decreased from 7.65 × 105 to 1.65 × 105 mol−1 L s−1 as the
SH bulk concentration increased from 0.02 to 0.17 mmol L−1. The
verage calculated value of 4.65 × 105 mol−1 L s−1, which is close to
hat determined by cyclic voltammetric measurements. However,

uch kobs value is higher than those reported previously for elec-
rocatalytic oxidation of thiols, including l-glutathione, on other
lectrode materials [22,37–39].

ig. 7. Analytical curve for the electro-oxidation of GSH in phosphate buffer solu-
ion at pH 7.4 in the concentrations: (1) 5, (2) 20, (3) 85, (4) 160, (5) 280, (6) 400
nd (7) 500 �mol L−1, (8) 1, (9) 2, (10) 3, (11) 4 and (12) 5 mmol L−1. Step potential
�E) = 0.002 V, frequence (f) = 80 Hz and amplitude (a) = 0.03 V (insert: the square
ave voltammograms of the analytical curve).
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lycine 100.5 (±0.6)

Interfering compound added] = 10 �mol L−1, [GSH] = 50 �mol L−1. �E = 0.002 V,
= 80 Hz, a = 0.03 V.

.8. Analytical characterization

The proposed sensor showed a large GSH linear response range
rom 1.5 �mol L−1 to 5 mmol L−1 (Fig. 7), which can be expressed
ccording to the following equation:

p (�A) = 24.34(±4.98) + 703.41(±2.41)[GSH] (mmol L−1) (4)

ith a correlation coefficient of 0.999 (for n = 12). A detection
imit of 0.5 �mol L−1 was determined using the 3(/slope ratio and
he quantification limit was estimated as 1.65 �mol L−1 using the
0(/slope ratio, where ( is the standard deviation calculated from 10
ackground current values (blank measurements) and according to
he IUPAC recommendations [40].

Table 3 shows that FeT4MPyP/MWCNT/BPPG electrodes
resents a lower oxidation potential, higher sensitivity and lower
etection limit for l-glutathione than those reported in the litera-
ure using other modifiers [22,26,37,41–46]. The good sensitivity
an be attributed to the efficiency of the electron transfer between

he modified BPPG electrode and GSH due to the good catalytic
ffect of the FeT4MPyP/MWCNT system.

The stability of the FeT4MPyP/MWCNT/BPPG electrode was
hecked by performing 200 successive square wave voltammetric
easurements in presence of 250 �mol L−1 GSH in a 0.1 mol L−1

able 5
-Glutathione determination in six human erythrocyte samples (n = 3)

amples Proposed method
(mmol L−1)

Spectrophotometric
method [27] (mmol L−1)

1.13 (±0.02) 1.00 (±0.03)
1.00 (±0.01) 0.98 (±0.03)
1.91 (±0.01) 1.85 (±0.04)
1.25 (±0.02) 1.19 (±0.03)
1.02 (±0.01) 0.99 (±0.02)
1.88 (±0.01) 1.85 (±0.05)
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Table 6
Recovery values of l-glutathione obtained for six erythrocyte samples (n = 3)

Samples GSH added (mmol L−1) GSH expected (mmol L−1) GSH found (mmol L−1) Recovery (%)

1 0.0 – 1.13 (±0.01)a –
0.2 1.33 1.32 (±0.03) 99.25 (±0.10)

2 0.0 – 1.0 (±0.01)a –
0.2 1.20 1.21 (±0.02) 100.83 (±0.21)

3 0.0 – 1.91 (±0.02)a –
0.2 2.11 2.10 (±0.03) 99.53 (±0.22)

4 0.0 – 1.25 (±0.01)a –
0.2 1.45 1.43 (±0.01) 98.62 (±0.18)

5 0.0 – 1.02 (±0.02)a –
0.2 1.22 1.21 (±0.03) 99.18 (±0.24)
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0.0 –
0.2 2.08

a Standard addition method.

hosphate buffer solution (pH 7.4) and no change was observed in
he response of the modified electrode. Even when stored at room
emperature, no significant change in the response was observed
or at least two months.

The modified electrode presented good repeatability for the GSH
etermination. The relative standard deviation (R.S.D.) for 10 deter-
inations of 250 �mol L−1 GSH was 1.4%. Additionally, a series of 10

ensors were prepared in the same manner and tested in phosphate
uffer (pH 7.4) containing 250 �mol L−1 GSH, and responses with
relative standard deviation of 4.5% were observed. These results

ndicate that the FeT4MPyP/MWCNT/BPPG electrode has good sta-
ility and repeatability, probably due to the ability of MWCNT to
x the FeT4MPyP complex on the electrode surface in a stable and
eproducible way.

.9. Interference study

The influence of some GSH metabolites and structurally related
ubstances of common blood components on the assay were also
xamined, since this electrode is to be applied in erythrocyte
amples. 50 �mol L−1 solutions of these compounds were freshly
repared in the same conditions as for GSH (0.1 mol L−1 phos-
hate buffer, pH 7.4) and the sensor response was monitored and
ompared with the signal obtained with and without the pres-
nce of interferences by SWV (Table 4). The results showed that
-ascorbic acid produced a slight increase in the sensor response
nd this behavior can be attributed to the high reactivity of this
ntioxidant agent. A slight interference from cysteine was also
bserved, due to the structural similarity between this compound
nd the GSH molecule. Although both l-ascorbic acid and cysteine
howed slight interferences, they are normally not present at a
ignificant levels (as 10 �mol L−1 used in this work) in erythro-
yte samples [46]. The other interfering compounds (glutamic acid,
lucose and glycine) did not show significant interferences on the
ensor response.

.10. Application to biological samples and recovery tests

The proposed method was applied for GSH determination in
ix erythrocyte samples, each determined in triplicate and using
he standard addition method. For comparison, the concentra-

ions of GSH in the erythrocyte samples were also determined by
he spectrophotometric method [27]. The results are presented in
able 5 and show that the relative standard deviations of the pro-
osed method were lower than those obtained by the comparative
ethod. In addition, applying a paired Student’s t-test [47], it was
1.88 (±0.01)a

2.09 (±0.02) 100.48 (±0.15)

ossible to conclude that, at 95% confidence level, there was no
tatistical difference between the methods.

For an additional check on the accuracy of the developed method
nd the possibility of matrix interferences, analytical recovery
xperiments were performed by adding known amounts of GSH to
ix samples of human erythrocytes. The percentage recovery values
ere calculated by comparing the concentration obtained from the

amples with actual and added concentrations. The recovery results
or the samples are shown in Table 6 and it can be clearly observed
hat there is no influence of the matrix on the proposed sensor for
he evaluated samples.

. Conclusions

This work shows that a BPPG electrode modified with FeT4MPyP
dsorbed onto MWCNT is a feasible alternative for the analytical
etermination of GSH in hemolysed erythrocytes. The modified
lectrode exhibited a good response for GSH probably due to low
esistance to charge transfer and an electrocatalytic effect. Opti-
ization of the experimental conditions yielded a detection limit

nd sensitivity for GSH similar or better than those described in
he literature. This sensor showed good repeatability for both the

easurements and electrode preparation, evaluated in terms of
elative standard deviations of 1.5% and 4.5%, respectively. The pro-
osed sensor was applied to biological samples and the results
ere in agreement with those obtained by a reference method
escribed in the literature. Therefore, it can be concluded that the
eT4MPyP/MWCNT/BPPG electrode is a sensitive, robust and stable
ensor for GSH determination in biological samples.
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a b s t r a c t

A capillary zone electrophoresis (CZE) method for the determination of chloramphenicol (CLP),
danofloxacin (DANO), ciprofloxacin (CIPRO), enrofloxacin (ENRO), sulfamethazine (SMZ), sulfaquinoxa-
line (SQX) and sulfamethoxazole (SMX) is described. For the development, the effective mobilities were
estimated and a central composite design was performed. The method was in-house validated for CLP,
eywords:
hloramphenicol
luoroquinolones
ulfonamides
apillary zone electrophoresis

CIPRO, ENRO and SMX determination in pharmaceuticals. In comparison with the HPLC method recom-
mended by the United States Pharmacopoeia, this CZE method exhibited the same performance, with the
advantage that seven different antimicrobials in pharmaceutical formulations could be simultaneously
determined.

© 2008 Elsevier B.V. All rights reserved.
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ffective mobilities

. Introduction

Sulfonamides (sulfamethoxazole (SMX), sulfamethazine (SMZ),
ulfaquinoxaline (SQX)) and fluoroquinolones (enrofloxacin
ENRO), danofloxacin (DANO) and ciprofloxacin (CIPRO)) are
ntimicrobials widely used to treat a variety of infections in both
uman and veterinary medicine [1–4]. Chloramphenicol (CLP) is a
road-spectrum antibiotic not approved for use in animals for food
roduction in several countries, including the European Union,
he USA and Brazil [5]. The use of this drug in humans is reserved
or certain patients with serious infections, such as meningitis,
yphus, and typhoid fever, who cannot take safer alternatives
ecause of resistance or allergies [2]. The chemical structures of
hese antimicrobials are shown in Fig. 1.

In recent years, methods have been published using capillary

one electrophoresis (CZE) for the determination of fluoro-
uinolones [6–9], chloramphenicol [10–11] and sulfonamides
12–17]. Several approaches have also been followed for the
etermination of CLP, CIPRO and SMX by the United States Phar-

∗ Corresponding author. Tel.: +55 19 35213084; fax: +55 19 35213023.
E-mail address: raths@iqm.unicamp.br (S. Rath).
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acopoeia (USP) using high performance liquid chromatography
HPLC) for quality control of these antimicrobials [18]. However,
he physicochemical properties of CLP, the fluoroquinolones and
he sulfonamides, their ionic natures, multiple ionization sites and
ifferent water solubilities, make these compounds more suitable
or electrophoretic analysis. CZE continues to grow rapidly as an
nalytical technique for a wide range of applications, including
he analysis of pharmaceuticals. CZE is also advantageous because
ower volumes of fluids and samples are employed, in comparison

ith HPLC [19].
The official monographs of the United States Pharmacopoeia

escribe different HPLC methods for CLP, CIPRO and SMX. The sta-
ionary phases employed for CLP, CIPRO and SMX determination
re octadecylsilane columns, whereas the mobile phases comprise
mixture of water, methanol and glacial acetic acid for CLP; phos-
horic acid, adjusted to pH 3 with triethylamine plus acetonitrile
or CIPRO, and water, acetonitrile and triethylamine at pH 6.0 for,
MX.
Nevertheless, several separation methods for the determination
f antimicrobials are presented in the literature most of them focus-
ng on the quantitation of antimicrobials of the same group. Only
few papers describe the simultaneous determination of antimi-

robials of different groups, among which, �-lactam antibiotics,
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Fig. 1. Structure of fluoroquinolon

etracyclines and chloramphenicol in milk [20] and streptomycin
nd oxytetracycline in agricultural antimicrobials [21]. A review
bout other applications has been written by Garcia-Ruiz and
arina [22].
There is an advantage in the quality control to use the same

ethod for the determination of several kinds of compounds, with-
ut the need to change solvents, analytical columns and procedures.

Due to the different physicochemical properties of fluoro-
uinolones, sulfonamides and chloramphenicol, the optimization

f separation with CZE is complex and difficult, because a high
umber of parameters (temperature, pH, voltage, buffer com-
osition) will affect the separation. Rather than following the
onventional monovariate approach used to adjust the parameters,
hus involving a large number of independent analyses, one could

S
H
t
q
p

lfonamides and chloramphenicol.

dvantageously replace the procedure by statistically designed
xperimental protocols, in which several factors are simultane-
usly varied. The use of an experimental design can be extremely
eneficial in developing capillary electrophoretic methods.

This paper describes the development of a simple and compre-
ensive CZE method for the simultaneous determination of CLP,
ANO, CIPRO, ENRO, SMZ, SQX and SMX in pharmaceutical for-
ulations, using effective mobility calculation and experimental

lanning. The method was validated for CLP, CIPRO, ENRO and

MX and its performance was compared with that of the official
PLC methods described in the United States Pharmacopoeia. Since

here is no Pharmacopoeia method available for ENRO, this fluoro-
uinolone was treated in a similar manner as CIPRO for validation
urposes.
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ing over 1 day, under the same conditions, using solutions of each
analyte at a single concentration level, 50 �g mL−1. The inter-assay
precision was determined for two concentration levels, 50 and
100 �g mL−1, and the analyses were performed for 5 days.

Table 1
Nominal values corresponding to −1, 0, +1, −1.41 and 1.41 in the first experimental
008 M.C.V. Mamani et al. / T

. Experimental

.1. Instrumental and operating conditions

The capillary electrophoresis was performed on a Hewlett
ackard 3D Capillary Electrophoresis system (Waldbronn, Ger-
any), equipped with a DAD detector. CLP and fluoroquinolones
ere detected at 270 nm and sulfonamides at 203 nm. Data were

ollected using the HP 3D Chemstation software from Hewlett-
ackard. The separations were carried out in fused silica capillaries
50 �m I.D.), with effective (l) and total (L) lengths of 60.0 and
8.3 cm, respectively. Injection was done hydrodynamically for 20 s
t 20 mbar. Measurements of pH were made with a DM-20 pH-
eter from Digimed (São Paulo, Brazil), using a combined glass

lectrode. When necessary, the electrolyte pH was adjusted using
.1 mol L−1 NaOH or 0.1 mol L−1 phosphoric acid before making up
o volume.

The high performance liquid chromatographic analyses were
erformed using a Waters chromatographic system (Milford, USA),
omposed of a binary pumping system, model 1525, a diode array
etector (DAD) model 2996 and a Rheodyne 7725 injector, with a
ample loop of 50 �L.

Chromatographic separation was achieved using a LiChrosphere
18 column (125 mm × 4.6 mm, 5 �m) with a C18 guard-column
4.0 mm × 4.0 mm, 5 �m), purchased from Merck (Darmstadt, Ger-

any). The mobile phase for CLP consisted of a mixture of water,
ethanol, and glacial acetic acid (55:45:0.1, v/v/v). The mobile

hase for CIPRO was a mixture of 0.025 mol L−1 phosphoric acid,
reviously adjusted with triethylamine to pH 3, and acetonitrile
87:13, v/v). For SMZ, the mobile phase was obtained by mixing
400 mL of water, 400 mL of acetonitrile and 2 mL of triethylamine
nd bringing the volume to 2000 mL with water. Remaining HPLC
onditions were as described in the United States Pharmacopoeia
18].

.2. Standards and reagents

Standards of SMZ, SQX and SMX were purchased from Sigma
St. Louis, USA), while CLP was from ICN Biomedical Inc. (Cleveland,
SA). CIPRO and ENRO were from Fluka Biochemicals (Steinheim,
witzerland) and danofloxacin mesylate, from Pfizer (Guarulhos,
razil).

Analytical grade disodium hydrogenphosphate, sodium tetrab-
rate, sodium hydroxide, sodium carbonate, phosphoric acid,
odium ethylenediaminetetraacetate (EDTA) and phosphoric acid
ere purchased from Merck (Darmstadt, Germany). Methanol and
imethylformamide, HPLC-grade solvents, were purchased from
edia (Fairfield, USA).

Throughout the study, water was obtained from a Milli-Q sys-
em from Millipore (Bedford, USA). Before analysis, all the solutions
ere filtered through 0.22 �m nylon filters from Millipore (São

aulo, Brazil).

.3. Samples

The commercial samples of pharmaceutical formulations like
phthalmic solutions containing CLP, tablets containing CIPRO,
njections containing ENRO and tablets and oral suspensions
ontaining SMX from different batches were purchased at local
rugstores in Campinas, SP, Brazil.
.4. Standard solutions

Standard stock solutions of CLP, DANO, CIPRO, ENRO, SMZ, SQX
nd SMX were prepared by dilution of appropriate volumes of the

d

V

A
B

76 (2008) 1006–1014

tandards in methanol to a final concentration of 2 mg mL−1. These
olutions were stored at −18 ◦C for up to 1 month. Working solu-
ions in the concentration range of 50–250 �g mL−1 were prepared
aily by dilution of the standard stock solutions in water.

.5. CZE procedures

Before daily use, the capillary was sequentially washed with
ater (10 min), 1 mol L−1 NaOH (2 min), 0.1 mol L−1 NaOH (3 min)

nd background electrolyte (5 min). After each determination, the
apillary was sequentially washed with water (2 min), 1 mol L−1

aOH (1 min), 0.1 mol L−1 NaOH (1 min) and background electrolyte
2 min).

The separation conditions for the determination of the
even antimicrobials were 60 mmol L−1 sodium phosphate plus
0 mmol L−1 sodium tetraborate, pH 8.5; voltage, 24 kV and tem-
erature, 26 ◦C.

.6. HPLC procedure

The HPLC determinations of CLP, CIPRO, ENRO and SMZ in the
amples followed the official monograph of the United States Phar-
acopoeia [18], without modification.

.7. Experimental design

Preliminary analytical trials were carried out to identify the
ignificant parameters. The results of this analysis showed the tem-
erature and voltage to be significant. Therefore, these parameters
ere used to plan a subsequent higher order 22 design, with central

omposite. The variables evaluated were temperature (19–27 ◦C)
nd voltage (16–24 kV) (Table 1). All statistical calculations were
eveloped with the software Statistic Statsoft, Inc., v. 5.5 (Tulsa,
SA).

.8. Method validation

The method was in-house validated using the following perfor-
ance criteria: linearity and linear range, sensitivity, selectivity,

ntra-assay and inter-assay precision, detectability, accuracy and
uggedness. The linearity, linear range, sensitivity and detectability
ere established through the analytical curve obtained by triplicate

nalysis of CLP, DANO, CIPRO, ENRO, SMZ, SQX, SMX at five concen-
ration levels 50, 100, 150, 200 and 250 �g mL−1. The sensitivity is
he slope of the analytical curve.

The detectability for each antimicrobial was calculated accord-
ng to Miller and Miller [23], using the following expression:
etectability = k sy/x/m, where k = 3, sy/x is the standard deviation of
he residuals and m, the slope of the analytical curve.

The intra-assay precision of the method, expressed as the rel-
tive standard deviation of peak area measurements (n = 5), was
valuated through the results obtained with the method operat-
esign

ariables −1.41 −1 0 +1 1.41

—Temperature (◦C) 19 20 23 26 27
—Voltage (kV) 16 17 20 23 24
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Table 2
Nominal values corresponding to −1, 0, +1, −1.68 and 1.68 in the second experimen-
tal design

Variables −1.68 −1 0 +1 1.68
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In Eq. (1), �j is the absolute electrophoretic mobility and ˛j is the
distribution function of species j. The distribution functions are
—pH 8.3 8.4 8.5 8.6 8.7
—Phosphate concentration (mmol L−1) 58 59 60 61 62
—Temperature (◦C) 24.3 25 26 27 27.7

The selectivity of the method was evaluated by exposing CLP,
ANO, CIPRO, ENRO, SMZ, SQX, SMX, at the concentration of
0 �g mL−1, to the following stress conditions for 1 h: 0.1 mol L−1

Cl, 0.1 mol L−1 NaOH, 3% (v/v) H2O2 or temperature (55 ◦C). The
olutions were analyzed considering the resolution between the
nalytes and the possible presence of other substances formed
uring the experiment and the analytical signal before and after
he exposure of the analyte to the stress conditions, expressed as
ecovery.

The accuracy of the method was evaluated through analyses of
amples of pharmaceutical formulations containing the CLP, CIPRO,
NRO, SMX by the proposed CZE method, using the procedure
escribed below, and by HPLC according to the method described

n the United States Pharmacopoeia [18].
The susceptibility of the developed analytical method to changes

as tested in order to evaluate the ruggedness of the method. For
his purpose a 23 experimental design was employed (Table 2),
here the following variables were tested: pH (8.3–8.7), phosphate

oncentration (58–62 mmol L−1) and temperature (24.3–27.7 ◦C).

.9. Sample analysis

The content of three samples of each commercial formulation
rom the same batch containing either: CLP, CIPRO, ENRO or SMX,
as used. In the case of CLP, an ophthalmic solution was used. An

ccurately measured volume, equivalent to about 150 �g mL−1 was
ransferred, diluted with water and mixed.

In the case of CIPRO, tablets were analyzed. An accurately
eighed quantity of the freshly mixed powder, equivalent to about

00 mg of ciprofloxacin hydrochloride, was transferred to a 50 mL
olumetric flask, added with 2 mL of glacial acetic acid and 25 mL

f water. The mixture was sonicated for about 10 min, allowed to
ool, diluted to volume with water and filtered through a 0.22 �m
embrane filter. A volume of 150 �L of this solution was diluted to

0 mL with water in a volumetric flask (150 �g mL−1).

ig. 2. Simulated electrophoretic mobilities of sulfonamides, chloramphenicol and
uoroquinolones as a function of pH in the range 0.0–14.0 in CZE. Electrolyte:
0 mmol L−1 sodium phosphate plus 20 mmol L−1 sodium tetraborate, 24 kV, 26 ◦C.
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In the case of ENRO, injections for animal use were analyzed.
liquots of 300 �L were transferred to a 100 mL volumetric flask

150 �g mL−1) and diluted with water.
The last antibacterial, SMX, was determined in two pharmaceu-

ical formulations: tablets and an oral suspension. For tablets, an
ccurately weighed quantity of the freshly mixed powder (about
00 mg SMX) was transferred to a 50 mL volumetric flask and 15 mL
f methanol were added, followed by 25 mL of water. The mixture
as sonicated for about 10 min, allowed to cool to room tempera-

ure, diluted to volume with water and filtered through a 0.22 �m
embrane filter. A volume of 750 �L of this solution was diluted to

0 mL with water in a volumetric flask (150 �g mL−1). Oral suspen-
ions were diluted as in the procedure for the tablets and processed
n an identical manner. All samples were analyzed in quintuplicate.

The analyses by CZE were carried out as described in Sec-
ion 2.5 and quantitation was accomplished through an external
nalytical curve with five concentration levels in the range of
0–250 �g mL−1. The samples were also analyzed by HPLC using
he methods described in the United States Pharmacopoeia [18].

. Results and discussion

.1. Eletrophoretic mobilities

The composition of the background electrolyte has great influ-
nce on its separation ability for the antimicrobials under study.
rincipally, the pH of the electrolyte influences the effective mobil-
ties of the analytes. In order to assess the best pH-value of the
ackground electrolyte for the separation of all antimicrobials
nder study, the effective mobilities (�ef) for each compound were
alculated using Eq. (1) [24] and a plot of �ef versus pH was con-
tructed. This characterization of the electrophoretic behavior is
uitable to indicate the pH regions where the solute mobilities differ
nd separation of the analytes would be possible.

ef =
n∑

�j˛j (1)
elated to the pH and to the acid–base equilibrium constants.

ig. 3. Response surface for CLP, DANO, CIPRO, ENRO, SMZ, SQX and SMX showing
he number of separated compounds as a function of significant separation param-
ters using temperature and voltage, obtained using a 22 factorial design with the
entral composite design.
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Fig. 4. A typical electropherogram of 100 �g mL−1 of (1) CLP, (2) DANO, (3) CIPRO,
(4) ENRO, (5) SMZ, (6) SQX and (7) SMX (tm1 7.2 min, tm2 7.4 min, tm3 7.7 min, tm4

8.3 min, tm5 9.8 min, tm6 10.7 min, and tm7 11.9 min, respectively). Capillary: uncoated
fused silica; background electrolyte, a solution of 60 mmol L−1 sodium phosphate
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lus 20 mmol L−1 sodium tetraborate, pH 8.5; temperature, 26 ◦C; applied voltage,
4 kV; detection wavelength, 270 nm for CLP and fluoroquinolones and 203 nm for
ulfonamides.

For the fluoroquinolones (FQ) two acid–base equilibria must
e considered. The first one involves the cation form H2FQ+ and
he neutral HFQ (Ka1), while the second equilibrium involves the
eutral HFQ and anionic FQ− forms (Ka2).

For the sulfonamides and chloramphenicol, just one acid–base
quilibrium between the neutral form and the unprotonated anion
as considered. Using Eq. (1), the pKa values and the eletrophoretic
obilities [10,25–27], it was possible to calculate the �ef for each

ntimicrobial as a function of pH, using the software Microsoft
xcel, Microsoft Corporation (USA). Fig. 2 shows the calculated
ffective mobilities in which the effects of ionic strength were not
aken into account. The results indicate that the separation of all
he antimicrobials can be performed in the pH range of 7.5–9, with
ll the analytes having a negative charge.

Consequently, the CZE method was developed using the high pH
ackground electrolyte, normal polarity, and cathodic EOF. Under
hese conditions, the antimicrobials migrate against the EOF and
hat having the smallest �ef would reach the detector first. Thus,
he predicted migration order becomes: CLP, DANO, CIPRO, ENRO,
MZ, SQX, and SMX.

.2. CZE method development

In view of reports on the influence of the electrolyte on selectiv-
ty [15], it was deemed mandatory first to compare the performance
f different types of background electrolytes for the separation of

he antimicrobials. Different electrolytes at pH 8.5 were evaluated:
odium phosphate, Tris, sodium carbonate and sodium tetrabo-
ate. The electrolytes were prepared in the concentration range of
0–140 mmol L−1 with uniform steps of 40 mmol L−1.

s

S
e

able 3
uantitative features for CLP, CIPRO, ENRO, SMZ and SMX

arameter CLP CIPRO

inear range (�g mL−1) 50–250 50–25
ensitivity (aU �g mL−1) (P < 0.05) 0.0083 ± 0.0001 0.00
inearity (r) 0.999 0.99
ntercept (P < 0.05) 0.02 ± 0.04 −0.02
ntra-assay precision, 50 �g mL−1, n = 5 (R.S.D.%) 1.48 2.11
nter-assay precision, 50 �g mL−1, n = 5 (R.S.D.%) 1.31 2.29
nter-assay precision, 100 �g mL−1, n = 5 (R.S.D.%) 1.60 1.01
etectability (�g mL−1) 10 12

.S.D.: relative standard deviation.
tandard solutions (50 �g mL−1) to temperature (55 ◦C), 0.1 mol L−1 HCl, 0.1 mol L−1

aOH or 3% (v/v) H2O2.

Considering the resolution of the analytes and the analysis time,
he best conditions for the simultaneous separation of CLP, flu-
roquinolones and sulfonamides were achieved with the sodium
hosphate plus sodium tetraborate electrolyte (40–100 mmol L−1).
ubsequently, it was necessary to optimize the electrolyte
oncentration, pH, temperature and voltage. An initial set of
rials was made using a monovariate approach, as was done
ith the electrolyte concentration. The optimum concentration
as 60 mmol L−1. Concentrations below and above 60 mmol L−1

esulted in increased migration times and in higher currents,
espectively. The effect of the pH was evaluated in the inter-
al 6.8–10.2, permitting the best separation for all compounds
t 8.5, confirming the pH-value previously established through
he evaluation of the effective eletrophoretic mobilities. The opti-

um temperature and voltage conditions were selected through
he response surfaces obtained by a 22 chemometric experimen-
al design (11 tests). This procedure offers an efficient route for
etermining the best resolution from a selected number of con-
itions. Moreover, by using experimental design it is possible to
valuate the interaction of factors that have a significant effect on
he separation using a small number of experiments.

The experimental design was thus constructed by the use of a
ull 22 experimental design, including three central and four axial
oints. The conditions are presented in Table 1.

Fig. 3 depicts the response surface, showing that the separa-
ion of the seven antimicrobials (CLP, DANO, CIPRO, ENRO, SMZ,
QX and SMX) under study could be achieved, for example, at
4 kV and 26 ◦C, when using 60 mmol L−1 sodium phosphate plus
0 mmol L−1 sodium tetraborate, pH 8.5 as background electrolyte.

Since the analytes migrate toward the detector pulled by the
lectroosmotic flow (EOF), shorter analysis times can be obtained
y raising the pH of the background electrolyte, but incomplete
eparations were obtained at pH values higher than 8.5.
A typical electropherogram of CLP, DANO, CIPRO, ENRO, SMZ,
QX and SMX at the optimized conditions established through the
xperimental design is shown in Fig. 4.

/DANO ENRO/DANO SMZ/SQX SMX/SQX

0 50–250 50–250 50–250
70 ± 0.0001 0.0070 ± 0.0001 0.0050 ± 0.0001 0.0050 ± 0.0001
8 0.998 0.999 0.997
± −0.04 −0.02 ± −0.05 −0.07 ± 0.02 −0.02 ± −0.04

1.39 1.19 1.40
2.13 1.01 1.69
1.50 2.52 1.98

15 10 17
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Table 4
CLP content per mL of solution, determined in commercial ophthalmic samples by
CZE and HPLC

Sample 1 Sample 2 Sample 3

CZE HPLC CZE HPLC CZE HPLC

Average content (mg mL−1) 4.48 3.60 4.43 3.59 4.23 3.64
s (mg mL−1) 0.05 0.02 0.06 0.03 0.07 0.08
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.3. Method validation

The results of the CZE method in-house validation for the
etermination of CLP, CIPRO, ENRO, SMZ and SMX are summa-
ized in Table 3. The accuracy was evaluated by comparing the
esults obtained from the analysis of pharmaceutical formula-
ions by the proposed CZE method with those obtained using the
ecommended HPLC method described in the United States Phar-
acopoeia [18].
The linearity, linear range and sensitivity were obtained from

nalytical curves using external standard ization for CLP and an
nternal standard (DANO) for CIPRO and ENRO, and SQX as internal
tandard for SMZ and SMX, at five concentration levels for each
ntimicrobial under study, with triplicate analyses. The linearity
as tested using a pure error lack of fit test with simple regression,
hich was not significant at the 5% level.

The selectivity of the method indicates the ability to accurately
easure the analyte response in the presence of potentially inter-

ering sample components or degradation products. In this study,
he selectivity was evaluated by exposing the analyte to stress con-
itions, such as acid (0.1 mol L−1 HCl), base (0.1 mol L−1 NaOH) and
n oxidant (3%, v/v H2O2). The solutions were analyzed consid-
ring the resolution between the analyte and other substances
ormed during the experiment, and the analytical signal before
nd after exposure of the analyte to the stress conditions. The
esults (Fig. 5) showed that the stabilities of the antimicrobials to
he three stressing conditions depend on the chemical structure.
LP is the least stable compound to the alkaline conditions and
LP degraded almost completely in 0.1 mol L−1 NaOH, while CIPRO,
NRO, SMZ, SMX and TC were stable to alkaline, acid, tempera-
ure, and peroxide stress. SQX was sensitive to the acid treatment.
ANO was less stable under peroxide stress. The degradation prod-
cts of CLP formed under the stressing conditions migrated in
horter times (approx. 6 min) than the other compounds. Antimi-
robials like DANO, ENRO and SMX generated degradation products
t 6–7 min. DANO had another degradation product evident at
.9 min, but since no other compound appears at or about this

ime, the selectivity of the method can be confirmed. Co-migration
f any degradation products with the authentic standards did not
ccur as evidenced by the perfect overlay of the absorption spec-
ra of the pure standards with those of the peaks obtained after
egradation.

d
o
a
(
r

able 5
IPRO and ENRO content per tablet and per mL of solution, determined in commercial sam

Sample CIPRO Sampl

CZE HPLC CZE

verage content (mg/tablet)a or (mg mL−1)b 501 450 47
(mg/tablet)a or (mg mL−1)b 1.2 0.2 0.9
.S.D. 2.5 0.04 1.8

= 5; s, estimate of the standard deviation (mg mL−1); R.S.D., relative standard deviation.
a Units for CIPRO.
b Units for ENRO.

able 6
MX content per tablet and per mL of solution, determined in commercial samples by CZ

Sample 1t

CZE HPLC

verage content (mg/tablet)a or (mg mL−1)b 411 409
(mg/tablet)a or (mg mL−1)b 7 4.7
.S.D. 1.72 1.14

= 5; s, estimate of the standard deviation (mg mL−1); R.S.D., relative standard deviation.
a Units for tablet.
b Units for oral suspension.
.S.D. (%) 1.1 0.58 1.6 0.93 2.4 2.2

= 5; s, estimate of the standard deviation (mg mL−1); R.S.D., relative standard devi-
tion.

The precision of the method for CLP, CIPRO, ENRO, SMZ and SMX
as evaluated using the results obtained over 1 day of operation
nder the same conditions (intra-assay precision) and for 5 days
inter-assay precision). The intra- and inter-assay precisions were
etermined at 100% of the target concentration from 5 determina-
ions. The results were expressed as relative standard deviations
R.S.D.) and were lower than 2.1 and 2.3% for intra- and inter-assay,
espectively (Table 3). Considering that regulatory agencies [18]
ecommend that the precision should be lower than 2%, the values
btained by the CZE method are acceptable.

The established detectability represents the lowest concentra-
ion of an analyte in sample solutions to be introduced in the CE
quipment that can be detected. The detection and the quantita-
ion limits of the method are not presented, due to the fact that the
ctive compound is the major constituent of the formulation and
his parameter is not required for method validation for the qual-
ty control of pharmaceutical products. Furthermore, these limits

ould depend on sample dilution before analysis.
The accuracy of the method was assessed for CLP, CIPRO, ENRO

nd SMX by analyzing commercial formulations by the CZE method
nd the recommended United States Pharmacopoeia methods. The
ean values obtained using the proposed method and the reference
ethod (Tables 4–6), for all the samples, do not differ significantly

P = 0.05).
Finally, the ruggedness of the method was assessed by intro-

ucing small changes to the procedure and examining the effect

n the results (analytical signal). For this purpose, the temper-
ture (26.0 ± 0.8 ◦C), pH (8.5 ± 0.2) and electrolyte concentration
60 ± 2 mmol L−1) were changed simultaneously using a 23 facto-
ial design (17 tests). The response graphs can be seen in Figs. 6

ples by CZE and HPLC

e ENRO 1 Sample ENRO 2 Sample ENRO 3

HPLC CZE HPLC CZE HPLC

52 48 52 49 52
0.6 0.9 0.2 0.4 0.4
1.24 1.8 0.40 0.78 0.84

E and HPLC

Sample 2t Sample 3s

CZE HPLC CZE HPLC

435 382 39 36
7.6 7 0.7 0.65
1.75 1.79 1.67 1.8
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ig. 6. Contour plots used to evaluate the ruggedness of the method selected by the
s. electrolyte concentration).

CLP), 7 (DANO, CIPRO, ENRO) and 8 (SMZ, SMX, and SQX). The ana-
ytical signal of CLP, DANO, CIPRO and ENRO were less influenced

y small variations in temperature in relation to the other param-
ters, while SMZ and SQX were less affected by small variations
n the electrolyte concentration. In turn, SMX was most affected
y small variations in temperature, and pH. Considering that the

r
a
a
s

ig. 7. Contour plots used to evaluate the ruggedness of the method selected by the 23 exp
pH vs. electrolyte concentration); (C) CIPRO (temperature vs. electrolyte concentration);
oncentration); (F) ENRO (pH vs. electrolyte concentration).
perimental design. (A) CLP (temperature vs. electrolyte concentration); (B) CLP (pH

ame method should be applicable to all seven antimicrobials, it is
esults be incorporated in the analytical procedure in order to guar-
ntee consistency of the results. The results obtained in this study
llowed establishing the following parameters: 60 ± 1 mmol L−1

odium phosphate, pH 8.5 ± 0.1 and 26.0 ± 0.5 ◦C.

erimental design. (A) DANO (temperature vs. electrolyte concentration); (B) DANO
(D) CIPRO (pH vs. electrolyte concentration); (E) ENRO (temperature vs. electrolyte
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.4. Analysis of commercial samples

After validation, the CZE method was applied to assay three
ifferent commercial samples labeled to contain 4 mg mL−1 of
LP, 500 mg of CIPRO, 50 mg mL−1 of ENRO, 400 mg of SMX in
ablet form and 40 mg mL−1 of SMX in oral suspension. Three
f the samples were analyzed by HPLC. The average concen-
rations determined in the samples were 4.2–4.5 mg mL−1 of
LP (Table 4), 501 mg/tablet of CIPRO, 47–49 mg mL−1 of ENRO
Table 5), 411–435 mg for SMX tablets and 39 mg mL−1 for the
MX oral suspension. Considering that the active ingredient
eeds to be in the range of 90–110% for nearly all the com-
ounds and between 93 and 107% for the SMX tablets (Table 6),
ll of the samples analyzed were in accordance with their
pecifications and also agreed with the results of the HPLC
ssay.

. Conclusions
Most of the methods for the determination of antimicrobials
escribed in Pharmacopoeias recommend analysis by HPLC. Never-
heless, these methods require the use of relatively large volumes
f HPLC-grade solvents. Recently, many CZE methods have been
eveloped. However, in spite of their advantages, such as analyt-

A

C
C

xperimental design. (A) SQX (temperature vs. electrolyte concentration); (B) SQX
(D) SMX (pH vs. electrolyte concentration; (E) SMZ (temperature vs. electrolyte

cal efficiency and cost, most of them continue to be considered
s alternative methods in the quality control of pharmaceuti-
als.

By combining the calculation of effective mobilities and the use
f experimental design it was possible to arrive at optimal sep-
ration conditions for the simultaneous determination of seven
ntimicrobials of rather different nature, from a relatively small
umber of experiments.

The results obtained in this work confirm that the CZE method,
hen properly optimized and validated, fulfills all the pre-

stablished requirements based on international regulations and is
dequate to be used in the quality control of pharmaceuticals. This
alidated electrophoretic method could be advantageous because it
oes not require the usual frequent changes of operating analytical
onditions, besides reducing the cost of mobile phases and saving
ime of analysis in research and quality control of pharmaceutical
ormulations.
cknowledgements
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a b s t r a c t

The cyclic voltammetric behaviour of three common pesticides such as isoproturon (ISO), voltage (VOL)
and dicofol (DCF) was investigated at glassy carbon electrode (GCE), multiwalled carbon nanotubes modi-
fied GCE (MWCNTs/GCE), polyaniline (PANI) and polypyrrole (PPY) deposited MWCNT/GCE. The modified
electrode film was characterized by scanning electron microscopy (SEM) and X-ray diffraction analysis
(XRD). The electroactive behaviour of the pesticides was realized from the cyclic voltammetric studies.
The differential pulse voltammetric principle was used to analyze the above-mentioned pesticides using
MWCNT/GCE, PANI/MWCNT/GCE and PPY/MWCNT/GCE. Effects of accumulation potential, accumulation
ultiwalled carbon nanotubes (MWCNTs)
ifferential pulse stripping voltammetry
urface morphology
olymer modified electrodes

time, Initial scan potential, amplitude and pulse width were examined for the optimization of stripping
conditions. The PANI/MWCNT/GCE performed well among the three electrode systems and the deter-
mination range obtained was 0.01–100 mg L−1 for ISO, VOL and DCF respectively. The limit of detection
(LOD) was 0.1 �g L−1 for ISO, 0.01 �g L−1 for VOL and 0.05 �g L−1 for DCF on PANI/MWCNT/GCE modified
system. It is significant to note that the PANI/MWCNT/GCE modified system results in the lowest LOD in
comparison with the earlier reports. Suitability of this method for the trace determination of pesticide in
spiked samples was also realized.
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. Introduction

Carbon nanotubes (CNTs) have been the subject of numerous
nvestigations in chemical, physical and material science research
reas since their discovery in 1991 [1], due to novel structural,
echanical, electronic and chemical properties [2,3]. It is of two

ypes namely single walled (SWCNT) and multiwalled carbon
anotubes (MWCNTs) [4]. Depending on their atomic structure,
NTs behave electrically as a metal or as a semiconductor [4,5].
NTs are attractive materials for the development of electro-
hemical sensors because of their capability to provide strong
lectrocatalytic activity and minimize surface fouling of the sen-
ors. Carbon nanotubes display excellent chemical stability, good
echanical strength and electrical conductivity [2]. The electro-

atalytic and adsorption properties lead to the development of

any electrochemical sensors [6–8]. Joseph Wang et al. reported

he utilization of CNTs for voltammetric sensing of some organic
ompounds of biomedical and environmental importance [9]. In
his study, they have chosen 2,4,6-trinitrotoluene and dopamine as
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otentially interesting model compounds. A dramatically improved
lectrochemical behaviour has been reported for cytochrome c
10], NADH [11,12], hydrogen peroxide [13] and hydrazine com-
ounds [14]. Simultaneous determination of hydroquinone and
atechol at a glassy carbon modified with MWCNTs has also
een reported [15]. Enhanced oxidation of simvastatin molecule
t MWCNTs-Dihexadecyl hydrogen phosphate composite modi-
ed GCE has been studied [16]. Comparison of the electrochemical
eactivity of electrodes modified with CNT from different sources
as been made by Nathan et al. [17]. A disposable biosensor

or organophosphate nerve agents based on CNTs modified thick
lm strip electrode has been reported [18]. Adsorptive stripping
oltammetric determination of amitrole at a MWCNTs paste elec-
rode has been studied in detail by Moreno et al. [19]. These
tudies open a new way for a widespread use of MWCNTs as

modifier for electrochemical sensing of organic compounds
olluting the environment. Pesticides are highly toxic chemicals
ecause of their bioaccumulation properties. Trace contamina-
ion of these toxic organic compounds present in the natural

quatic systems creates a lot of pollution problem. The presence
f pesticides in water, soil and air has raised concerns for the
rotection of the environment. Techniques such as TLC, HPLC/UV,
C/MS, UV and colorimetry have been used for the determina-

ion of residues of pesticides [20–28]. HPLC, at its current stage
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Table 1
Structure and physical status of the selected pesticides

Compound Structure Class and physical nature

ISOPROTURON
[3-(4-isopropylphenyl)-1,1-
dimethylurea]

Herbicide colourless, crystalline
solid M.pt. 155–156 ◦C

VOLTAGE (RS)-[O-1-(4-
chlorophenyl)pyrazol-4-yl O-ethyl
S-propyl phosphorothioate]

Insecticide pale yellowish oily
liquid B.pt. 164 ◦C

DICOFOL [2,2,2-trichloro-1,1-bis(4-
chlorophenylethanol]

Acaricide, white solid, mp
78.5–79.5 ◦C

Fig. 1. (A) Cyclic voltammogram of ISO; (B) cyclic voltammogram of VOL; (C)
cyclic voltammogram of DCF; (a) PANI/MWCNT/GCE, (b) PPY/MWCNT/GCE (scan
rate = 0.100 V s−1; concentration = 0.99 mmol L−1).
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f development, is clearly not a method for analytical problems
ith a high repetition rate because the receptive condition of

he system requires 24–36 h [29]. On the other hand, electro-
nalysis is a manageable method, which is suitable for various
roblems [30]. Electroanalytical techniques represent the most
ffective answer to the increasing worldwide demand of reliable
nd rapid determinations of the widest variety of analytes in com-
lex matrices. In recent years, new sensors have been developed,
ased on modified electrodes for the voltammetric determination
f both electroactive and non-electroactive analytes. Nowadays,
any research articles are being published to propose meth-

ds for the determination of pesticides using different modified
lectrodes like CNT [31], clay [32,33] and ploy ethylenedioxythio-
hene [34]. Since MWCNTs exhibit excellent electrocatalytic and
dsorption properties [2] and conducting polymers exhibit prefer-
ntial accumulation of analytes on bound surface functionalities
34], the selectivity and sensitivity of trace determinations are
xpected to improve sufficiently and the determination limit
ill go down to �g L−1 (ppb) level. Such improvements in the

race analysis of pesticides become necessary nowadays and
ssume importance. This paper deals with the development of
tripping voltammetric procedures for the determination of pes-
icides such as isoproturon (ISO), voltage (VOL) and dicofol (DCF)
sing GCE, MWCNT modified GCE, PANI/MWCNT/GCE and PPY/
WCNT/GCE.

. Experimental

.1. Reagents

Multiwalled CNTs (I.D. × length 2–15 nm × 1–10 �m) produced
y arc method was purchased from Sigma–Aldrich. AR sodium
odecyl sulphate (SDS) from Merck. Pyrrole (AR-Merck), Ani-

ine (AR-Merck) and Lithium perchlorate (Sigma–Aldrich) were
sed for electropolymerization. Technical grade of all the pesti-
ides were obtained from the Bureau of Indian Standards. 0.1 M
tock solution was made up in ethanol for all the three pes-

icides. For studies in aqueous media, 0.1 M H2SO4 (for pH 1),
ritton Robinson Buffers (for pH 4, 7, and 9.2), 0.1 M NaOH (for
H 13), in 50% aqueous alcohol were used. Table 1 represents the
esticides used in this study, their structures and physical proper-
ies.
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ig. 2. SEM photograph of (A) MWCNTs deposited on GCE; (B) PANI/MWCNT/GCE; (
dsorbed on PANI/MWCNT/GCE.

.2. Apparatus

All the electrochemical studies were performed with a CHI 760C
lectrochemical workstation (CH Instruments, USA). The modified
CE was used as a working electrode. Area of working electrode

s 0.0707 cm2. Platinum wire and Ag/AgCl were employed as an
uxiliary and reference electrode respectively.

.3. Electrode pretreatment

To get reproducible results, great care was taken in the elec-
rode pretreatment. The GCE was pretreated in two ways: (i)
echanical polishing over a velvet micro-cloth with 0.3 and
.05 �m alumina slurry (CH instrument, Inc.) and (ii) electro-
hemical treatment by applying a potential of +1.5 V for 2 s. The
lectrochemical pretreatment was done in the same supporting
lectrolyte solution in which the measurement was carried out.

2

l

adsorbed on PANI/MWCNT/GCE; (D) VOL adsorbed on PANI/MWCNT/GCE; (E) DCF

ackground currents for each supporting electrolyte solutions were
ecorded and later corrected with the current values obtained with
nalytes. The reproducibility of the result was often verified by
oltammogram under identical conditions at various time inter-
als.

.4. Preparation of MWCNT modified GCE

1 mg MWCNT was dispersed in 1 mL of 0.1 M sodium dodecyl
ulphate using an ultrasonicator to give black suspensions. Cast
lms were prepared by placing 5 �L of the MWCNT/surfactant sus-
ensions on GCE and then evaporating it in an oven at 50 ◦C.
.5. Preparation of PANI/MWCNT/GCE and PPY/MWCNT/GCE

MWCNT film coated GCE was prepared as before. Polyani-
ine was deposited by electrooxidation of 0.1 M aniline, in
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resence of 1 M sulphuric acid as a supporting electrolyte
y applying a potential between −0.2 and 0.8 V. Polypyrrole
lm was deposited by the electrooxidation of 0.1 M pyrrole

n acetonitrile containing 0.1 M lithium perchlorate as a sup-
orting electrolyte by applying a potential between 0 and
V.

. Results and discussion

.1. Cyclic voltammetric (CV) studies

Cyclic voltammetric studies of 0.99 mmol L−1 of ISO, VOL and
CF at 0.100 V s−1, revealed the presence of one well defined peak
t different pHs in the range 1.0–13.0 on plain GCE, MWCNT/GCE,
PY/MWCNT/GCE and PANI/MWCNT/GCE systems. Peak with low-
st potential and maximum current was observed only at pH 1
or ISO and VOL, revealing easy oxidation due to prior protonation
f nitrogen in the substrate, which facilitated oxidative cleavage.
hus pH 1 was selected as the suitable medium for the elec-
rochemical studies of ISO and VOL. One well defined oxidation
eak each at 1.094 V (2.614 �A), 1.090 V (25.25 �A), 1.2 V (28.41 �A)
nd 1.085 V (25.26 �A) for ISO and 0.810 V, (11.37 �A), 0.725 V,
12.34 �A), 0.752 V (114.1 �A) and 0.814 V, (29.01 �A) for VOL on
lain GCE, MWCNT/GCE, PPY/MWCNT/GCE and PANI/MWCNT/GCE
ystems was observed at pH 1.0. There was no cathodic response
n the reverse scan indicating the irreversible electron trans-
er process. Fig. 1A(a and b) and B(a and b) showed cyclic
oltammograms of ISO and VOL respectively on PANI (polyani-
ine)/MWCNT/GCE and PPY (polypyrrole)/MWCNT/GCE at pH 1.
yclic voltammetric studies of DCF at various pHs showed very good
athodic response at pH 13.0 compared to other pHs. DCF exhib-
ted one well defined reduction peak at a potential (peak current)
f −1.390 V (19.18 �A), −1.398 V, (23.71 �A), −1.360 V (34.68 �A)
nd −1.419 V (26.44 �A) on four electrode systems respectively.
here was no anodic response observed in the reverse scan
uggesting irreversibility. Fig. 1C(a and b) exhibited cyclic voltam-
ograms of DCF on PANI/MWCNT/GCE and PPY/MWCNT/GCE

t pH 13. From analytical point of view, of all the modified
ystems, PANI/MWCNT/GCE responded well and peak current
ncreases to 14 times for ISO, 10 times for VOL and approxi-

ately 2 times for DCF respectively when compared to that of bare
CE.

Various cyclic voltammograms of 0.99 mmol L−1 of ISO, VOL and
CF were run at various sweep rates from 0.025 to 0.500 V s−1 at
ll electrode systems. The peak current increases linearly with �
p to � < 0.1 V s−1, while at the higher scan rates a linear depen-
ence of peak currents on �1/2 is observed. This agrees with
he cyclic voltammetric behaviour expected for an electroactive
pecies incorporated within the polymeric layer of coated elec-
rode. The film thickness is smaller than the diffusion layer at
ow scan rates; hence the surface confined electrolysis of all the
reconcentrated analyte is possible. On the contrary, the diffu-
ion layer is smaller than the film thickness at high scan rates
nd diffusion-controlled behaviour is observed. The plot of ip
ersus �1/2 led to straight lines and slopes of these straight
ines (Table 2) suggest diffusion-controlled adsorption reaction
f all pesticides at all electrode systems. The peak potentials
Ep) are correlated with logarithm of sweep rate (log �). Straight

ines with good correlation were obtained and the results of
orrelations are presented in Table 2. From the slope of these
lots, (0.47–0.68) the transfer coefficient (�n) was calculated and
hese results ascertain the fact that all the reported pesticides
nderwent irreversible electron transfer process at all electrode
ystems. Ta
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ig. 3. XRD behaviour of (A) MWCNTs deposited on GCE, (B) PANI/MWCNT/GCE; (C
dsorbed on PANI/MWCNT/GCE.

.2. Surface morphology of MWCNT film and adsorption studies

MWCNT dispersed in SDS was coated on the GCE surface. Fig. 2A

hows the SEM photograph of the working electrode surface. The
tem like structure of the coating confirmed the presence of MWC-
Ts on GCE. The average tube size of the material is 50 nm. The
-ray diffraction profile (Fig. 3A) indicates substantial amorphous

d
s
a
H

able 3
PSV results and pesticides percentage recovery from soil samples on different modified

nsecticides Modified systems LOD (�g L−1) Calibration equation results

*ip (�A), #c (mg L−1)

SO
MWCNT/GCE 10 ip = 0.8297c − 0.1784, 0.1 < c
PANI/MWCNT/GCE 0.1 ip = 1.066c + 1.0258 0.01 < c >
PPY/MWCNT/GCE 5 ip = 0.8943c + 0.3398 0.05 < c

OL
MWCNT/GCE 1 ip = 0.8959c − 0.319, 0.1 < c >
PANI/MWCNT/GCE 0.01 ip = 1.1384c + 0.4488 0.01 < c
PPY/MWCNT/GCE 0.05 ip = 0.9912c + 0.2351 0.05 < c

CF
MWCNT/GCE 1 ip = 0.2871c + 0.1022, 0.1 < c >
PANI/MWCNT/GCE 0.05 ip = 0.3288c + 0.068 0.01 < c >
PPY/MWCNT/GCE 0.1 ip = 0.30762c − 0.0174 0.05 <

* Peak current (�A).
# Concentration of the pesticide used (mg L−1).
adsorbed on PANI/MWCNT/GCE; (D) VOL adsorbed on PANI/MWCNT/GCE; (E) DCF

ature of MWCNT. The crystallite size was determined as 84 nm by
mploying XRD results and Scherrer’s formula [35].

CV studies ascertained that all the reported pesticides undergo

iffusion-controlled adsorption. Hence it was thought to study the
urface morphological change of adsorbed pesticides on the suit-
ble modified system which resulted in good analytical signal.
igher peak current was observed at PANI/MWCNT/GCE sys-

systems

Recovery from spiked sample ± R.S.D.

R2 R.S.D.% Pure compound Agro chemical product

> 100 0.999 2.6 88.6 ± 3.2 85.5 ± 4.2
100 0.999 3.2 93.5 ± 2.6 90.6 ± 3.1
> 100 0.999 2.8 91.7 ± 2.2 89.7 ± 5.2

100 0.996 3.5 89.3 ± 2.1 87.6 ± 2.8
> 100 0.999 1.9 94.1 ± 3.4 91.0 ± 4.3
> 100 0.999 2.2 93.4 ± 3.4 89.5 ± 2.6

100 0.999 1.8 89.8 ± 4.3 86.3 ± 3.1
100 0.999 2.6 94.8 ± 5.0 88.7 ± 4.5
c > 100 0.999 3.4 92.3 ± 2.6 87.3 ± 3.2
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tion of this solution was transferred into a 50 mL calibrated flask
ig. 4. (A) DPSV of ISO; (B) DPSV of VOL; (C) DPSV of DCF for 100 mg L−1 at opti-
um experimental conditions in (a) PANI/MWCNT/GCE; (b) PPY/MWCNT/GCE; c)
WCNT/GCE; (d) real sample.

em, because of the availability of electroactive surface capable
f accommodating the insecticide molecules. Hence adsorption
tudies were carried out in the above said system alone. Strip-
ing voltammetric experiments were carried out to ascertain the
est conditions for the adsorption process. Many preconcentration
tripping experiments were studied for accumulation potentials
Eacc) of −0.5 to 0.5 V. Maximum peak current was observed for an
ccumulation potential of 0 V for ISO and DCF and −0.5 V for VOL
espectively. The accumulation potentials observed reveals that the
ccumulation step does not involve any redox reaction or elec-
ron transfer and the accumulation is by physical adsorption of
esticides. After fixing the accumulation potential, accumulation
ime was varied between 5 and 25 s. Maximum peak current was
bserved at 10 s for ISO and VOL, 5 s for DCF. The decreased cur-
ent above the maximum current signal condition might be due
o saturation of the electrode surface and blocking of the prod-
cts formed on the surface. Under the optimum conditions of
ccumulation potential and time, accumulation of the pesticide
n the modified system was done and the surface characteriza-
ions were studied. The SEM photograph of PANI/MWCNT/GCE
Fig. 2B) showed leaf like structure which was different from

hat of MWCNT/GCE (Fig. 2A) and the average grain size was
ound to be 100 nm. From the SEM analysis the surface mor-
hology of PANI/MWCNT/GCE and the adherence of PANI on
WCNT/GCE were understood. Fig. 2C–E are the SEM photographs

a
t
d
I

76 (2008) 1022–1028 1027

f adsorbed pesticides. This surface morphology is unquestion-
bly distinct from that of MWCNT/GCE and PANI/MWCNT/GCE
orphology. This confirms the adsorption process. The average

rain size of the pesticide adsorbed composite surface is 100 nm.
ig. 3B showed XRD behaviour of PPY/MWCNT/GCE. Fig. 3C–E rep-
esent the XRD behaviour of adsorbed surface. Using Scherrer’s
ormula, the crystallite size was found to be 57, 24, 38 and 46 nm
or PANI/MWCNT/GCE, adsorbed ISO, adsorbed VOL and adsorbed
CF respectively. The size of crystallite becomes small compared

o PANI surface because of complete adsorption of nanometer size
esticides on the PANI surface.

.3. Differential pulse stripping

After surface preparation and accumulation for maximum peak
urrent, stripping was carried out at modified systems since we got
oor response in plain GCE. Initial scan potential (Eis) is an impor-
ant parameter in controlling the peak characteristics. It was varied
etween −0.25 and 0.75 V and an initial scan potential of 0.400 V
as chosen for stripping voltammetric studies of ISO because of
aximum current signals. In a similar manner, 0.500 and −0.900 V
ere found out for VOL and DCF respectively. Stripping peak cur-

ent increased with an increase in amplitude from 0.025 to 0.075 V
nd decreased above 0.075 V. However amplitude of 0.075 V was
elected for all pesticides owing to maximum current response.
tripping peak current decreased with an increase in pulse width
rom 0.005 to 0.075 s and pulse width of 0.005 s was chosen for ISO
nd VOL respectively. Whereas pulse width of 0.025 s was chosen
or DCF because of high current response. After applying each pulse,
quite time of 0.020 s is given before measuring the response. These
ptimum parameters were used to study the effect of concentra-
ion.

.4. Analytical characteristics

Differential pulse stripping voltammograms at different concen-
rations of ISO, VOL and DCF were recorded using their maximum
ignal conditions and the curves are given in Fig. 4. The peak
urrent increased linearly with an increase in concentration. The
alibration plots of ip versus concentration lead to good linear
orrelation at PANI/MWCNT/GCE (Table 3). In a similar manner
he DPSV studies at other two modified systems were carried out
nd the results were compared (Table 3). The limit of detection
LOD) was determined as 0.1, 0.01 and 0.05 �g L−1 for ISO, VOL and
CF on PANI/MWCNT/GCE respectively. Among the three modified

ystems, lowest LOD was achieved in PANI/MWCNT/GCE. Five repli-
ates were analyzed at the insecticide concentration of 10 �g L−1

nd standard deviations were calculated and the results are pre-
ented in Table 3.

.5. Determination of pesticides in soil samples

The soil sample analyzed was collected from a paddy field in
araikudi and was washed repeatedly with water and exposed to

he atmosphere. Approximately 50 g of the sieved soil was spiked
ith 25 mL of 1 mmol L−1 ISO solution by shaking in a closed bot-

le for about 30 min. ISO was extracted using dichloromethane. The
xtract was filtered and evaporated to dryness by gentle heating on
water bath. The residue was transferred into a 250 mL calibrated
ask, dissolved in ethanol and made up to the mark. A 10 mL por-
nd 0.1 mmol L−1 H2SO4 containing 50% aqueous ethanol was used
o dilute the contents of the flask to the required volume. The stan-
ard addition method was used. 0.05 mL aliquot of the 1 mmol L−1

SO stock standard solution was added to the solution prepared



1 lanta

a
t
m
f
g
c
s
t

4

M
d
i
v
m
t
g
a
m
a

A

g

R

[
[
[
[

[
[
[
[

[

[

[
[
[
[
[
[
[
[

[

[

[

[

028 P. Manisankar et al. / Ta

s above. Differential pulse stripping voltammetric studies under
he optimum experimental conditions were carried out to deter-

ine ISO in the soil sample. Similar soil samples analysis was done
or VOL and DCF. The stripping voltammograms thus obtained are
iven in Fig. 4A(d)–C(d) at PANI/MWCNT/GCE. Similar studies were
arried out at other two modified systems also. Ten identical mea-
urements were made and the relative standard deviations of all
he three pesticides are given in Table 3.

. Conclusions

In this paper a simple method for the preparation of
WCNT/GCE, PANI/MWCNT/GCE and PPY/MWCNT/GCE is

escribed. Electrochemical behaviour of three pesticides was
nvestigated by cyclic voltammetry and differential pulse stripping
oltammetry. Based on this, a convenient procedure for the deter-
ination of above said pollutants using stripping voltammetric

echniques is proposed. The PANI/MWCNT/GCE modified electrode
ave good response and it was applied for the determination of
bove said pesticides in spiked soil samples with good result. This
ethod of analytical determination of pesticides is simple, fast

nd it has sufficient precision and accuracy.
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a b s t r a c t

The optimisation of the sensitivity in the ICP-MS determination of 83 isotopes, as a function of 21 opera-
tive parameters was performed by generating an initial experimental design that was used to define, by
principal component analysis, the multi-criteria target function. The first PC, which contained an overall
evaluation of the signal intensity of all isotopes, was used to rank the experiments. The modified simplex
optimisation technique was then applied on the ranked experiments. The increase in signal intensity was,
on the average, 3.9 times for the isotopes considered for the simplex procedure. When finally convergence
was achieved, a PLS regression model calculated on the available experiments allowed to investigate the
Modified simplex optimisation
Multivariate ranking methods
P
P

effect played by each factor on the experimental response. Simplex and PCA proved to be extremely effec-
tive to obtain the optimisation and to generate the multi-criteria target function: they can be suggested
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. Introduction

Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) is
ecoming one of the most widely used techniques for the deter-
ination of elements at trace and ultra-trace level (ppb, ppt). The

CP-MS instruments are characterised by a large set of operative
arameters which can exhibit various effects on the analytical
esults by influencing the interference pattern, the sensitivity of
he determination, the time of analysis, etc. These parameters set-
ing must be optimised as a function of the specific analysis. As a
ule of thumb, all instruments do present an auto-tuning procedure,
sually based on the One-Variable-At-a-Time (OVAT) approach, to
earch for the optimal setting of the operative parameters. The
VAT approach consists in the optimisation of each instrumen-

al parameter independently, to obtain the maximum signal of a
elected isotope: this approach therefore does not take into con-
ideration the interactions that often exist between the operative

arameters.

Several papers appeared in the nineties about the optimisation
f ICP-MS instrumental conditions. Among them, the paper from
ord et al. [1] reports the multi-elemental optimisation of plasma

∗ Corresponding author. Tel.: +39 0131 360272; fax: +39 0131 360250.
E-mail address: marengoe@tin.it (E. Marengo).

l
o
m
o
I
(
M
s

039-9140/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
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orm the optimisation of the instrumental operative conditions.
© 2008 Elsevier B.V. All rights reserved.

arameters and ion optics in ICP-MS. The simplex procedure was
pplied to the optimization of plasma and ion optics parameters.
ptimisation was successfully performed on the S/N ratios of 10
lements.

Another paper from van Veen et al. [2] reports the optimisa-
ion of ICP-MS conditions with respect to short- and long-term
recision. The authors derived an expression of the precision as
function of the mass intensity in terms of the source flicker and

hot noise contributions.
More recently, some more dedicated papers have appeared deal-

ng with the optimisation of the instrumental parameters in ICP-MS
y experimental design techniques [1–11]. Brennetot et al. [3]
pplied experimental designs to the optimisation of 10 operating
onditions of a Multiple-collector inductively coupled plasma mass
pectrometry (MC–ICP-MS) for the isotopic analysis of gadolinium.
ngle et al. [4] applied a multivariate approach to characterise and
ptimise the dominant H-2-based chemistries in a hexapole col-
ision cell used in ICP-MS: in this case the target function for the
ptimisation was the S/N ratio. Recently, Gomez-Ariza et al. [5] opti-
ised a two-dimensional on-line coupling for the determination
f anisoles in wine using an electron capture detector (ECD) and
CP-MS after solid phase micro-extraction – gas-chromatographic
SPME-GC) separation, by a chemometric approach: different ICP-

S conditions (forward power, carrier gas flow and the addition of
mall percentages of alternate gases) have been optimised. Other
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pplications of experimental designs to the optimisation of ICP-
S analysis are by Gomez-Ariza et al. [5], Darrouzes et al. [6] and
artos et al. [7]. In the paper from Darrouzes the optimisation

f ICP-MS equipped with collision/reaction cell (C/RC) technol-
gy for the determination of selenium at ultra-trace level. Several
arameters were optimised: gas flow rates for helium and hydro-
en and the voltage of the different ionic lenses disposed around
he C/RC (quadrupole bias, octopole bias, cell entrance, cell exit,
late bias). The paper from Martos et al. is focused instead on the
re-concentration and determination of Pt; various parameters and
hemical variables affecting the preconcentration and determina-
ion of this metal by ICP-AES were evaluated. Five variables (sample
ow rate, eluent flow rate, nebulizer flow rate, buffer concentration
nd mixing coil length) were considered as factors in the optimi-
ation process. Interactions between analytical factors, and their
ptimal levels were investigated using two level factorial and cen-
ral composite designs. The optimum conditions established were
pplied to the determination of platinum by flow injection induc-
ively coupled plasma atomic emission spectrometry (FI-ICP-AES).

Optimisation procedures are usually applied to ICP-MS analy-
is focusing on a restricted number of instrumental parameters or
f elements, according to the scientists’ particular interests; it is
mportant to point out however that one of the potentials of ICP-MS
nalysis is the possibility of determining a great number of ele-
ents contemporarily: this is particularly interesting for routine

nalyses. From this starting consideration, we focused our atten-
ion on the contemporary determination of 83 isotopes, in order to
btain experimental conditions representing the best compromise
or the identification of all these isotopes in routine analyses. Due to
he large number of isotopes to be determined, an exhaustive study
f all the instrumental parameters involved is necessary, in order to
chieve the best experimental settings. 21 parameters, described in
etail in the experimental section, were thus involved in the study.
he modified simplex procedure [12–15] was selected to perform
he optimisation of the 21 parameters. Simplex represents in this
ase the best choice in order to limit the number of experiments
eeded to accomplish optimisation: due to the large number of

actors studied, full factorial designs cannot be applied, while frac-
ional factorial designs generate complex confounding structures
nd, furthermore, complex variables effects and interactions are
ossibly expected. The simplex iterative procedure represents thus
good alternative.

The large number of experimental signals to be maximised (the
3 isotopes), requires the definition of an effective and suitable
ulti-criteria target function. Usually the target function adopted

s the sum of all the signals. In this case, the multi-criteria target
unction, representing the signal of almost all the isotopes simul-
aneously, was generated by Principal Component Analysis (PCA)
16,17]. The initial simplex (22 starting experiments) was used to
enerate the multi-criteria target function: PCA was carried out
n the signals recorded for the 83 isotopes for the initial pool of
2 experiments. This procedure represents a valid alternative due
o the robustness of PCA: considering only the first relevant prin-
ipal components (PCs), random variations due to experimental
oise can be eliminated. Once defined the multi-criteria function,
he iterative modified simplex method was applied. At each itera-
ion each new experiment is projected on the space given by the
elevant PCs previously calculated in order to evaluate the final
ultivariate experimental response. The iterative simplex allows

o obtain new best settings with respect to the OVAT approach.

he results obtained by the Simplex procedure were compared to
hose obtained from the OVAT approach, representing the default
ettings.

Simplex optimisation, however, provides no model relating the
nstrumental parameters and the target function. Therefore, a Par-
6 (2008) 1224–1232 1225

ial Least Squares (PLS) [16,17] regression model was built based on
he overall set of experiments performed, to shed light on the effect
f each experimental factor on the final response. This model can
e used to identify which experimental factors are more important
nd the relationships existing among them.

From an operative point of view, the contemporary optimisation
f all the instrumental parameters to obtain the best conditions
or the determination of all the detectable elements represents
n important application in routine analyses and could represent
valid alternative for default instrumental settings optimisation.
ere, the attention is focussed on the proposal of a multivariate pro-
edure for the automatic optimisation of the instrumental settings
n ICP-MS.

The present approach represents a valid procedure due to the
oupling of simplex optimisation to the establishment of a tar-
et function based on principal component analysis: this allows
o take into consideration the relationships and the interactions
mong the variables that cannot be taken into account in standard
VAT procedures where each variable is optimised independently

rom the others. Moreover, even if the Simplex procedure is stopped
efore achieving convergence, it can provide experimental settings
hat are better with respect to the initial ones, due to the itera-
ive method applied. This is important when optimisation has to
e undertaken with constraints on the maximum time available to
erform the optimisation itself.

. Theory

.1. The proposed procedure

The optimisation of the signals of 83 isotopes as function of 21
perative parameters in ICP-MS is carried out here by the applica-
ion of a procedure consisting in four main steps:

Identification of the initial simplex. The initial set of experiments to
be performed was determined by the simplex procedure [12–15].
In the present case 21 operative parameters were studied, thus
providing an initial set of 22 experiments (p + 1 initial experi-
ments, where p is the number of factors to be investigated), called
simplex. The default settings provided by the proprietary software
present on the instrument, were selected as starting conditions
for the initial simplex. The initial Simplex establishes a starting
pool of experiments where the parameters are varied one-at-a-
time.
Identification of a multivariate target function by Principal Compo-
nent Analysis. For each experiment of the initial simplex the signal
of the 83 isotopes was recorded. A multivariate target function
was then identified by applying Principal Component Analysis
(PCA) [16,17] on the data recorded from the initial simplex. As
commonly acknowledged, PCA is a pattern recognition method
representing objects in a new reference system characterised by
variables called Principal Components (PCs). PCs are orthogonal
to each other and are computed hierarchically (the information
accounted for by successive PCs is decreasing): in this way they
account for independent sources of information and experimen-
tal noise and random variations are contained in the last PCs (they
contain the least possible information). The optimisation of the
instrumental parameters with respect to the simultaneous max-
imisation of the signal of all the isotopes (expressed as number of
counts for each isotope) requires the use of a multi-criteria rank-

ing method: PCA can then be effectively used to this purpose. PCA
is then performed on the dataset consisting in the experimental
responses of the initial pool of experiments and the final target
function can be selected by the identification of the PC mostly
related to the overall signal increase. This represents a valid alter-



1 anta 7

-

-

T
l
b
i
t
a
c
b
i
t
a
t
e
a

3

3

e
w
i
E
i
w
C

t
s
fi
1

f
p
d
s
p
T
(
L
t

3

d
S
U

3

p
p
i
p
t
t
s
o
“
u
3
o
r
a
b
s

4

4

2
t
p
s
a
w
o
w
h
g
p
s

p
a
b
o

226 E. Marengo et al. / Tal

native to the use of the total sum of the signals of all the isotopes
of interest since PCA can effectively separate experimental noise
from actual systematic information. The optimisation can be per-
formed in this case on a more robust target function that takes into
account the relationship between the signal of different isotopes.
Application of the modified simplex optimisation procedure. Once
the target function is established, the modified simples optimi-
sation procedure can be applied. In the present research we used
the modified simplex [14] version, in which, during the search
for the optimum, the simplex changes its shape, assuring a more
rapid convergence. It is important to point out that Simplex, being
an iterative procedure, does not guarantees to achieve the global
optimum but it may converge on local optimal conditions. This
procedure is however suitable in the present case characterised
by a large number of parameters to be investigated. At each itera-
tion, the experimental responses of the 83 isotopes are projected
on the space given by the PCs selected as multivariate target func-
tion and the final multivariate response is then calculated. On
this multivariate response the simplex optimisation procedure is
carried out. After convergence is achieved, LOD and LOQ are calcu-
lated using the optimised instrumental conditions and compared
to those calculated using the default settings.
Final refinement by Partial Least Squares regression. The overall
dataset consisting in the whole set of experiments performed
(initial simplex plus the experiments carried out to accomplish
optimisation) can be used to build a PLS model [16,17] relating
the 21 operative parameters (X-variables) and the signal of the
83 isotopes detected (Y-variables). Since in this case several Y-
variables are present, the PLS2 algorithm was used [16,17]. This
model can be used for understanding the effect played by each
instrumental parameter on the signal of each isotope, thus pro-
viding information about their effect on different masses.

he procedure adopted represents a interesting method for on-
ine optimisation of ICP-MS experimental conditions since it can
e completely automated. Moreover, it can be easily implemented

n the instrument software and causes no further time consump-
ion with respect to the OVAT approach. Finally, it can also be
ccomplished by imposing a limiting time consumption: the pro-
edure can be stopped at every iteration providing in each step
etter experimental setting with respect to the default ones even

f final convergence is not achieved. It must also be considered that
he simplex optimisation procedure coupled to PCA for providing
n adequate multivariate target function takes into consideration
he relationships existing between the variables and among the
xperimental responses, that is impossible by the use of the OVAT
pproach, where correlations are neglected.

. Experimental

.1. ICP-MS analysis

An X5 ICP-MS instrument (Thermo Elemental, Winsford, UK),
quipped with an ASX-500 autosampler (CETAC, Omaha, USA)
as used for elemental analysis. Data acquisition and process-

ng were performed using the PlasmaLab 2.3 software (Thermo
lemental, Winsford, UK). The instrumental configuration was var-
ed according to Simplex and PLS experiments. The instrument
as tuned daily with a solution containing 10 �g L−1 of Li, Y,
e and Tl.
All the reagents used were of analytical purity. Nitric acid used
o acidify the samples before analysis was further purified by
ub-boiling distillation in a quartz apparatus. Water was puri-
ed in a Milli-Q system, resulting in water with a resistivity of
8 M�.

o
s
T
t
o

6 (2008) 1224–1232

ICP-MS optimisation through the simplex procedure was per-
ormed on standard metal solutions (i.e. no matrix effects nor
olyatomic interferences were analysed in this first study). Stan-
ard metal solutions were prepared from 10 mg L−1 multi-element
tock solutions (Analab, Hoerdt, France). The solution used for Sim-
lex procedure was at concentration of 10 �g L−1 for all isotopes.
o calculate limits of detection (LOD) and limits of quantification
LOQ) we used 40, 75, 100, 200 and 400 ng L−1 solutions. LOD and
OQ were calculated by keeping in due consideration the calibra-
ion curves and the signal due to blanks and standards [16–19].

.2. Software

PCA, PLS and graphical representations were performed by
edicated software packages: Unscrambler 9.5 (CAMO, Norway),
tatistica 7.5 (Statsoft Inc, USA), Excel 2000 (Microsoft Corporation,
SA).

.3. Dataset

The optimisation procedure was applied to 21 instrumental
arameters, divided into four main groups with respect to their
urpose: torch-box parameters, related to the position of the torch

n the torch-box (Horizontal, Vertical and Sampling depth); gas-flow
arameters (Nebuliser, Cool and Auxiliary); quadrupole and acquisi-
ion parameters (Pole bias, Forward power, Standard resolution, Dwell
ime, Sweeps, Channel); focusing parameters. This last group con-
ists in 9 parameters related to the position of lenses and deflectors
f the ion flow. Extraction is related to the first lens, located in the
ion transfer system”, which avoids dispersion of ions into the vac-
um chamber and speeds them up towards the system. Lens 1, 2 and
retain negative ions or neutral species. D1, D2, DA act as deflectors
f the ionic flow retaining photons generated from plasma from
eaching the detector (thus increasing the baseline noise). Focus
cts on particle dispersion into the “ion transfer system”. Hexapole
ias acts on the reduction of the interferences due to polyatomic
pecies.

. Results and discussion

.1. Initial simplex and multi-criteria target function

The simplex procedure was applied to the optimisation of the
1 instrumental parameters previously described. The default set-
ings (selected according to an OVAT approach), provided by the
roprietary software present on the instrument, were selected as
tarting conditions for the simplex procedure. The default settings
nd the variations applied to each factor are reported in Table 1,
hile the initial 22 experiments are listed in Table 2. As just pointed

ut, the initial Simplex establishes a starting pool of experiments
here the parameters are varied one-at-a-time. The initial simplex
as the double purpose of identifying a suitable multivariate tar-
et function (by the application of PCA) and providing the starting
oint for the subsequent optimisation procedure by the modified
implex algorithm.

In order to establish an appropriate target function, PCA was
erformed on the dataset constituted by the initial simplex, after
utoscaling. The dataset thus consists in 22 experiments described
y the 83 signals of the isotopes detected. From an operative point
f view, the choice of a target function based on the overall signals

f the isotopes could not be the best alternative since the optimi-
ation of signals due to interferences is simultaneously considered.
his choice was justified in our case, since the large number of iso-
opes to be monitored did not allow the simultaneous monitoring
f all interfering species together in a reasonable time of analysis.
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Table 1
Default settings (selected as starting conditions for the simplex procedure), the variations applied to each factor and the optimal settings obtained from the simplex procedure
(corresponding to exp. 119)

Default Variation Simplex optimal settings

Sweeps 25 50 37
Dwell time 10 50 39
Channels 3 2 1
Standard res 125 25 111
Extraction −200 50 −240
Lens 1 −2.3 20 −14.0
Lens 2 −57.2 40 −45.2
Lens 3 −112.9 20 −106.2
Focus 28.1 5 23.6
Horizontal 45 15 57
Vertical 425 80 340
Sampling depth 90 60 66
Nebuliser 0.92 0.05 0.92
D1 −26.6 10 −27.2
D2 −145 40 −127.5
DA −146.6 20 −146.9
Pole bias 6.5 2 1.7
H
C
A
F

M
m
a
a

exapole bias −4.9
ool 13.1
uxiliary 0.9
orward power 1310
oreover, the increase of the signal recorded setting up experi-
ental parameters cannot reasonably be completely ascribed to

n increase of the interferences: isotopic signals will be increased
s well. This compromise can be acceptable if interferences are kept

i
t
A
a

Fig. 1. Results of PCA performed on the initial simplex: loading plot
1 −4.8
0.5 13.1
0.05 0.9

80 1349
n due consideration in a subsequent step, once a restricted pool of
arget isotopes, to be detected in a particular sample, are identified.

valid alternative should be the used of S/N ratios but the choice
dopted in the present case does not invalidate the overall proce-

of PC1 (a) and PC2 (b) and score plot (c) for the first two PCs.
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ure since the a posteriori calculation of LODs and LOQs states that
n overall improvement is achieved, as will be widely documented
fterwards.

The first two PCs calculated were then retained as significant,
ince they account for more than 97% of the total variance (86%
C1, 11% PC2). The score plot and loading plot of the first two PCs are
epresented in Fig. 1. The loadings of PC1 and PC2 are represented
eparately as bar diagrams, reporting the variables on the x-axis
nd the loadings on the y-axis.

Looking at the loading plot (Fig. 1(a) and (b)), the first compo-
ent shows positive loadings for all the isotopes. However, isotopes
ith intermediate mass values show the largest positive loadings

nd lay along the first component, while isotopes characterised by
mall and large masses have, respectively, large positive and large
egative loadings on the second component. For what regards PC1,

n anomalous weight can be detected for 43Ca, showing a value
maller than that of near isotopes. An anomalous behaviour can be
etected for 7Li and 23Na as well, on the second PC: 7Li shows a
maller weight on PC2 with respect to that of the isotopes with a
imilar mass, while 23Na shows a weight around 0, where a posi-

i
m
t
l
p

able 2
he initial Simplex experimental conditions

o. Sweeps Dwell time Channels Std Res Extract
1 2 3 4 5

1 25 10 3 125 −200
2 67 16 3 128 −194
3 31 52 3 128 −194
4 31 16 5 128 −194
5 31 16 3 146 −194
6 31 16 3 128 −158
7 31 16 3 128 −194
8 31 16 3 128 −194
9 31 16 3 128 −194

10 31 16 3 128 −194
11 31 16 3 128 −194
12 31 16 3 128 −194
13 31 16 3 128 −194
14 31 16 3 128 −194
15 31 16 3 128 −194
16 31 16 3 128 −194
17 31 16 3 128 −194
18 31 16 3 128 −194
19 31 16 3 128 −194
0 31 16 3 128 −194

21 31 16 3 128 −194
2 31 16 3 128 −194

o. Vertical Sampling depth Nebuliser D1 D2 DA
11 12 13 14 15 16

1 425 90 0.92 −26.6 −145 −146.
2 435 97 0.93 −25.4 −140 −144.
3 435 97 0.93 −25.4 −140 −144.
4 435 97 0.93 −25.4 −140 −144.
5 435 97 0.93 −25.4 −140 −144.
6 435 97 0.93 −25.4 −140 −144.
7 435 97 0.93 −25.4 −140 −144.
8 435 97 0.93 −25.4 −140 −144.
9 435 97 0.93 −25.4 −140 −144.

10 435 97 0.93 −25.4 −140 −144.
11 435 97 0.93 −25.4 −140 −144.
12 492 97 0.93 −25.4 −140 −144.
13 435 140 0.93 −25.4 −140 −144.
14 435 97 0.96 −25.4 −140 −144.
15 435 97 0.93 −18.3 −140 −144.
16 435 97 0.93 −25.4 −112 −144.
17 435 97 0.93 −25.4 −140 −130.
18 435 97 0.93 −25.4 −140 −144.
19 435 97 0.93 −25.4 −140 −144.
0 435 97 0.93 −25.4 −140 −144.

21 435 97 0.93 −25.4 −140 −144.
2 435 97 0.93 −25.4 −140 −144.
6 (2008) 1224–1232

ive value is expected. On the whole, PC1 mainly accounts for the
verall signal intensity, since all variables present positive loadings
n this PC. This behaviour is possible even if data are autoscaled,
ince the first PC accounts for the overall signal increase. The second
C is instead responsible for the information about the elemental
ass: large negative loadings for isotopes with large masses, large

ositive loadings for isotopes with small masses. For the optimi-
ation of the instrumental settings, a target function related to the
verall increasing instrumental signal was needed, the choice was
herefore the first PC: large PC1 values will then be searched for,
orresponding to large overall signals.

Looking at the corresponding score plot (Fig. 1(c)), experiments
t positive values on PC1 correspond to experiments showing an
ncrease of all the signals simultaneously, while experiments at
egative values present a decrease of all the isotopes signal. Mov-
ng along the first PC towards more positive values therefore means
oving towards higher instrumental signals; this is particularly

rue for the isotopes showing intermediate masses (larger positive
oading), rather than for isotopes with low or high masses (smaller
ositive loadings).

ion Lens 1 Lens 2 Lens 3 Focus Horizontal
6 7 8 9 10

−2.3 −57.2 −112.9 28.1 45
0.2 −52.2 −110.4 28.7 47
0.2 −52.2 −110.4 28.7 47
0.2 −52.2 −110.4 28.7 47
0.2 −52.2 −110.4 28.7 47
0.2 −52.2 −110.4 28.7 47

14.3 −52.2 −110.4 28.7 47
0.2 −23.9 −110.4 28.7 47
0.2 −52.2 −96.3 28.7 47
0.2 −52.2 −110.4 32.3 47
0.2 −52.2 −110.4 28.7 57
0.2 −52.2 −110.4 28.7 47
0.2 −52.2 −110.4 28.7 47
0.2 −52.2 −110.4 28.7 47
0.2 −52.2 −110.4 28.7 47
0.2 −52.2 −110.4 28.7 47
0.2 −52.2 −110.4 28.7 47
0.2 −52.2 −110.4 28.7 47
0.2 −52.2 −110.4 28.7 47
0.2 −52.2 −110.4 28.7 47
0.2 −52.2 −110.4 28.7 47
0.2 −52.2 −110.4 28.7 47

Pole bias Hexapole bias Cool Auxiliary Forward power
17 18 19 20 21

6 6.5 −4.9 13.1 0.90 1310
1 6.7 −4.8 13.2 0.91 1320
1 6.7 −4.8 13.2 0.91 1320
1 6.7 −4.8 13.2 0.91 1320
1 6.7 −4.8 13.2 0.91 1320
1 6.7 −4.8 13.2 0.91 1320
1 6.7 −4.8 13.2 0.91 1320
1 6.7 −4.8 13.2 0.91 1320
1 6.7 −4.8 13.2 0.91 1320
1 6.7 −4.8 13.2 0.91 1320
1 6.7 −4.8 13.2 0.91 1320
1 6.7 −4.8 13.2 0.91 1320
1 6.7 −4.8 13.2 0.91 1320
1 6.7 −4.8 13.2 0.91 1320
1 6.7 −4.8 13.2 0.91 1320
1 6.7 −4.8 13.2 0.91 1320
0 6.7 −4.8 13.2 0.91 1320
1 8.2 −4.8 13.2 0.91 1320
1 6.7 −4.1 13.2 0.91 1320
1 6.7 −4.8 13.5 0.91 1320
1 6.7 −4.8 13.2 0.94 1320
1 6.7 −4.8 13.2 0.91 1377
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Experiment 1, corresponding to the default settings (Table 2),
hows quite good instrumental conditions (large value on PC1) but
t performs better for large mass isotopes (large negative value on
C2). Experiment 14 is the best one, since it shows the largest posi-
ive score on PC1 but it shows a larger signal for small masses than
or large ones; it corresponds to an increase of all the parameters
ith respect to the default settings, with particular regard to the

ariable “nebuliser”. The position of Experiment 14 in the score plot
uggests a quite different behaviour from the other samples: how-
ver, this was not detected as an outlier and it was retained in PCA
alculation.

From the point of view of the multivariate target function iden-
ified as the first PC, the worst experiment is experiment number
, showing the smallest score on PC1: this experiment will be the
rst to be re-projected during the optimisation procedure.

.2. Simplex procedure

Once obtained the multi-criteria target function necessary to
ccomplish the optimisation procedure, a modified simplex proce-
ure [14] was applied for the optimisation of the 21 experimental

actors. Convergence was achieved after 128 iterations, leading to
total of 150 experiments. At each iteration, the worst sample (the
ne showing the largest negative score on PC1) is selected and
e-projected with respect to the centroid of the others. The new
xperiment is projected on the space given by the first two PCs
reviously calculated to provide the final multivariate experimen-
al response in terms of the score of the experiment on PC1. The new
xperiment replaces the selected one in the experimental plan if it
hows a better result (a less negative score on PC1).

The 150 experiments performed are represented in the space
f the first two PCs in Fig. 2: the experiments belonging to the
riginal simplex are represented as squares (they are contained
n the ellipse drawn in the figure), while the new projections are
epresented as triangles. As expected, the new experiments move
owards larger positive values on PC1, but in the meantime, larger
ositive values on PC2 are reached. So, the new experiments show
larger signal for all isotopes but in particular for those with small
ass values. This is probably due to a major removal of polyatomic

nterferences for small mass isotopes.
The experimental settings corresponding to the best conditions

btained by the Simplex procedure are reported in Table 1 (cor-

esponding to experiment no. 119). Table 3 reports the signals
btained for some of the selected isotopes expressed as number of
ounts: the signal registered after the simplex procedure improved
n the average 3.9 times with respect to the default settings; as
xpected, the improvements were recorded for small mass isotopes.

ig. 2. Representation of the 150 experiments performed on the space of the first
wo PCs.
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he improvements by far the largest were obtained for 51V and 52Cr.
or what regards precision (standard deviation calculated from 5
enuine replicates of a standard solution at 100 ng L−1), with the
efault settings the average precision is 10%, while it improves to
bout 5% with the simplex optimised conditions. Good linearity was
chieved for all the revealed isotopes.

Table 3 reports also the LOD and LOQ values calculated by the
se of the calibration curve for some of the considered isotopes,
electing the instrumental tuning according to experiment no. 119.
alues inferior to 1 indicate that the corresponding optimisation
rocedure produced a worse result with respect to the default
ettings. After performing the Simplex procedure, the sensitivity
mprovement was, on the average, 2 times. The best LOD and LOQ
mprovements were obtained, as expected, with light isotopes (5.97
imes for arsenic, 5.15 times for cobalt).

The experimental conditions obtained for experiment no. 119
re thus the best settings achieved through the simplex procedure.
t is important to point out that the presence of the variable dwell
ime in the group of variables to be tuned could be a problem if
he target function is based on the overall number of counts, in
act obviously increasing dwell time corresponds to an increase of
he number of counts; however, the best settings obtained prove
hat this variable is not so driving since it is settled at intermediate
alues.

.3. Partial least squares

PLS can be used in this case to provide a model relating the
1 experimental parameters (X-variables) to the 83 experimen-
al responses (Y-variables). This analysis, rather than providing a
uantitative predictive model, is used here to sum up the effect
layed by each experimental factor on the signals of the selected

sotopes. The complete experimental matrix, consisting of 150 rows
the experiments) and 104 columns (83 columns representing the
ignal of each isotopes and further 21 columns representing the
xperimental settings of each parameter) was used to calculate
PLS model. This model was calculated to obtain a quantitative

elationship between the 21 instrumental settings (X-variables)
nd the 83 experimental responses (Y-variables). Since our aim
as the achievement of a unique model relating the signal of

ll the isotopes together to the experimental settings, the PLS2
ethod [16,17] was selected. Data were autoscaled before perform-

ng PLS.
The first two latent variables account for about 50% and 81%

f the total variance contained in the X- and Y-variables, respec-
ively, and they were considered as significant in the successive
nalysis.

The regression coefficients of the PLS2 model, built with the first
wo latent variables on both X- and Y-variables, are represented
n Fig. 3. The graphical representation reports the instrumen-
al parameters on the y-axis and the isotopes on the x-axis; the
egression coefficients for each parameter for each isotope are rep-
esented on a colour scale from blue to red: increasing blue tones
orrespond to increasing negative coefficients, while increasing red
ones correspond to increasing positive coefficients. Coefficients
epresented as white tones are characterised by values around zero,
hich do not play a relevant role on modelling the experimen-

al responses. This representation allows a clearer identification of
he parameters which have to be increased or decreased in order
o optimise the signal of isotopes of interest. The parameters can

e divided in three main groups according to the behaviour of
heir coefficients towards small or large isotopic masses: positive
oefficients for all isotopic masses (Fig. 3, first five parameters),
egative coefficients for all isotopic masses (Fig. 3, from focus to
uxiliary), different positive/negative coefficients for small/large
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Table 3
Signal intensities of some of the selected isotopes obtained for the standard 100 ng L−1, corresponding LOD and LOQ values expressed as ng L−1 and signal and LOD
improvements with the default and the simplex optimised experimental conditions

Default Simplex Signal improvementa LOD improvementb

Mean signal Dev. std LOD LOQ Mean signal Dev. std LOD LOQ

51V 45.33 8.33 78.90 118.35 429.44 8.03 19.48 29.21 9.47 4.05
52Cr 75.11 10.69 46.42 69.62 913.65 6.40 30.38 45.57 12.16 1.53
55Mn 104.00 5.33 55.78 83.67 833.03 18.02 26.44 39.66 8.01 2.11
59Co 50.22 3.85 65.51 98.26 343.27 20.75 12.72 19.08 6.84 5.15
69Ga 61.33 7.42 40.85 61.28 305.16 2.62 13.12 19.68 4.98 3.11
72Ge 19.11 1.54 48.50 72.75 117.12 17.92 47.70 71.55 6.13 1.02
75As 39.56 14.13 321.07 481.60 149.00 12.84 53.79 80.68 3.77 5.97
85Rb 103.56 7.70 30.96 46.44 683.56 10.38 24.52 36.79 6.60 1.26
88Sr 280.45 21.72 70.92 106.38 1201.74 32.77 41.66 62.49 4.29 1.70
89Y 141.78 3.36 30.24 45.36 589.76 11.58 16.93 25.39 4.16 1.79
90Zr 78.67 12.22 58.43 87.65 384.62 18.18 33.14 49.72 4.89 1.76
93Nb 121.33 6.93 47.04 70.55 517.46 20.73 15.12 22.68 4.26 3.11
95Mo 29.33 4.00 77.34 116.01 94.48 6.21 44.29 66.43 3.22 1.75
101Ru 32.00 4.81 102.37 153.56 101.41 12.40 22.62 33.93 3.17 4.53
103Rh 1905.09 106.02 16.97 25.46 7217.23 168.74 8.19 12.28 3.79 2.07
105Pd 42.67 8.33 67.25 100.88 145.07 15.44 27.21 40.82 3.40 2.47
107Ag 68.89 0.77 59.21 88.82 268.89 26.54 57.50 86.24 3.90 1.03
111Cd 20.44 2.04 54.95 82.42 78.54 15.72 37.44 56.16 3.84 1.47
118Sn 59.11 7.34 61.92 92.88 219.68 5.23 25.91 38.87 3.72 2.39
121Sb 79.11 4.68 63.79 95.69 289.22 7.47 14.54 21.80 3.66 4.39
125Te 1.78 0.77 157.73 236.60 15.71 2.23 103.00 154.50 8.84 1.53
133Cs 141.33 10.91 27.47 41.20 676.16 10.05 16.93 25.40 4.78 1.62
137Ba 92.45 1.54 262.34 393.50 326.18 19.43 248.89 373.34 3.53 1.05
139La 210.67 26.23 37.24 55.86 783.82 28.89 17.20 25.81 3.72 2.16
140Ce 324.01 24.33 75.57 113.36 1103.79 30.51 54.20 81.30 3.41 1.39
141Pr 266.23 30.71 18.91 28.36 943.45 12.79 14.12 21.18 3.54 1.34
146Nd 56.89 10.78 54.94 82.41 172.33 10.10 21.37 32.06 3.03 2.57
147Sm 52.44 6.71 49.46 74.19 152.46 5.00 29.01 43.51 2.91 1.71
153Eu 201.34 22.19 20.34 30.50 582.60 35.62 11.61 17.42 2.89 1.75
157Gd 60.89 10.36 40.86 61.29 174.87 17.43 23.29 34.93 2.87 1.75
159Tb 422.68 8.74 12.53 18.80 1195.97 23.65 14.97 22.45 2.83 0.84
163Dy 98.67 10.07 22.48 33.72 313.93 12.26 18.18 27.27 3.18 1.24
165Ho 448.01 7.42 15.38 23.08 1190.19 16.29 16.04 24.06 2.66 0.96
166Er 143.56 6.71 24.20 36.30 403.57 14.04 13.96 20.95 2.81 1.73
169Tm 471.12 34.11 13.67 20.50 1220.92 58.02 17.63 26.44 2.59 0.78
172Yb 105.78 7.70 40.21 60.31 280.44 3.82 31.93 47.90 2.65 1.26
175Lu 541.35 30.14 11.94 17.91 1322.34 22.81 14.22 21.32 2.44 0.84
178Hf 132.89 4.07 30.40 45.60 336.11 29.95 31.79 47.69 2.53 0.96
181Ta 623.13 28.01 22.10 33.14 1443.64 46.62 17.96 26.95 2.32 1.23
182W 154.22 7.58 32.80 49.21 367.07 20.89 22.73 34.09 2.38 1.44
185Re 159.56 16.07 37.77 56.65 424.59 13.01 18.51 27.77 2.66 2.04
193Ir 288.89 23.41 24.73 37.10 627.42 15.95 16.17 24.25 2.17 1.53
195Pt 98.22 7.34 41.72 62.58 215.06 6.59 16.88 25.32 2.19 2.47
205TI 321.34 15.38 28.15 42.23 718.44 11.81 9.65 14.48 2.24 2.92
208Pb 327.12 17.91 14.44 21.66 792.83 11.15 14.69 22.03 2.42 0.98
209Bi 606.69 35.51 67.63 101.45 1192.04 30.30 31.75 47.62 1.96 2.13
232Th 716.92 58.43 36.01 54.02 1445.48 34.21 13.23 19.84 2.02 2.72
238U 553.35 23.10 13.80 20.70 1143.52 46.09 16.61 24.91 2.07 0.83
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a As calculated from ratio MeanSimplex/MeanDefault.
b As calculated from ratio LODDefault/LODSimplex or LOQDefault/LOQSimplex.

ass elements (last four parameters). Looking at Fig. 3, the first
our parameters show positive or almost null coefficients for all the
sotopic masses: an increase of these parameters increases the sig-
al of the investigated isotopes. In particular, an increase of D2 and
well time increases prevalently the signal of small masses while
n increase of forward power and nebuliser improves the signal of
arge masses.

For what regards negative coefficients, the first six parameters
from focus to standard resolution) provide an increase of the overall
ignals when they are decreased. DA, lens 3 and cool act prevalently
n large mass isotopes (they have to be decreased to record a larger

ignal), while lens 1, sweeps and auxiliary act on small mass isotopes
they have to be decreased to record a larger signal). The last four
arameters show a different behaviour with respect to their effect
n the signal of small and large mass isotopes: channels and D1 show
ositive coefficients for large masses and negative ones for small

t
e

r
s

asses (they have to be increased to improve large masses and
ecreased to improve small masses); lens 2 and hexapole bias show
n opposite behaviour, so they have to be increased to improve
mall masses and decreased to improve large masses. However,
hannels and hexapole bias show the smallest coefficients and are
ot particularly relevant to the regression model built.

Fig. 3 thus allows to sum up the effects played by each instru-
ental parameter on the signal recorded for the investigated

sotopes: looking at this representation it is therefore possible to
btain different optimal experimental conditions according to the
lements of interest. In fact, it allows the definition of a quantita-

ive mathematical model relating the signal of each isotope to the
xperimental settings.

The effects played by each factor on the final experimental
esponse pointed out so far are obviously characteristic for this
pecific case. However, some of the parameters analysed are of
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ig. 3. Regression coefficients of the PLS2 model built with the first two latent v
epresented on the y- and x-axes respectively.

eneral interest in ICP-MS optimisation, since they are universally
mportant in ICP-MS determinations (e.g. gas flow, torch position,
hannels, resolution, etc.). Anyway, the present application does
ot focus on the identification of the particular role played by
ach factor on the selected isotopic masses but on the potential
f multivariate optimisation tools for the achievement of optimal
xperimental settings in cases where a large number of parameters
nd experimental responses have to be taken into account. From
his point of view, this application proves that multivariate tools,
s Simplex coupled to PCA to identify a suitable target function, per-
orm well in the identification of optimal settings providing larger
umber of counts and better LOD and LOQ values with respect to
ommon optimisation tools based on the OVAT procedure generally
resent in software packages. This procedure could thus represent
valid alternative for routine analyses.

. Conclusions

21 experimental parameters were optimised with respect to the
ncreasing sensitivity of the ICP-MS determination of 83 isotopes.
he innovation of the proposed approach is represented by the
ontemporary optimisation of the 21 instrumental parameters to
btain the best settings for the determination of all the detectable
sotopes together. The procedure is interesting for routine anal-
ses where a great number of elements have to be determined,
ut it can be also exploited by companies as a valid alternative
o the OVAT approach, for proposing default optimal instrumen-
al settings. In particular, the simplex procedure, coupled to the
se of a multivariate target function selected by PCA, is particu-

arly effective since it takes into consideration the relationships and
nteractions among the experimental parameters and the experi-

ental responses: this is impossible exploiting an OVAT approach

here each variable is considered separately. Moreover, the sim-
lex procedure can be applied to achieve convergence but it can
lso be applied considering a limited time consumption: after a
elected time period dedicated to optimisation the procedure can
e stopped and the final best settings can be used as optimised con-
s on both x- and y-variables. The instrumental parameters and the isotopes are

itions providing in any case an improvement of the final response.
he applied procedure can be easily implemented in the instru-
ent software, thus providing a completely automated procedure

or optimisation.
For what regards the present application, an initial set of 22

xperiments was performed according to a starting simplex involv-
ng the variation of one parameter at a time (Table 2). Due to the
arge number of signal intensities to be maximised (for the overall
3 isotopes), the set of 22 experiments was used to choose a suit-
ble multi-criteria target function, accounting for the overall signal
ntensity of all the isotopes to be determined. The best target func-
ion was selected as the first PC calculated performing a PCA on the
ataset given by the first 22 experiments. The subsequent modified
implex optimisation procedure was then carried out maximising
he target function (i.e. the positive score of the experiments on the
rst PC) and it reached convergence after 128 iterations (150 total
xperiments).

The best experimental conditions obtained by this procedure
ere further investigated through a PLS2 model, relating the signal

f the 83 isotopes to the experimental settings.
The increase in signal intensity was on average 3.9 times. LOD

nd LOQ were calculated for the default settings and for the optimal
ettings obtained by the Simplex procedure: the increase in sensi-
ivity obtained from the simplex optimised conditions was, on the
verage, 2 times, with a maximum of 5.97 times for arsenic.

The final PLS also allows to obtain a mathematical model relating
he instrumental parameters to the experimental responses, thus
llowing to sum up the information about the role played by each
arameter in influencing the isotopes number of counts.
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a b s t r a c t

This study report an human serum IgG antibodies to Helicobacter pylori quantitation procedure based
on the multiple use of an immobilized H. pylori antigen on an immuno-column incorporated into an
a flow-injection (FI) analytical system. The immuno-adsorbent column was prepared by packing 3-
aminopropyl-modified controlled-pore glass (APCPG) covalently linking H. pylori antigens in a 3-cm of
Teflon tubing (0.5 i.d.). Antibodies in the serum sample are allowed to react immunologically with the
immobilized H. pylori antigen, and the bound antibodies are quantified by alkaline phosphatase (AP)
enzyme-labeled second antibodies specific to human IgG. p-Aminophenyl phosphate (pAPP) was con-
lkaline phosphatase
-Aminophenyl phosphate
mmuno-column
IA

verted to p-aminophenol (pAP) by AP and an electroactive product was quantified on glassy carbon
electrode (GCE) modified with multiwall carbon nanotubes (MWCNT) (GCE-CNTs) at 0.30 V. The total
assay time was 25 min. The calculated detection limits for amperometric detection and the ELISA proce-
dure are 0.62 and 1.8 U mL−1, respectively. Reproducibility assays were made using repetitive standards
of H. pylori-specific antibody and the intra- and inter-assay coefficients of variation were below 5%. The
immuno-affinity method showed higher sensitivity and lower time-consumed, demonstrate its potential

ment
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usefulness for early assess

. Introduction

The incidental discovery, in 1983, of a gastric bacterium led to
dramatic change in the field of gastroenterology [1]. Helicobacter
ylori infects more than half the global population, causing pep-
ic ulcer disease and chronic gastritis; it is also strongly associated
ith gastric malignancies. Indeed, it has been classified as a class I

arcinogen [2]. The disease can be cured by eradication of H. pylori
hrough the triple therapies based on a proton pump inhibitor with
wo antibiotics (clarithromycin and metronidazole or amoxicillin)
3]. In the absence of therapeutic intervention, infection by H. pylori
asts for the life of the host [4]. To prevent the indiscriminate use
f multiple antibiotics, an accurate diagnosis for the presence of H.

ylori infection becomes crucial.

H. pylori infection can be diagnosed by invasive techniques
endoscopy with biopsies for histology, culture and a rapid ure-
se test) and non-invasive techniques (e.g. serology, the 13C-urea
reath test and the stool antigen test) [5]. The availability of
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of human serum immunoglobulin G (IgG) antibodies to H. pylori.
© 2008 Elsevier B.V. All rights reserved.

ulture and PCR may be limited because they require highly expe-
ienced laboratory personnel. The EIA (enzyme immunoassay) and
mmunochromatographic method are more convenient, and can be
nterpreted either spectrophotometrically or visually and has good
ccuracy [6,7]. Some non-invasive tests are based on serological
rocedures that detect immunoglobulin G (IgG) against H. pylori in
uman serum. Circulating anti-H. pylori IgG antibody has proved to
e of considerable value in the diagnosis of active infection due to
he reliable correlation between the presence of the antibody and
astric mucosal colonization [8,9].

Different immunological procedures have been described for
he determination of H. pylori in different samples: immunochro-

atographic, microplate enzyme-immunoassay, electrochemical
nd piezoelectric biosensors [10–15]. Common serum IgG mea-
urements are carried out using enzyme-linked immunosorbent
ssay (ELISA) [16]. ELISA for serum IgG against H. pylori are based
n measuring the quantity of IgG bound onto H. pylori antigens
mmobilized on the solid-phase. In all instances, the immobilized
ntigens are discarded after only one use.

An ideal diagnostic test should be easy to perform, fast, involve

few steps, and have high sensitivity and specificity. Conventional

ests are time-consuming and include several steps, which increase
he likelihood of errors by the operator [17]. ELISA is amenable for
utomation, but at an increased cost that cannot usually be afforded
y most laboratories in underdeveloped countries.
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2.3. Preparation of the CNTs-modified GCE

Prior to the modification, the glassy carbon electrode surface
was polished with 0.3 �m alumina slurries, rinsed thoroughly with
078 L. Molina et al. / Tala

In general, enzyme immunoassays combine the specificity of the
ntigen–antibody reaction with the sensitivity and signal amplifi-
ation of enzyme-catalyzed reaction. Alkaline phosphatase (AP) is
idely employed for this purpose since its reactions are basically

ree of interferences, it is highly stable, and it has a high turnover,
ow cost, and broad substrate specificity [18].

Carbon nanotubes (CNTs) are a novel type of carbon material
nd can be considered as the result of folding graphite layers into
arbon cylinders. The CNTs have generated great interest in future
pplications based on their field emission and electronic transport
roperties [19], their high mechanical strength and their chemical
roperties [20]. The research has been focused on their electrocat-
lytic behaviours toward the oxidation of biomolecules and their
erformance has been found to be much superior to those of other
arbon electrodes in terms of reaction rate, reversibility and detec-
ion limit [21]. The uses of CNTs for preparation of immunosensors
ased on CNT-modified electrodes have been reported previously
22–26].

Heterogeneous enzyme immunoassays, coupled with flow
njection (FI) system and electrochemical detection, represent a
owerful analytical tool for the determination of low levels of many
nalytes such as antibodies, hormones, drugs, tumor markers, and
icroorganism [27]. Electrochemical methods typically have the

dvantage of being highly sensitive, rapid, and inexpensive [28].
Here, we report an human serum IgG antibodies to H. pylori

uantification procedure based on the multiple use of an immo-
ilized H. pylori antigen on a immuno-column incorporated into
n a flow-injection analytical system. Antibodies in the serum
ample are allowed to react immunologically with the immobi-
ized H. pylori antigen, and the bound antibodies are quantified
y AP enzyme-labeled second antibodies specific to human IgG. p-
minophenyl phosphate (pAPP) was converted to p-aminophenol

pAP) by AP and an electroactive product was quantified on GCE-
NTs at 0.30 V. The current obtained from the oxidation of the
roduct of enzymatic reaction is proportional to the activity of the
nzyme and, consequently, to the amount of antibodies bound to
he immuno-column. This method allows for a rapid determina-
ion of anti-H. pylori IgG and minimizes the wastage of expensive
ntigens and other reagents and does not require highly skilled
echnicians or expensive and dedicated equipment.

. Materials and methods

.1. Reagents and solutions

All reagents used were of analytical reagent grade. AP
nzyme-labeled second antibodies specific to human �-chain was
urchased from Sigma Chemical (St. Louis, MO, USA). 4-Nitrophenyl
hosphate disodium salt hexahydrate (pNPP) were purchased
rom Fluka Chemie (Steinheim, Switzerland). All other reagents
mployed were of analytical grade and used without further purifi-
ations. Aqueous solutions were prepared using purified water
rom a Milli-Q system.

The ELISA test kit for the quantitative determination of H.
ylori-specific IgG class antibodies was purchased from EQUIPAR
iagnostici (Rome, Italy) and was used in accordance with the man-
facturer’s instructions [29].

.2. The flow-injection manifold
The immuno-column was prepared by packing varying lengths
f Teflon tubing with 3-aminopropyl-modified controlled-pore
lass (AP-CPG) bound H. pylori antigens. Both ends of the tubing
ere blocked with glass fiber. A pump (Wilson Minipuls 3 peri-

F
A
D
p

ig. 1. Block diagram of the continuous-flow system and detection arrangement. P:
ump (Gilson Minipuls 3 peristaltic pump, Gilson Electronics Inc., Middleton, WI);
: carrier buffer line; SI: sample injection; W: waste line; IC: immuno-column; D:
AS LC-4C (Bioanalytical System, West Lafayette, IN); R: recorder.

taltic pump, Gilson Electronics, Middleton, WI, USA) was used for
umping, introducing the sample. Fig. 1 illustrates schematically
he components of the single-line continuous-flow setup. The body
f the amperometric detector was made of Teflon (Fig. 2). The GCE-
NTs are on the top of the amperometric detector micro-flow cell.
he potential applied to the working electrode was 0.30 V versus Ag
ire (pseudoreference electrode) and a Pt wire was used as counter

lectrode. At this potential, a catalytic current was well established.
he pump tubing was Tygon (Fisher Accu Rated, 0.4 mm i.d., Fisher
cientific, Pittsburgh, PA, USA), and the remaining tubing used was
eflon (0.8 mm i.d. from Cole–Parmer, Chicago, IL, USA).

Amperometric detection was performed using the BAS LC-4C
nd the BAS 100 B (electrochemical analyzer Bioanalytical System,
est Lafayette, IN) was used for cyclic voltammetric analysis.
The absorbancies were detected by Bio-Rad Benchmark

icroplate readers (Japan) and a Beckman DU 520 general UV–vis
pectrophotometer (Fullerton, CA, USA). The H. pylori antigens were
onicated by a Sonics Vibra Cell ultrasonic processor (Sonics &
aterials, Newtown, CT, USA).
ig. 2. Schematic representation of components in the amperometric flow cell. A:
ssembled detector; B: GCE-CNTs working electrode; C: top-view of lower cell body;
: lower cell body. a: Electrical connection; b: O-ring; c: auxiliary electrode; d:
seudoreference electrode.
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urified water, sonicated 30 s into water and 30 s into acetone, and
ried in air. One milligram of CNTs was dispersed with the aid of
ltrasonic stirring for 45 min in methanol/water (50:50, v/v) in an
queous 0.1% Nafion solution. A 20-�L aliquot of this dispersion
as dropped on the GC electrode surface and then the solvent was

vaporated under an infrared heat lamp [30].

.4. H. pylori-specific IgG antibody immunoassay

A series of standards that covered the clinically relevant range
0–100 U mL−1) was supplied with the ELISA test kit. A stan-
ard curve for the spectrophotometric procedure was produced
y following the manufacturer’s protocol. Concentrations of H.
ylori-specific IgG antibody were detected spectrophotometrically
y measuring absorbance changes at 450 nm.

.5. Preparation of the H. pylori antigens

The antigens was prepared from a sonicate H. pylori culture
train. The H. pylori were grown on blood agar plates at 37 ◦C for

days and then harvested, washed, and resuspended in 0.01 M
hosphate-buffered saline (PBS, pH 7.2). This preparation was sub-

ected to sonication. The sonic amplitude level was set at 20% and
he machine was operated using four cycles of 60 s regulated alter-
atively. The sonicated preparation was centrifuged at 1000 × g for
0 min, and the supernatant was stored in the 0.01 M PBS (pH 7.2),
t −20 ◦C between uses.

.6. H. pylori antigens immobilization

The immuno-column was prepared by packing varying lengths
f Teflon tubing with 3-aminopropyl-modified controlled-pore
lass (APCPG) and was allowed to react with an aqueous solu-
ion of 5%, w/w glutaraldehyde at pH 10.00 (0.20 M carbonate) for
h at room temperature. After washing with purified water and
.10 M phosphate buffer of pH 7.00, 0.5 mL of antigens prepara-
ion (100 �g mL−1 0.01 M PBS, pH 7.2) was coupled to the residual
ldehyde groups overnight at 5 ◦C. The immobilized antigens prepa-
ation was finally washed with phosphate buffer (pH 7.00) and
tored in the same buffer at 5 ◦C between uses. The immobilized
. pylori antigens preparations were perfectly stable for at least 1
onth.

.7. Procedure for the immuno-column

This method was applied in the determination of IgG antibodies
o H. pylori in 40 human serum samples. Prior to the analysis of each
erum sample, the immuno-column was conditioned by flowing
hrough 500 �L of desorption buffer (0.1 M glycine–HCl, pH 2) and
hen washed with 500 �L of 0.01 M PBS (pH 7.2). These solutions
ere pumped at a flow rate of 0.4 mL min−1. The unspecific binding
as blocked by flowing through 500 �L of 3% descremate milk in a
.01-M PBS (pH 7.2). The serum samples were first diluted 50-fold
ith 0.01 M PBS (pH 7.2) and then 200 �L was injected into the PBS

arrier stream at a flow rate of 0.15 mL min−1. The immuno-column
as washed with 0.01 M PBS (pH 7.2) at a flow rate of 0.4 mL min−1.
00 �L of anti-human IgG AP enzyme-labeled second antibodies
dilution of 1/2000 in 0.01 M PBS, pH 7.2) was then injected into the
.01 M PBS (pH 7.2) carrier stream at a flow rate of 0.15 mL min−1.
The immuno-column was then washed free of any traces of
nbound enzyme conjugate with 0.01 M PBS (pH 7.2). DEA buffer
100 mM diethanolamine, 50 mM KCl, 1 mM MgCl2, pH 9.6) was
sed to prepare the pAPP solution. 200 �L of substrate solution
2.7 mM pAPP in a DEA buffer, pH 9.6) was injected into the

t
r
d
f
s

ig. 3. Electrochemical study of pAP with the GCE-CNTs. Cyclic voltammogram in
queous solution of pAP 5 mM in DEA buffer (pH 9.6). Scan rate: 100 mV s−1.

arrier stream a flow rate of 0.15 mL min−1 and the enzymatic prod-
ct (pAP) was measured on the surface of a GCE-CNTs coupled
o a micro-flow cell. For the next analysis, the immuno-column
as conditioned by flowing 500 �L of desorption buffer (0.1 M

lycine–HCl, pH 2) and then washed with 500 �L of 0.01 M in PBS
pH 7.2) at a flow rate of 0.4 mL min−1. A 10-port injector valve, with
wo different size loops, was used to inject the reagents.

A standard curve for the immuno-column procedure was pro-
uced by following our protocol with a series of standards that
overed the clinically relevant range (0–100 U mL−1) supplied with
he ELISA test kit. When not in use, the immuno-column was stored
n 0.01 M PBS (pH 7.2) containing sodium azide (0.01%) at 4 ◦C.
he stock solution of pAPP was prepared freshly before the experi-
ent and stored under the exclusion of light for the duration of the

xperiment.

. Results and discussion

.1. Electrochemical study of p-AP with the GCE-CNTs

The electrochemical behaviour of the hydrolysis products (pAP)
f the enzyme substrates pAPP, was examined by cyclic voltamme-
ry at GCE-CNTs. A cyclic voltammetric study of 5 mM of pAP in DEA
uffer (pH 9.6), was performed by scanning the potential from −300
o 500 mV versus Ag/AgCl. CV showed well-defined anodic and
orresponding cathodic peak, which corresponds to the transfor-
ation of pAP to p-benzoquinoneimine (QI) and vice versa within
quasireversible two-electron process (Fig. 3). A peak current ratio

IC1/IA1) of nearly unity, particularly during the recycling of poten-
ial, can be considered as criteria for the stability of QI produced at
he surface of electrode under the experimental conditions.

.2. Effect of continuous-flow operation

The immuno-column was prepared and incorporated into a FI
anifold as illustrated in Fig. 1. To optimise the proposed method

s necessary to have an understanding of the effect of the parame-
ers governing the system. It has been shown that the theoretical
ramework developed for static ELISA system cannot be applied

o describe the kinetics of antibody–antigen interactions occur-
ing in a continues flow immunoassay [31]. Several parameters
iffer significantly. The buffer flow reduces the limitations of dif-
usion as observed in static ELISA systems [32]. Furthermore, the
urface density of immobilized antigens in the flow immunoassay
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cates). The ELISA procedure was also carried out as described,
absorbance changes were plotted against the corresponding
H. pylori-specific IgG antibody concentration and a calibra-
tion curve was constructed. The linear regression equation was
A = 0.031 + 0.029 CHp, with the linear relation coefficient r = 0.996,
ig. 4. Relationship between immuno-column length and its antibody binding
apacity.

s at least three orders of magnitude higher than in static ELISA
ystems, because the controlled-pore glass increase the area for
mmobilization, about three orders of magnitude [33], and a high
ensitivity can be attained by a rotating bioreactor and continuous-
ow/stopped-flow/continuous-flow processing [34].

The proposed method manifolds follow the ELISA principles,
ut instead of using a microtiter plate, the reagents and washing
uffers were pumped consecutively through the column contain-

ng immobilized antigen, coupled to amperometric detection for
he determination of human antibody. AP enzyme-labeled second
ntibodies specific to human �-chain was used as conjugate and
he product of the enzymatic indicator reaction was measured at
.30 V.

The implementation of continuous-flow permits: (a) utiliza-
ion of relatively low immunoreactants loading conditions, (b)
nstantaneous operation under high initial rate conditions, (c) easy
etection of accumulated products, and (d) reduction of apparent
ichaelis–Menten constant, K′

M. The main advantages of this sys-
em are its simplicity, and the easy with which it can be applied to
he determination of specific IgG antibodies to H. pylori in serum
amples.

The response obtained from the enzymatic reaction oxidation
s proportional to the activity of the enzyme conjugated and con-
equently, to the amount of specific antibodies of serum samples
ound to the immuno-column with H. pylori antigens immobilized.

.3. Optimum conditions for the determination of the enzymatic
roducts

Various column lengths (1–5 cm) were prepared and incorpo-
ated into the FI manifold and the current noted when a 100-U mL−1

. pylori specific antibodies control sera was injected and analyzed.
he results as summarized in Fig. 4 show that immuno-columns
onger than 3 cm would contain sufficient immobilized antigen to
omplex with antibodies to H. pylori of the range of patient sera
nvestigated. An immuno-column of 3 cm long was adopted for
urther studies.

The sample size was studied in the range 50–500 �L and shows

maximum rate of response at 150 �L. For convenience a sample

ize of 200 �L was used to evaluate other parameters (Fig. 5).
The rate of enzymatic response under flow conditions was stud-

ed in the pH range 8–10 and shows a maximum value of activity at
H 9.6 (Fig. 6). The pH value used was 9.6 in DEA buffer. The effect

F
b
2

ig. 5. Effect of sample size. Each value of i (�A) based on five determinations.

f varying pAPP concentration from 0.1 to 5 mM on the enzymatic
esponse was evaluated. The optimum pAPP concentration found
as 2.7 mM. That concentration was then used.

.4. Quantitative test for the detection of H. pylori-specific IgG
ntibody

Under the selected conditions described above, the absorbance
f the enzymatic product is proportional to the concentration
f H. pylori-specific IgG antibody in the serum. A linear calibra-
ion curve for the detection of H. pylori-specific IgG antibody in
erum was produced over the range of 0–100 U mL−1. The linear
egression equation was i = 0.0125 + 0.031 CHp, with the linear rela-
ion coefficient r = 0.998. The coefficient of variation (CV) for the
etermination of H. pylori-specific antibody was 3.2% (six repli-
ig. 6. Effect of pH on the rate of enzymatic response. Flow rate 150 �L min−1. DEA
uffer in the pH range 8–10 was used to prepare the 2.7 mM of pAPP solution and
00 �L of each solution was injected in the system.
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Table 1
Within-assay precision (five measurements in the same run for each control serum)
and between-assay precision (five measurements for each control serum, repeated
for 3 consecutive days)

Control seraa (U mL−1) Within-assay Between-assay

Mean CV % Mean CV %

20 20.21 1.90 20.94 4.68
50 50.20 3.14 49.46 3.75

100 99.52 2.38 98.82 4.16

a U mL−1 H. pylori-specific antibodies.
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ig. 7. Dilution test results for 100 U mL−1 H. pylori-specific antibodies. Each value
f i (�A) is based on five determinations.

he CV for the determination of 20 U mL−1 H. pylori-specific anti-
odies was 4.7% (six replicates).

Taking the detection limit to be the concentration that gives
signal three times the standard deviation (S.D.) of the blank;

or electrochemical detection and ELISA procedure was 0.62 and
.8 U mL−1, respectively. This result shows that electrochemical
etection was more sensitive than spectrophotometric method.

The sensitivity (S) is defined as the slope of the regression line
ignal versus concentration, S for electrochemical detection and
LISA procedure was 0.031 and 0.029 Abs/U mL−1, respectively.

The precision of the assay was checked with control serum at 20,
0 and 100 U mL−1 H. pylori-specific antibody concentrations. The
ithin-assay precision was tested with five measurements in the
ame run for each serum. These series of analyses were repeated for
consecutive days in order to estimate the between-assay preci-

ion. The results obtained are presented in Table 1. The H. pylori
ssay showed good precision; the CV within-assay values were
elow 3.2% and the between-assay values were below 5%.

able 2
eproducibility assays using repetitive standards (n = 6) of 20 U mL−1 H. pylori-
pecific antibody

tandards of 20 U mL−1

. pylori-specific
ntibody

Proposed method (U mL−1) ELIZA (U mL−1)

20.20 19.31
19.87 19.53
20.54 20.29
20.09 20.89
19.72 19.05
19.94 19.39

± S.D.a 20.06 ± 0.288 19.74 ± 0.70

a (U mL−1), mean ± S.D., standard deviation.
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ig. 8. Correlation between proposed method and commercial photometric assays.

The accuracy was tested with dilution and recovery tests. A
ilution test was performed with 100 U mL−1 H. pylori-specific anti-
odies control sera with 0.01 M PBS, pH 7.2 (Fig. 7).

Reproducibility assays were made using a repetitive standard
n = 6) of 20 U mL−1 H. pylori-specific antibody; the percentage
tandard error was less than 3.2% (Table 2). When stored in PBS
ontaining sodium azide (0.01%), the immunoreactor was found to
etain 90% of its antibody binding property over a 1-month period.

The immuno-column was compared with a commercial spec-
rophotometric system for the quantification of H. pylori-specific
ntibodies in 40 serum samples. The slopes obtained were rea-
onably close to 1, indicating a good correspondence between the
wo methods (Fig. 8). These results suggest that the detectable con-
entration of H. pylori-specific antibodies in this system has been
lready at the levels of clinical analysis, and the sensitivity has
eached to the levels to meet the determination of H. pylori-specific
ntibodies in serum even in light infected degree serum.

. Conclusions

In this work, a immuno-column coupled with flow injection
ystem for rapid sensitive and selective quantification of specific
ntibodies against H. pylori in human serum sample was developed.

The overall assay time (25 min) was shorter than the time
eported for ELISA commercially test kits (160 min), this may be
ossible without reduce the selectivity. Also minimizes the waste of
xpensive antigens and other reagents; shows physical and chem-
cal stability, and accuracy.

In conclusion, we took advantage of the simplicity of the ELISA
ystem to develop a immuno-column that was capable of measur-
ng the same levels of specific antibodies against H. pylori in human
erum sample as detected by the conventional methods while hav-
ng the advantages of speed and simplicity. Analytical results of
linical samples show the developed immunoassay has a promis-
ng alternative approach for detecting specific antibodies against H.
ylori in human serum sample in the clinical diagnosis.
cknowledgements
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a b s t r a c t

Dimethylsulfoxide (DMSO) is a widely used solvent for the extraction of chlorophylls (Chls) from leaves
of higher plants. The method is preferred because the time-consuming steps of grinding and centrifuging
are not required and the extracts are stable for a long time period. However, the extraction efficiency of
this solvent is not comparable among plant species, whereas the particular leaf anatomical characteris-
tics responsible for this unevenness remain unknown. In order to examine the influence of leaf anatomy
on the extraction efficiency of DMSO (i.e. the concentration of Chls extracted with DMSO as % of the
concentration of Chls extracted with 80% acetone), leaves of 19 plant species with different anatomical
characteristics were incubated for 40 min in DMSO at 65 ◦C. Under these conditions, heterobaric leaves,
which are characterized by the occurrence of bundle sheath extensions in the mesophyll, showed lower
extraction efficiency of DMSO compared to homobaric leaves and conifer needles. Microscopical observa-
tions of DMSO incubated leaf tissues showed that bundle sheath extensions behave as anatomical barriers
Sclerophylls which prevent the diffusion of DMSO within heterobaric leaves, even after prolonged incubation with the
solvent. The effect was stronger in heterobaric leaves possessing thick bundle sheath extensions. The
extraction efficiency of DMSO in these leaves was improved by vacuum infiltration of the samples in the
presence of warm (65 ◦C) solvent.
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. Introduction

Dimethylsulfoxide (DMSO), an aprotic solvent with amphiphilic
roperties [1] has been successfully used for the extraction of
hlorophylls from algae [2,3], lichens [4,5], sediments [6] and leaves
f higher plants [5,7–9]. The use of DMSO instead of other sol-
ents (methanol, ethanol, and acetone) has two advantages: (A)
xtraction is easy and fast because grinding and centrifuging is not
equired. Thus this method is suitable under field conditions [9] and
llows the preparation and analysis of a large number of samples
n a relatively short time periods. (B) The stability of Chl extracts
n DMSO is better than that of acetonic extracts [7,5]. However
he DMSO method appears to have an inherent disadvantage. The

xtraction of Chls is based on the diffusivity of DMSO within the par-
icular tissue, because mechanical disruption of the cells does not
ake place. Thus the incubation time is not constant and it depends
n ‘the degree of cutinization and thickness of the leaf’ [7,5]. This

Abbreviations: BSE, bundle sheath extension; Chl, chlorophyll; DMSO, dimethyl-
ulfoxide; SLA, specific leaf area; TLA, transparent leaf area.
∗ Corresponding author. Fax: +30 2105294286.

E-mail address: karab@aua.gr (G. Karabourniotis).
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ractically means that the samples are incubated in DMSO until all
hl is visibly removed from plant tissues. In some cases, exhaustive
hls extraction with DMSO requires several hours of incubation and
ay also require mechanical disruption of the cells [10].
In order to investigate the above-mentioned methodological

roblems, leaf samples of different plant species were extracted
y DMSO under constant extraction conditions. The extraction effi-
iency was investigated versus specific anatomical parameters in
rder to identify which character is responsible for the low solvent
fficiency observed in some plant species. Some modifications of
he existing protocol are proposed in order to increase the efficiency
f the DMSO extraction.

. Materials and methods

Mature leaves were collected from plant species grown under
eld conditions at the experimental plantation of the Agricultural
niversity of Athens (Ligustrum japonicum, Eruca sativa, Amaran-
hus sp., Morus alba, Malva sylvestris, Arundo plinii, Avena sativa,
ercis siliquastrum, Sinarundinaria murialea and Magnolia grandi-
orum; 37◦58′N, 23◦42′E, 37 m a.s.l.), the mount Parnis (Juniperus
xycedrus, Abies cefallonica, Pinus halepensis, Quercus coccifera and
erium oleander; 38◦08′N, 23◦43′E, 500–800 m a.s.l.), or a local
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Fig. 1. Portion of a Quercus coccifera leaf cutting after incubation with DMSO at
65 ◦C for 40 min without vacuum infiltration. The leaf piece was photographed under
low magnification using transmitted light. The extraction of Chls from the areoles
neighbouring the cut edge of the lamina appears complete, but areoles possessing
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esized that vacuum infiltration of the leaf tissues in the presence of
DMSO would accelerate the entrance of the solvent and, therefore,
increase the extraction efficiency. Additionally, increased incuba-
tion temperatures would reduce the viscosity and correspondingly
ntact bundle sheath extensions preserve the green colour. The areole at the centre
f the picture shows a light-green colour, that indicates partial extraction of the
igments. Scale bar 100 �m. (For interpretation of the references to color in this
gure legend, the reader is referred to the web version of the article.)

arket (Lactuca sativa, Spinacia olearacea and Beta vulgaris) during
ummer.

For extraction of chlorophylls, the original method of Hiscox and
sraelstam [7] was used. Leaf samples of each species were cut into
mall (1–4 mm2) pieces and placed in vials containing DMSO. Sam-
les were incubated in a water-bath at 65 ◦C for 40 min. In parallel,
similar series of samples were vacuum pre-treated at −1000 mbar

or 10 min and afterwards were incubated as above. To compare the
xtracting efficiency of DMSO, leaf samples from all plant species
ere also extracted with a mortar and pestle using fine sand and
0% acetone at 4 ◦C according to Arnon’s method [11]. After cen-
rifugation the extracts were adjusted to a final volume, transferred
o a cuvette and the absorbances were recorded using a UV 160A
pectrophotometer (Shimadzu Co., Tokyo, Japan). Concentrations of
hlorophylls were calculated according to Lichtenthaler and Well-
urn [12] for acetone extracts and according to Wellburn [13] for
MSO extracts.

In heterobaric leaves a significant portion of the leaf surface
oes not correspond to photosynthetic tissue, but to transparent
egions of the bundle sheath extensions (see Fig. 1). The percent-
ge of transparent leaf area (% TLA) was calculated by the method
escribed in Nikolopoulos et al. [14]. Briefly, fresh leaf disks were
xed between two microscopic slides and viewed using transmit-
ed light under the microscope. Digital images were recorded using
he above equipment and saved as 8-bit gray-scale files. Digital
mages were processed using a custom program developed under

atlab (version 6.0.0.88, Mathworks Inc., Natick, MA, USA). The
rocessing consisted of the following steps: (a) a filter was applied
o correct non-uniform illumination of the microscopic image; (b)
threshold level was chosen by the program using an appropriate
lgorithm; (c) using the threshold value, the images were converted
o binary mode (the white areas corresponded to the BSEs while the
lack pixels corresponded to the mesophyll); (d) the area occupied
y the white pixels (TLA %) was calculated and expressed as percent

%) of the image area.

Comparison of means was performed using Microsoft Excel
003 (Microsoft Corporation, Redmond, CA, USA). Regression
tatistics were performed using MedCalc v. 9.5.2.0 (MedCalc Soft-
are, Mariakerke, Belgium).
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. Results

In order to examine the influence of leaf anatomy on the extrac-
ion efficiency of DMSO (i.e. the concentration of Chls extracted
ith DMSO as % of the concentration of Chls extracted with

0% acetone), leaves of 19 plant species with different anatom-
cal characteristics (sclerophylous or malacophylous, homobaric
r heterobaric leaves and conifer needles) were incubated with
MSO under the same conditions (40 min at 65 ◦C). We tested if

pecific anatomical parameters, i.e. specific leaf mass (SLA), leaf
ensity (LD) and leaf thickness (LT), affect the extraction effi-
iency of DMSO. In all cases, the linear correlation between each
arameter and the extraction efficiency of the solvent was poor
r2 = 0.35 for SLA, r2 = 0.44 for LD and r2 = 0.28 for LT, data not
hown). We observed, however, that species bearing homobaric
eaves or conifer needles exhibited high extraction efficiencies of
MSO extraction (>78%, mean yield 99%, Table 1). The majority
f plant species of this group showed DMSO extraction efficien-
ies comparable to those obtained using the customary method
f acetone extraction (Table 1). On the other hand, species bear-
ng heterobaric leaves showed significantly lower concentration of
hls when extracted with DMSO compared to 80% acetone (except

or leaves of S. murialea and M. grandiflorum which showed lower
ut non-significant differences compared to the Chls concentration
f acetone extracts, Table 1). For heterobaric leaves, DMSO extrac-
ion efficiency was <72% (mean DMSO yield 61%). Microscopical
bservations of DMSO incubated leaf tissues showed that bundle
heath extensions of the heterobaric leaves behave as anatomical
arriers which prevent the entrance of the solvent within photo-
ynthetic tissues, even after prolonged incubation times (Fig. 1).
oreover, it was found that the extraction efficiency of DMSO was

egatively correlated with the transparent leaf area (TLA) of the
eterobaric leaves (Fig. 2). TLA is a parameter representing the

eaf area occupied by bundle sheath extensions and is therefore
ndicative of the thickness and density of these structures [14].
ue to the occurrence of these anatomical barriers, it was hypoth-
ig. 2. Linear regression between TLA and DMSO yield. Each point represents
ifferent plant species possessing heterobaric leaves (numbers in data points
orrespond to plant species shown in Table 1). Data are means of five observa-
ions ± standard error of the mean. Solid line shows linear regression (r2 = 0.70;
= 0.001; [DMSOYield] = 104.3–1.62 TLA). Dashed line shows Deming regression

r = −0.84; [DMSOYield] = 147.8–3.21 TLA).
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Table 1
Concentration of chlorophylls in 80% acetonic leaf extracts and efficiency of DMSO extraction (as % yield of the corresponding acetonic extracts) with or without vacuum
incubation pre-treatment

Plant species (# in Fig. 2) Acetone 80% Chl conc. (�g cm−2) DMSO yield (%) (0 mbar) DMSO yield (%) (−1000 mbar)

Homobaric leaves
Ligustrum japonicum 4.56 ± 0.08 79 ± 1**
Lactuca sativa 2.41 ± 0.09 106 ± 4
Spinacia oleracea 3.63 ± 0.12 108 ± 2
Beta vulgaris 3.42 ± 0.08 92 ± 1*
Ilex aqualiforium 5.44 ± 0.26 95 ± 3
Eruca sativa 1.86 ± 0.08 131 ± 7
Amaranthus sp. 3.39 ± 0.51 96 ± 10
Juniperus oxycedrusa 0.80 ± 0.05 108 ± 3
Abies cefallonicaa 0.47 ± 0.01 79 ± 13
Pinus halepensisa 0.88 ± 0.05 97 ± 2

Mean yield 99

Heterobaric leaves
Morus alba (1) 3.68 ± 0.05 66 ± 4** 82 ± 8
Arundo plinii (2) 7.07 ± 0.08 45 ± 3** 64 ± 5**
Avena sativa (3) 4.06 ± 0.18 63 ± 5** 90 ± 2
Quercus coccifera (4) 5.97 ± 0.24 39 ± 4** 82 ± 3*
Nerium oleander (5) 5.28 ± 0.18 70 ± 3** 76 ± 7**
Cercis siliquastrum (6) 4.17 ± 0.26 44 ± 8** 106 ± 17
Sinarundinaria murialea (7) 2.07 ± 0.27 86 ± 6 113 ± 3
Magnolia grandiflorum (8) 4.44 ± 0.81 71 ± 12 79 ± 3

Mean yield 61 87
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alues are means of three to five observations ± standard error of the mean. Significan
f the acetonic and the corresponding values of chlorophylls concentrations of the D
a In conifers (J. oxycedrus, A. cefallonica and P. halepensis) Chls concentration value

ncrease the diffusivity of DMSO, also contributing to the increase
f the extraction efficiency. Indeed, the extraction efficiency of
MSO increased considerably by applying vacuum infiltration of

eaf tissues in the presence of warm (65 ◦C) DMSO during incuba-
ion (Table 1). Under the above conditions, all samples exhibited
MSO extraction efficiencies higher than 75% (mean DMSO yield
7%, Table 1).

. Discussion

Hiscox and Israelstam [7] and Barnes et al. [5] pointed out that
he extraction of Chls from leaf tissues with DMSO requires incuba-
ion ‘for various times, depending on the degree of cutinization and
hickness of the leaf’. No attempt, however, was made to determine
he influence of the particular anatomical factors on the extract-
ng efficiency of the solvent. We observed that specific anatomical
arameters such as SLA, LD and LT did not strongly affect the
xtraction efficiency of DMSO. It was found however that accord-
ng to the extracting efficiency of the solvent, plant species could
e divided in two major groups. The first group (exhibiting high
MSO efficiencies) was populated by species possessing homo-
aric leaves or needles, whereas the second one (exhibiting low
MSO efficiencies) was populated by species possessing hetero-
aric leaves (Table 1). Heterobaric leaves, contrary to homobaric

eaves and needles, are characterized by the occurrence of BSEs
ormed by parenchyma or sclerenchyma cells which project as ribs
n both surfaces of the lamina [15,16]. BSEs are reported to play
mportant water conducting, light transferring, mechanical and
rotecting roles [14,17–21]. BSEs, which are relatively free of inter-
ellular spaces and pigments, create an anatomical barrier which
eparates the photosynthetic cells in a series of compartments,

alled “aeroles” or “BSE compartments”. This anatomical barrier
robably prevents the entrance of DMSO within aeroles located

n the interior of the leaf cuttings (Fig. 1). Moreover, the extrac-
ion efficiency of DMSO in heterobaric leaves was dependant on
he thickness of the anatomical barrier, as it is described by the TLA
rences denoted in the table are always between values of chlorophylls concentration
extracts (data not shown), according to the Student’s t-test.
expressed as �g g−1 fresh mass.

arameter (Fig. 2). In homobaric leaves and conifer needles, lacking
hese structures, unhampered diffusion of the solvent was evident
udging from the high DMSO extracting efficiency. High extraction
fficiency of DMSO in conifer needles has also been reported by
arnes et al. [5]. In the present study, the extraction efficiency of
MSO in the heterobaric leaves was improved by vacuum infiltra-

ion which enhanced the entrance of the solvent within all aeroles
f the leaf cuttings indicating that BSEs indeed behave as barriers
gainst the diffusion of DMSO. Under field conditions, where labo-
atory means are limited, the DMSO method of Chls extraction is a
impler alternative to the acetone method [9]. The application of the
MSO method under such conditions could be enhanced by apply-

ng of vacuum with the help of a common syringe before storing
he leaf disks into the DMSO. This simple treatment will facilitate
olvent infiltration and avoid pigment degradation. Furthermore,
ncubation of samples at 65 ◦C can follow under laboratory condi-
ions.

In conclusion, we recommend the following protocol for the
xtraction of photosynthetic pigments by DMSO from leaves of
igher plants. Upon collection, leaf samples should be observed
nder a low magnification microscope under transmitted light or
ith the help of a magnifying glass against a light source so as

o distinguish the homobaric leaves from the heterobaric ones. In
he case of heterobaric leaves, vacuum infiltration prior incubation
ith DMSO is recommended to improve the extraction efficiency.

n all cases, an examination of the leaf cutting is needed to ensure
atisfactory pigment extraction at the end of the incubation period.
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Molecularly imprinted polymers using serotonin as the template molecule was prepared for selective
recognition from platelet rich plasma by non-covalent imprinting approach. Four different monomers
(methacrylic acid, acrylamide, 4-vinylpyridine and 2-acrylamido-2-methylpropane sulfonic acid) and ace-
tonitrile and DMSO as porogen were investigated for the first time by bulk polymerization. The molecularly
imprinted polymer which was prepared by acrylamide/methacrylic acid had the largest imprinting factor
for serotonin. The affinity and specificity of these polymers were evaluated by equilibrium binding exper-
iments. The effect of polarity of the solvents was examined by polymers binding capacity and imprinting
Molecular imprinting
Serotonin
Rebinding characteristics
M

factor. According to the Scatchard analysis the Kd and Qmax values were calculated as 1.95 �mol l−1 and
19.129 �mol g−1, respectively. The polymer was tested to evaluate serotonin from platelet rich plasma and

as fou

1

fi
o
w
r
i
p
a
n
c
m
m
w
t
a
m
l
s
d
m
w
t

c
[

t
g
r
s
d
s
b
a
d
d
s
b
b
b
p
t
w

0
d

olecular recognition 70% serotonin recovery w

. Introduction

The topic about biomimic recognition has been an active
eld for biochemistry and bioorganic research. The development
f synthetic receptors capable of encapsulating target analytes
ith high affinity is therefore in demand, especially if natu-

al receptors are not available, or laborious and expensive to
solate. Development and application of molecularly imprinted
olymers (MIPs) has matured over the past couple of decades,
nd is nowadays considered a straightforward and versatile tech-
ique for the generation of synthetic receptors for small organic
onstituents, and is increasingly adopted for large biological macro-
olecules. The principle of the molecular imprinting is: a target
olecule (template) and functional monomers are polymerized
ith a cross-linking reagent. After removal of the template,

he functional groups in the resulting binding sites should be
rranged in positions suitable for interaction with the template
olecule [1]. MIPs have been employed in a wide area, such as

iquid chromatography, solid-phase extraction, membranes, sen-
ors, artificial antibodies, catalysis, biotransformation process and

iagnostic tools for drug assays [2–8]. Two main approaches to
olecular imprinting have emerged to date, however, with a
ide variety of modifications and combinations published: (i)

he covalent approach pioneered by Wulff [9], and the non-

∗ Corresponding author. Tel.: +90 232 3438624; fax: +90 232 3438624.
E-mail address: burcu.okutucu@ege.edu.tr (B. Okutucu).
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ovalent approach initially developed by Arshady and Mosbach
10].

Serotonin (5-hydroxytryptamine, 5-HT) is a heterocyclic amine
hat was found in enterochromaffin cells originating from the
astric and mucosa. It was found in gastric and serotonergic neu-
ones of the brain, pineal gland and platelets. Abnormalities of
erotonin-related processes give rise to various pathological con-
itions. Aberrations involved in anorexia, anxiety, depression and
chizophrenia, whereas degeneration of serotonergic neurones has
een noted in Alzheimer’s and Parkinson’s diseases. Peripheral
berrations in serotonin-related processes have been implicated in
rug-induced emesis, hypertension, and migraine, genesis of car-
iac arrhythmias, Raynaud’s disease, fibrotic syndromes and some
ymptoms of the carcinoid syndrome. Plasma free 5-HT can also
e taken up by circulating platelets and nearly all 5-HT in the
lood (>99%) is found stored within the platelet, with the typical
lood concentration being approximately 150 ng/ml (∼600 ng/109
latelets, ∼3.5 nmol/109 platelets). Levels of free plasma 5-HT in
he general circulation appear to be quite low (<300 pg/ml). A
ide variety of analytical methods has been used for the quali-

ative and quantitative determination of serotonin in blood such
s fluorimetric methods [11–13], HPLC EC detection [14–17] and
uorimetric detection [18–21], GC-MS [22,23], thin layer chro-

atography [24,25] and enzyme immunoassay [26,27]. All these

echniques are time-consuming and expensive.
Comparing to other methods, analysis of serotonin from

lood takes short time by serotonin-imprinted polymer. The aim
f preparing serotonin-imprinted polymer was to distinguish
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erotonin from similar compounds that was present in platelet.
y using this polymer many extraction steps would be eliminated
nd removing these interferences any HPLC conditions could be
sed without using any expensive and specific chemicals. In this
aper, we have prepared a series of MIPs by bulk polymerization
sing serotonin as template. In order to find out the suitable func-
ional monomer and to get a MIP which has specific affinity for
he serotonin, polymers were prepared using different monomers
nd porogens. We examined binding characteristics under varying
olymerization conditions such as different functional monomers,
orogens, and different rebinding conditions. So we are be able to
valuate these parameters which were important in determining
he ability of MIPs to recognize serotonin. The quantity of binding
ites of the MIP was examined by using Scatchard analysis. Also
olecularly imprinted polymer was tested to recognize serotonin

n platelet rich plasma (PRP). For this aim the molecularly imprinted
olymer was used as a solid phase extraction sorbent to distin-
uish serotonin from its similar compounds in platelets. The results
f molecularly imprinted polymer solid phase extraction (MISPE)
ere showed that it can be an alternative sorbent for evaluating

erotonin from PRP.

. Experimental

.1. Materials

Serotonin (Ser), acrylamide (AA), methacrylic acid (MAA),
-vinylpyridine (4-VPy), 2-acrylamido-2-methylpropane sulfonic
cid (AMPSA), dimethylsulfoxide (DMSO), acetonitrile (ACN),
ethanol (MeOH), chloroform (CHL), tetrahydrofuran (THF), ace-

one (ACE), acetic acid (AcA) and ethylene glycol dimethacrylate
EGDMA) were obtained from Sigma (St. Louis, MO, USA). 2,2′-
zobisisobutyronitrile (AIBN) was purchased from the Wako Pure
hemical Ind. (Osaka, Japan). Other chemicals were analytical
rade.

.2. Preparation of the serotonin-imprinted polymer

The synthetic procedure for the preparation of the standard
olymer as follows: 1 mmol serotonin and 4 mmol functional
onomer(s) (molar ratio of functional monomers, 2:2) were dis-

olved in the porogen (5 ml) in 25 ml glass vial. Into the mixture,
he cross linker EGDMA (20 mmol) and initiator AIBN (20 mg) were
dded. The solution was degassed in a sonicating bath and deoxy-

enated with a stream of nitrogen for 10 min. The polymerization
as allowed to carry out in a constant water bath at 50 ◦C for 20 h.

he chemical compositions of MIPs were given in Table 1. The molar
atio of cross linker, functional monomer(s) and the template was

able 1
olymer compositions

IP Functional monomer(s) Porogen

1 MAA/AA THF/ACNa

2 MAA/AA ACE/ACNa

3 MAA/AA CHL/ACNa

4 MAA/AA DMSO/ACNa

5 MAA/AA DMSOb

6 4-VPy/MAA DMSOb

7 4-VPy/AMPSA DMSOb

8 AA/4-VPy DMSOb

9 AA/AMPSA DMSOb

10 AA DMSOb

11 MAA DMSOb

a 500 �l (DMSO; THF; ACE; CHL)–4500 �l ACN as porogen.
b 5 ml DMSO as porogen.
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0:4:1. The resultant rigid polymers were ground to pass through a
5–42 �m sieve. The polymers were washed with three rounds of
ethanol/acetic acid (4:1, v/v) followed by two rounds of methanol

o remove residual acetic acid and dried to constant weight under
acuum at 50 ◦C (washing steps were continued till no serotonin
as found in supernatant). A reference non-imprinted polymers

NIPs) were prepared using the same recipe without addition of
he template and worked up by the same washing procedure.

.3. Instrumentation

Solid polymer was crushed and ground using MM200 ground
nd sieved with an AS200 control “g” siever Retsch GmbH Co. (Haan,
G, Germany). Stuart linear shaker water bath and Jasco V-530
as used as a spectrophotometer. The chromatographic evaluations
ere performed by Agilent 1100 HPLC system. The analysis was per-

ormed on a column packed with Kromasil ODS (150 mm × 4.6 mm,
�m).

.4. Rebinding experiments

In order to investigate the binding property of the imprinted
olymer, rebinding experiments and Scatchard analysis were
mployed. The sized and washed MIP particles (10 mg) were sus-
ended in different solvents (methanol; methanol:acetic acid;
MSO; DMSO:acetic acid; methanol:water). From this stock

10 mg/ml), a series of suspensions ranging in concentration from
.1 to 4 mg ml−1 were prepared and serotonin (0.5 mmol ml−1) was
dded to each tube (final volume 1 ml). The tubes were shaken
h at room temperature and then centrifuged for 5 min, and the
oncentration of the unbinding substrate in the solutions was deter-
ined by using a spectrophotometry (absorbance was measured

t 320 nm) [28]. The amount of substrates bound to the polymer as
nown binding capacity (Q) was calculated according to the equa-
ion:

(�mol) = V(Ci − Cs)

here V, Ci and Cs represent the volume of the solution (ml), initial
olution concentration (�mol l−1) and the solution concentration
fter adsorption (�mol ml−1), respectively.

The maximum binding capacity and dissociation constant were
mployed to evaluate the binding properties of the MIP. The data
f static absorption experiments were processed with Scatchard
quation as was follows

Q

Cfree
= Qmax − Q

Kd
.

is the amount of serotonin bounded to MIP, Cfree the free ana-
yte concentration of serotonin at equilibrium (mmol l−1), Qmax the

aximum apparent binding capacity and Kd is the dissociation
onstant at binding site.

.5. Chromatographic conditions

Serotonin was isolated from PRP as follows: venous blood was
ollected into a blood tube containing EDTA and centrifuged at
oom temperature for 10 min at 200 × g. The resulting PRP was col-
ected (supernatant). For deprotenization before HPLC: 875 �l of
.4 M HClO4 (HClO4 was used denaturing the enzymes thus pre-

enting any further metabolism or auto oxidation of serotonin)
ere added to PRP solutions after vortexed the tubes, they were
aintained for 1 h at 4 ◦C, then centrifuged at 1000 × g for 2 min at
◦C [29]. Twenty microliter of each samples were applied to HPLC
gilent 1100 System. All analyses were performed by Kromasil ODS
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Fig. 1. Kd of serotonin on MIPs and NIPs prepared with different functional
monomers under equilibrium conditions—initial concentration of serotonin:
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olumn (150 mm × 4.6 mm, 5 �m, USA) at 37 ◦C. The mobile phase
onsisted of 25% acetonitrile and 5% MeOH in 0.1 M NaH2PO4 (pH
.8) using an isocratic elution at 7 min. The flow rate was 1 ml/min
nd detection wavelength set at 220 nm [30].

.6. Selectivity of serotonin from platelet rich plasma by
erotonin-imprinted polymer (MISPE)

Hundred milligram of MIP and NIP (MAA/AA-based) poly-
ers were conditioned with methanol (5 ml). After 1 h, 250 �l

latelet samples (spiked with 15 ng/ml pure serotonin) were dis-
olved in DMSO (1 ml) and loaded to serotonin imprinted and
on-imprinted polymer. Polymers were stirred on orbital shaker

or 4 h at 500 speed/min and then centrifuged at 10,000 rpm for
min. Polymers were washed with MeOH:AcA (4:1) to eliminate
on-specific interactions and for the elution of extracts they were
ashed with MeOH. All fractions (NIP and MIP applied) were col-

ected and analyzed by HPLC. The procedure was done triplicate.

. Results and discussion

.1. Influence of functional monomers on adsorption properties of
IP

The nature of the template and monomers and the polymeriza-
ion reaction itself determine the quality and performance of the
olymer product. Moreover, the quantity and quality of the molec-
larly imprinted polymer recognition sites is a direct function of
he mechanisms and extent the monomer–template interactions
resent in the pre-polymerization mixture [31]. To further testify
he influence of interaction strength between the template and
unctional monomers on imprinting effect, the MIPs using MAA,
A, AMPSA and 4-VPy as the functional monomers were synthe-
ized. All polymers (MIPs and NIPs) were analyzed for binding
emplate using equilibrium binding experiments. The binding data
f MIPs compared to the corresponding NIPs are given in Fig. 1. It
an be seen that among the MIPs prepared using the three differ-
nt types of functional monomers, only AA/MAA-based polymers
how higher binding affinity for the template. The MIPs prepared
ith MAA, AMPSA or 4-VPy as functional monomers exhibited

ow binding for the template due to the absence of significant
nteraction between these functional monomers and the template

olecules.
In general methacrylic acid was used for the preparation of

ynthetic imprinted polymers [32,33]. Nevertheless, excess of car-
oxylic groups often remain on the polymer the carboxyl group is
he most commonly used hydrogen-bonding functional group in

olecular imprinting. Although it can form strong ionic interac-
ions with basic functional groups, the hydrogen-bonding ability
f this functional group is not very strong in polar solvents. MIPs
ade in a polar solvent using carboxyl functional monomers and

rint molecules which could only form hydrogen bond interactions
ave often exhibited weak recognition so that MAA polymer has a

ow affinity for serotonin (polar molecule). For templates having
ydrogen bonding and OH-functional groups, the combination of
ethacrylic acid and a basic functional monomer vinylpyridine has

reviously been shown to give MIPs with improved good selectivity
34]. The problem of 4-VPy/MAA polymer was the ionic interac-
ion between these two functional monomers will compete with

heir interactions with serotonin and may decrease the imprinting
fficiency [35,36].

AMPSA has a strong ionizing sulfonic acid group so it can be a
ood monomer because of the hydrophobic moiety. However, the
olymer has been hydrolysed due to the presence of strong sul-

f
b
w
s
b

.5 mmol−1; volume: 1 ml; adsorption time: 4 h. (a) 1: MAA/AA(THF/ACN)-P1; 2:
AA/AA(ACE/ACN)-P2; 3: MAA/AA(CHL/ACN)-P3; 4: MAA/AA(DMSO/ACN)-P4. (b)

: AA/MAA(DMSO)-P5; 2: 4-VPy/MAA-P6; 3: 4-VPy/AMPSA-P7; 4: AA/4-VPy-P8; 5:
A/AMPSA-P9; 6: AA-P10; 7: MAA-P11.

onic acid. Also some coloration of the polymers was observed as
consequence of possible template oxidation [37,38]. Hence the
MPSA-based polymers did not show good affinity because of sero-

onin oxidation during polymerization because of AMPSA.
The hydrogen bonding functional monomer acrylamide, is bet-

er than both the acidic and the basic functional monomers. It also
hows that the recognition of the amide MIP is comparable with
he MIP made of methacrylic acid and vinylpyridine. When only
ydrogen-bonding interactions are used, amide MIPs prepared in
MSO generally have much better recognition properties than the
orresponding MIPs prepared using methacrylic acid [39]. It can be
oncluded that AA-based polymer has showed very low affinity to
he serotonin.

Methacrylic acid and acrylamide MIPs prepared by polymerizing
n a relatively nonpolar organic solvent exhibit better recognition
roperties than a polar organic solvent. Because of this reason,
he hydrogen bonding strength is very much modulated by the

edium, and the functional group of the monomer associates
ore weakly with the template molecules in a polar solvent [40].
hereas, the single interaction between MAA or AA was weak to
orm stable serotonin MAA or AA complex. Therefore, MAA/AA-
ased MIPs showed good recognition effect together. MAA/AA MIPs
hich has prepared in DMSO was the most selective polymer for

erotonin. AA can made hydrogen bond and MAA can made ionic
onds with serotonin. So that in our study ACM/MAA couple was
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Table 3
Binding amounts and imprinting factors of MAA/AA-based MIP toward serotonin in
different rebinding solvents

Solvent QMIP QNIP Imprinting factora

Methanol 85.7 35.6 2.40
Methanol:acetic acid (1%) 92.4 30.4 3.03
DMSO 80.5 48 1.68
DMSO:acetic acid (1%) 76.4 44.2 1.72
Methanol:water 42.8 26.8 1.59

a Imprinting factor: QMIP/QNIP; QNIP and QMIP are the amounts of serotonin at sat-
uration binding to MAA/AA (DMSO)-based serotonin imprinted and non-imprinted
p
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m
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w
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The polymers (MIP and NIP) which were prepared with MAA/AA
monomers were used for recognition of serotonin from platelets.
The DMSO utilized in the loading step in order to prevent the
dissolution problem of serotonin in other organic solvents. All
156 B. Okutucu, A. Telefoncu

elected as the most suitable monomers for serotonin imprinted
olymer.

.2. Influence of porogen on adsorption capacity of
A/MAA-based MIP

For non-covalent imprinting approach, the selectivity and affin-
ty of MIPs are closely related with the polarity of the porogens used
n polymerization and rebinding conditions. The affinity and selec-
ivity of MIP was usually influenced by solvent in two aspects. On
ne hand, the interaction between the template and the functional
onomer was influenced by porogens with different dielectric con-

tants and hydrogen bonding capacities, leading to the different
ffinities and selectivities of resultant MIPs [41,42]. To evaluate
he main interaction between serotonin and monomers (MAA/AA),
e prepared polymers with 500 �l portions of different solvents

ACE, CHL, THF, DMSO)(according to different dielectric constant
nd hydrogen bonding capacity) while preparing polymer in ACN
s porogen (4.5 ml) and tested the polymers binding capacity in
eOH:AcA (1%) according to imprinting factor (Table 2).
The imprinting factor was used as a measure of the strength of

nteraction between the template and its corresponding functional
onomer and was calculated according to the following equation:

mprinting factor (IF) = Binding capacity on MIP
Binding capacity on NIP

We discovered that the hydrogen-bonding capacity of the sol-
ent is the most important factor in MAA/AA-based serotonin MIP.
he interaction in DMSO probably induced the formation of selec-
ive binding sites. On the other hand, CHL, ACE and THF interacted
ith the amide and carboxyl groups by hydrogen bonding, and

nterfered with the interaction between the amide groups and the
arboxyl group. As a result, it also interfered with formation of the
inding sites. So that the polymers except DMSO/ACN exhibited
ery low affinity to serotonin.

.3. Rebinding experiments in different solvents

The polarity of solvent influences the binding properties of
olymer-based MAA/AA monomers (P5). A solvent with higher
olarity competes more efficiently with the sample molecules for
inding of the functional groups of the recognition sites and thus
eakens the specific interaction. To distinguish from the influence

f different solvents on specific and non-specific interaction dur-
ng rebinding, serotonin imprinted and non-imprinted polymers
ere dissolved in methanol; methanol:acetic acid (1%); DMSO;
MSO:acetic acid (1%); methanol:water (9:1). The imprinting fac-

or of MIP and NIP in different solvents was given at Table 3. As
nown, water has strong hydrogen binding ability and may inter-
ere with this bonding formation of serotonin and binding sites,

able 2
inding amounts and imprinting factors of MAA/AA-based MIP toward serotonin in
ifferent solvents

olvent QMIP QNIP Imprinting factora

cetone 74.5 43.2 1.72
holoroform 68.88 38.45 1.79
etrahydrofuran 40 24.0 1.66
imethylsulfoxide 88.94 48 1.85

a Imprinting factor: QMIP/QNIP; QNIP and QMIP are the amounts of serotonin at sat-
ration binding to imprinted and non-imprinted polymer (MAA/AA), respectively
monomers, serotonin, crosslinker and initiator were dissolved in 500 �l (DMSO;
HF; ACE; CHL)–4500 �l ACN was used as porogen and polymers were get by thermal
olymerization. Rebinding experiments were done in MeOH:AcA (1%)).

F
i

olymer, respectively. MAA/AA-based polymers (10 mg) were dissolved in different
olvents (1 ml) methanol; methanol:acetic acid (1%); DMSO; DMSO:acetic acid (1%);
ethanol:water and stirred 4 h (constant serotonin concentration). After centrifu-

ation supernatants were analyzed for finding the imprinting factor.

hich leads the binding amounts of polymer to decrease. So that
he lowest imprinting effect was found in methanol:water. It was
reviously reported that the best imprinting effect can be found

n the solvent which was the polymer was prepared. Neverthe-
ess, DMSO had a swelling effect on the polymer during rebinding
xperiment time may be DMSO could be deformed in pore struc-
ure so that rebinding capacity was lower than MeOH:AcA (1%) [43].
n methanol:acetic acid (1%) the best imprinting factor was taken
ecause acetic acid reduced non-specific bindings for NIP and MIP
nd methanol did not interfere rebinding process.

.4. Scatchard analysis of AA/MAA-based serotonin MIP

The binding parameters of MIPs are mainly estimated by
catchard analysis [44,45]. The Scatchard plot is the easiest way to
ee multiple classes of binding sites. The equilibrium binding exper-
ments were carried out by varying the concentration of serotonin
rom 0 to 2 mmol l−1 in methanol:acetic acid (1%) in the presence
f MAA/AA-based polymer. The obtained data were plotted accord-
ng to the Scatchard model. As shown in Fig. 2 linear relationship
as obtained between Q/C and Q. According to Scatchard equation

d and Qmax values are 1.95 �mol l−1 and 19.129 �mol g−1, respec-
ively (from the graph). As a result homogenous binding sites were
xisted for serotonin in polymer.

.5. Chromatographic analyses
ig. 2. Scatchard plot analysis of the binding of serotonin to imprinted polymer. Q
s the amount of serotonin bound to 10 mg of MAA/AA.
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ig. 3. Chromatograms of serotonin from the MIP and NIP: (a) direct platelet rich pl
luent of sample after serotonin imprinted polymer; (e) eluent after MeOH:AcA wa

erotonin samples were retained at serotonin imprinted poly-
er (MIP) when using DMSO. Fifteen percent of serotonin was

etained on the surface of NIP because of non-specific bindings
o that optimization of the washing procedure becomes critical
t that time. After testing some solutions with different polarity
eOH:AcA (4:1) was chosen (data not shown). In order to inves-

igate the potential of MIP for the selective entrapment of target
nalyte from human platelet rich plasma, samples were applied
o AA/MAA MIP under optimal MISPE conditions and extraction of
amples were performed by MeOH:AcA (4:1). The recovery of sero-

onin was 70% in eluting solutions according to chromatograms
Fig. 3). The calculated responses were in agreement with the
hree experimental mean values. NIP and MIP was tested five
imes for pure serotonin 20% leakage of recognition capacity was
bserved.

c
o
p
M
p

(b) serotonin added platelet rich plasma sample; (c) eluent of sample after NIP; (d)
of MIP.

. Conclusion

As our knowledge, it was the first time serotonin imprinted
olymer was prepared. Suedee et al. was prepared temperature
ensitive DOPA imprinted polymer and was used it also for recog-
ition of serotonin [46]. Hence this polymer’s selectivity depended
n temperature and pH. Our serotonin imprinted polymer can
ecognize serotonin without relatively to temperature or pH. By
xamining binding characteristics of serotonin MIPs prepared dif-
erent functional monomers, porogens and changing rebinding

onditions, we expected not only to understand their underlying
rigin of recognition properties, but also to be able to evaluate these
arameters which were important in determining the ability of
IPs to recognize serotonin can be concluded that to decide on the

roper polymer was important because it will be influential on non-
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ovalent interactions between serotonin and monomers. Another
mportant result was to find out rebinding conditions (MeOH:AcA
1%)). The homogenous binding sites were found in polymer accord-
ng to Scatchard model and the Kd and Qmax values are 1.95 �mol l−1

nd 19.129 �mol g−1, respectively. This study may be of instruc-
ive significance and provide a comprehensive conception for the
reparation of high selective MIP for serotonin. The synthesized
AA/AA-based MIP will hopefully further make a potential use for

nalytical purposes, such as preparative affinity separation, solid-
hase extraction. The results of platelet rich plasma applications
as showed that serotonin imprinted polymer can be used as a sor-
ent because it can be used several times and no need any special
torage conditions.
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a b s t r a c t

Ion mobility spectrometry (IMS) is an instrumental technique used successfully for the detection of
wide range of organic compounds in the gas phase. In this paper, advances in using special substances
called dopants for gases flowing through IMS detectors are reviewed. These substances influence the
ion–molecule chemistry in sample ionisation region as well as change conditions for the drift of ions.
Improved selectivity and sensitivity of detection can be obtained by the use of dopants. In some cases,
especially when measurements are conducted in the presence of different substances disturbing detection,
the use of dopants is indispensable.

The theory of the function of dopants is based on the knowledge of ion–molecule reactions. Fundamental
information about these reactions is presented here. Mechanisms of changing the composition of ions
produced in reactant section of IMS detector are explained on this basis.

The most commonly used dopants are acetone and ammonia for positive mode and chloride for negative

mode IMS. Other substances, such as higher ketones, organophosphorous compounds or methyl salicylate
are used for special purposes and are selected for given analytical problem. Particular examples for the

application of these substances are described.

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

Ion mobility spectrometry (IMS) is an instrumental technique
or chemical analysis, an object of many research works for almost
0 years and a method that has been systematically used in practice
or 20 years. With regard to the physical phenomena taking place
n IMS instruments, these devices can be classified to the group
f ionisation detectors working under ambient pressure. As dis-
inct from other instruments in this group, IMS detectors make the
dentification of the analyte possible. Different substances in IMS
re distinguished on the basis of differences in the velocity of ions,
hich are created by different compounds and are moving in elec-

ric field in the gas [1]. This velocity is proportional to the mobility
oefficient which depends on the mass, shape and dimensions of
ons.

The principle of operation of IMS detector is similar to that of
ime of flight mass spectrometer. The main difference between
hese measurement techniques is that in mass spectrometry ions
re moving in the vacuum and in IMS in the gas. In the classic IMS
etector (Fig. 1) one can see two parts, which fulfil different func-
ions. The first part is the reactant section in which, as a result of
omplicated and diverse processes, ions are produced. Small por-
ions of ions are periodically introduced to the drift section, which
onstitutes the second part of the detector. In the drift section,
he separation of ionic products occurs. Ions with greater mobil-
ty reach the collector electrode earlier than heavier ions having
ower mobility. The current induced in the ion collector is an out-
ut signal from IMS detector. Its time dependence is called drift
ime spectrum. With regard to electric field direction it is possible
o measure spectra of positive or negative ions. In this connec-
ion, positive and negative modes of IMS detector operation are
istinguished. Numerous different constructions of IMS detectors
re known. In Fig. 1, IMS detector with bidirectional gas flow is
hown, but in many detectors gas flow is unidirectional, i.e., ions
re moving in opposite direction to gas flow in reactant and drift
ections. Detailed description of the principle of operation and the
nalysis of phenomena occurring in detectors can be found in new
1] and older [2] monographs on IMS as well as in review articles
3,4]. The practical applications of IMS are inseparably connected
ith the detection of hazardous materials and chapters about IMS

an be also found in books devoted to related analytical techniques
5,6].

The quality of information obtained from drift time spectrum
epends on constructional features of the detector and on work-

ng parameters like temperature, gas flows, values of potentials
nd electric fields [7,8]. All these parameters can be optimised
or obtaining high sensitivity and good selectivity of the mea-
urements. However, effective detection depends always on ion
roduction processes, i.e., ion–molecule reactions taking place in
he reactant section of IMS detector. These processes can be con-
rolled in some degree by selecting the suitable temperature, but

uch greater possibilities to influence the reaction course is to
ntentionally select reaction components by introducing suitable
ubstances to streams of gas flowing through the detector. These
ubstances are commonly named dopants and can be added to the
arrier gas only or also to the drift gas.

If no sample is introduced to the reactant section of spectrome-
er, the so-called reactant ions are produced as a result of primary
onisation and some ion–molecule reactions. They are characteris-
ic for given carrier gas. The reactant ions constitute the “reservoir”

f electric charge, which can be transferred for ionisation of analyte
olecules. When carrier gas contains the dopant, the reactant ions

re built from dopant molecules or their fragments. They are dif-
erent from ions existing in clean carrier gas. Such ions are named
lternative reactant ions or have the names of specific ion products,

w

A

s
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or example acetone or chlorine reactant ions. The importance of
sing the alternative reactant ions lies in the fact that they inter-
ct with analyte and interfering substances different from “normal”
eactant ions. Three important reasons for using dopants are:

It is possible that alternative reactant ions can interact with
analyte but not with interfering substances. As a result of such
situation, molecules of interfering substance do not create ions
and their peaks do not appear in drift time spectrum.
Drift times for ions observed in gas in the presence of dopant are
different in comparison with drift times for clean carrier gas. This
effect can be used for peak shifting and for avoiding the overlap
of peaks.
Ion products created with alternative ions can be more stable.
The drift time spectra are more readable and contain more ana-
lytically useful information.

. Sample ionisation in IMS detectors

The processes of creation of sample ions in the reaction sec-
ion of IMS detectors consist of complex and diverse cycles of
on–molecule reactions. Very frequently, exact course of these reac-
ions is unknown. In particular, there are no precise data concerning
inetics and thermodynamics of ion creation processes. The course
f ionisation processes can also depend on the kind of ionisation
ethod used in IMS detector. Compositions of ions produced in

eactant section are different for radioionisation, photoionisation
nd corona discharge sources.

In this chapter, only the most important theoretical and exper-
mental results will be presented, which allow the understanding
f basic qualitative and quantitative aspects of using dopants. The
roduction of positive and negative sample ions takes place in dif-

erent processes and for this reason, phenomena occurring during
reation of ions of both polarities will be discussed separately.

.1. Ionisation of chemical compounds in positive mode

In the air or nitrogen containing small admixture of water
apour, hydronium ions H+(H2O)n, named also hydrated protons
r protonated water, are dominant reactant ions [1]. The processes
f formation of these ions are very fast. Therefore the most probable
ay to ionise the analyte or other molecules is through interactions
ith such reactant ions. If compound A, which molecules have abil-

ty for attachment of proton, is introduced to the gas containing
uch ions, the following ion–molecule reaction is possible:

H+(H2O)n + A ↔ AH+(H2O)∗
n

AH+(H2O)∗
n + Z ↔ AH+(H2O)n−1 + H2O + Z

(1)

Reaction described by Eq. (1) is classified as proton transfer reac-
ion though, as one can see from this notation, hydrated proton or
igand is transferred. As a result of reaction, more than one water

olecule can be detached from ion. Substance A in Eq. (1) can be an
nalyte which is to be detected, intentionally introduced admixture
r interfering compound which may make the detection process
ifficult. Directly after the attachment of molecule A, ionic product

n excited state is created. Excitation energy is transferred to the
hird body Z, which most often is a neutral molecule of the gas.

The characteristic feature of the ion–molecule reactions leading
o the production of positive ions is that the final product of reac-
ion, here protonated molecule A, can participate in next reaction

ith neutral molecule of the same or another substance:

H+(H2O)n + B ↔ ABH+(H2O)n−1 + H2O (2)

If in the above equation A = B, the reaction taking place is dimeri-
ation, and its final product is symmetrical dimer A2H+(H2O)m.
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2.2. Production of the negative ions

Ionisation processes of chemical substances in negative mode
are far less systematically investigated than in positive mode IMS
although there are various classes of chemicals that favour forma-
Fig. 1. Schematic of the IMS detector. (a) Pri

therwise final product is specified as proton bound cluster. Very
omprehensible description of kinetics and thermodynamics of
roton transfer reactions is presented in the work by Stone [9], and
nalysis of processes connected with creation and disintegration of
omplexes with proton binding is described in the article by Ewing
t al. [10].

Reaction (1) determines transformation efficiency of molecules
f a given compound into ionic products. The parameter, which
efines the probability of reaction, is proton affinity (PA). This
arameter is related to energetic effect of proton transfer reaction.
he experiments carried out in order to study chemical ionisation
nder atmospheric pressure (APCI) [11–13] indicated that two basic
roups of compounds participating in reaction (1) exist. The first
ne consists of compounds with higher PA. Typical members of first
roup are ammonia, amines and organophosphorous compounds
OPCs). For these substances reaction (1) takes place practically
nly in forward direction. The yield of reaction is described by so-
alled collision rate constant. Its value is in the order of 10−9 cm3/s,
nd the produced ions are relatively stable. The concentration of
eaction product depends on kinetics of the process. It means that
ll analyte molecules, which have possibility for effective interac-
ion with reactant ions, will be transformed into ionic form. A good
escription for this case is the statement that quantity of product

s “kinetically controlled” [12]. The second group of substances are
ompounds with lower PA. The compounds, which belong to second
roup, are ketones, alcohols and many other organic compounds.
or these compounds, the reversal of the reaction of proton attach-
ent is significant. The reaction equilibrium constant defines the

oncentration of ionic reaction products and processes of ion pro-
uction are “thermodynamically controlled”. The dependence of
fficiency of chemical ionisation on PA is schematically presented
n Fig. 2.

Despite the fact that above description is very simplified, it can
e stated that in IMS reactions are conducted by kinetic and ther-
odynamic mechanisms. The main factor, which complicates the

ourse of reactions, is the hydration of ions. This phenomenon
as two characteristics. The first one is the dependence between

quilibrium number of water molecules in ionic cluster and PA of
rotonated molecule. As a rule, the number of water molecules is

ower for a molecule of higher PA [9]. The second feature of hydra-
ion is that ions having greater degree of hydration participate in
roton transfer reactions not as readily as ions surrounded by small

F
(

of operation. (b) Gas flows in the detector.

umber of water molecules. Number of water molecules partici-
ating in creation of clusters depends on humidity of the gas and
herefore sensitivity of detection is often lower for wet gases.

The presence of two substances (A and B) with different PA val-
es in the carrier gas does not mean that only ions of substance
ith higher PA give contribution for drift time spectrum. If PA dif-

erences are not very significant, the proton transfer reactions can
ake place in accordance with the following equation:

H+ + B ↔ BH+ + A (3)

The concentrations of ion products AH+ and BH+ can be deter-
ined in this case on the basis of equilibrium constant [14].
Besides proton transfer reactions the complexation plays great

ole in positive ion formation. This creation mechanism of ions is
articularly important when differences in PA between reaction
artners are not too high. Other important processes observed in
ositive mode of IMS are charge transfer or fragmentation of ionic
roducts.
ig. 2. Schematic relationship between proton affinity and efficiency of ionisation
based on [11]).
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Table 1
Dopants used in IMS

Dopant (IMS mode) Mechanism of dopant’s interaction with sample Detected analytes References

Acetone (positive) Control of proton transfer Organophosphorous compounds (OPCs) [24–28]
Dimethyl sulfoxide (positive) Control of proton transfer OPCs [25,26]
Nonylamine (positive) Control of proton transfer Biogenic amines [29,30]
Nicotine amide (positive) Control of proton transfer Narcotics [31–33]
Ammonia (positive) Control of proton transfer, clusterisation OPCs, narcotics, pyridine, formaldehyde, dinitroalkanes [34–44]
OPCs (positive) Control of proton transfer, clusterisation Ammonia [46–49]
Higher ketones (positive) Clusterisation, control of proton transfer Hydrazines, ammonia, alkanoamines [34,51,52]
Halogens (negative) Production of stable adducts Explosives [53–60]
M
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ethyl salicylate (negative) Selective creation of clusters
aphthalene (positive) Charge exchange after selective photoionisation

S)-(+)-2-Butanol (positive) Changing of collision cross-section for ions moving

ion of negative ions and are therefore best to be detected on the
asis of drift time spectrum of negative ions. The creation of neg-
tive ions differs considerably from positive ions production. For
lean carrier gases, nitrogen or air, the dominant positive reac-
ant ions are, as it was mentioned above, hydrated protons. On the
ontrary in negative mode, the formation of reactant ions is much
ore complicated. If the carrier gas is pure nitrogen, the carriers of

egative charge are electrons. They can ionise different chemical
ompounds with appropriately high electron affinity. The prob-
bility of such reactions is usually highest for thermal electrons
nd depends on electron energy. In air, very diverse reactant ions
re produced. In the classic work by Spangler and Collins [15], the
eactant ions in air were identified mainly as O2

− and (H2O)O2
−.

n addition, an occurrence of Cl−, (H2O)OH− and NO2
− was stated.

ery detailed results of investigation of ion composition were pre-
ented by Hayhurst et al. [16] and Watts [17]. Also in these studies,
ydrated oxygen ions O2

− and O2
−·O2 were found to be the most

bundant ionic species. Moreover, significant quantities of CO3
−

nd O2
−·CO2 ions and trace amount of NO2

− were observed. These
atter ions have low reactivity because of high electron affinity of
itrous oxide. It causes serious problems especially when corona
ischarge is used as ionisation method since it produces nitrogen
xides [18].

When air is used as carrier gas, the ionisation of neutral
olecules takes place through reactions with the oxygen ions via

harge transfer (4), adduct formation (5), or proton abstraction (6)

2
−(H2O)n + A ↔ A− + nH2O + O2 (4)

2
−(H2O)n + A ↔ AO2

− + nH2O (5)

2
−(H2O)n + A ↔ (A − H)− + neutrals (6)

hat are often followed by the formation of hydrated product
ons by clusterisation with water molecules, resulting mainly
−(H2O)n and (A − 1)−(H2O)n [1,3]. In reactions with electrons in
ure nitrogen, the most common processes are dissociative (7) and
ssociative (8) attachments [2]:

− + A → (A1) + (A2)− (7)

− + A → A− (8)

Reaction product type depends not only on properties of ana-

yte molecule but also on the nature of negative charge carrier. A

ell-known example illustrating this phenomenon is ionisation of
rinitrotoluene (TNT). If free thermal electrons are the source of the
harge, the reaction follows Eq. (8) and reaction products are TNT−

ons [19]. By contrast the reaction between TNT molecules and oxy-
en ions creates the short living intermediate product (TNT·O2)−,
hich easily dissociates producing (TNT − H)− ions as in Eq. (6) [20].

i
c
i
r
c
f
n

Acid gases [63,64]
Narcotics [40]

ft section Stereoisomers [66]

. Applications of dopants

Chemical compounds added to the carrier and sometimes also
o the drift gas in IMS should be selected according to the polar-
ty of detected ions, specific properties of analyte molecules and
ther components of sample and, in some cases, method of gas
onisation. In positive mode, the most often used dopants are ace-
one and ammonia whereas for the detection in negative mode the

ost popular ones are halogens. Examples of using dopants are
resented in this chapter.

Dopants can be classified according to different criteria. From
heoretical point of view, the most important criterion is mecha-
ism of ion molecule reactions that take place when sample ions
re produced. There are two problems in classifying dopants in this
ay. The first one is that often two different phenomena deter-
ine the final composition of ions produced in doped gases. The

econd difficulty lies in lack of full data about mechanism of inter-
ctions between dopant, reactant ions and sample molecules. In
any cases we can only guess how ionisation processes are pro-

eeding. Distinguishing of dopants according to their effect is often
lso ambiguous. Properly chosen dopant can, for example, cut off
ompetition from potential interfering substances and simultane-
usly shift analyte peak to the position where it does not overlap
ith reactant ion or another peak, which is normally present in the

pectrum. For these reasons, description of the use of dopant was
ivided here only to three subchapters, i.e., to problems of doping

n positive and negative mode as well as to specific applications.
hortened information about all discussed dopants is included in
able 1.

.1. Dopants for positive mode of IMS operation

The most common phenomenon utilized in detection with
opants in positive IMS mode is dependence between PA and
robability of sample ionisation. The explanation of mechanism
f selectivity improvement with dopant requires examination of
on–molecule reactions in which analyte, dopant and at least one
nterfering substance participate. All these components can take
art in the simple proton transfer reaction (1) as well as in reaction
2), where creation of dimers and asymmetric complexes is possi-
le. Because of the complexity of reactions in the gas phase in IMS
etector, their modelling and theoretical estimation of detection
ensitivity is very difficult. The most common way to explain the
mportance of using dopants is that ionisation of a given chemical
ompound is possible in practice only when PA of this compound

s greater than PA of the molecule creating reactant ion. Thus if
eactant ion is formed from molecule with relatively high PA, only
ompounds with greater PA will be ionised by it via proton trans-
er reactions. Potential interfering substances with lower PA would
ot participate in the creation of drift time spectrum. The mecha-
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dependence of peak amplitude on dopant concentration is rather
ig. 3. Processes of charge transfer during ionisation in positive mode without (a)
nd with (b) dopant.

ism of ionisation in the gas containing an analyte and interfering
ubstance hampering detection is shown in Fig. 3. Typical history
f electric charge is presented here from the moment of primary
onisation to the end of “ions’ life” in reactant section of IMS detec-
or. In the case when dopant is not present in the carrier gas, the
harge is distributed between analyte and interfering substance
ons (Fig. 3a). Typically for practical application the interferent has
A lower than analyte. It can mean that the concentration of inter-
erent ions is determined by thermodynamics of the reaction and
he concentration of analyte ions by kinetics of the reaction. Due to
he difference in proton affinities, proton transfer reactions from
nterferent ions to analyte can also take place. The presence of
dmixture of dopant in the carrier gas effects in creation of dopant
ons. If concentration of dopant is relatively high and its PA is greater
han that of interferent but smaller than that of analyte, ionisation
an take place according to Fig. 3b. If the concentration of dopant
s much higher than the concentration of water, ionisation mech-
nisms of dopant without participation of hydronium may also be
ossible. The ionised dopant molecule cannot ionise the interfer-
nt but is capable to ionise the analyte. For this reason we usually
bserve ions of both analyte and dopant in the drift time spectrum.
he dopant ions could be considered as new reagent ions. Since the
ons of interfering substance do not participate in the creation of
rift time spectrum, an improvement of the selectivity of detection
an be achieved.

PA of compounds participating in ionisation processes in posi-
ive mode is always very important parameter but in many cases
tructure of sample ions are defined by complexation. This way of
onisation is quite popular and also useful in practice.

.1.1. Acetone
Using acetone as a dopant for gases in IMS detectors is con-

ected with applying these instruments for detection of OPCs with
igh PA. Acetone belongs to the group of compounds with medium
A (194 kcal/mol [21]) and therefore it can be used for the elimina-
ion of interferences from such organic substances as hydrocarbons,

lcohols, esters and other which can often be found in atmosphere.
s a result of reactions of acetone with hydronium ions at medium

emperatures, monomer and dimer acetone ions are formed. The
haracteristic feature of these ionic species is that monomer ions
re hydrated and, in practice, dimers are devoid of water molecules

s
t
g
[
c

(2008) 978–987

22]. Nitrogen molecules can also be present in acetone ionic clus-
ers. In ppm range of acetone concentration, only symmetric dimer
ons (CH3COCH3)2H+ can be found. Further increase of acetone con-
entration effects on production of ionic clusters having greater
asses and dimensions [23].
When acetone dimer collides with analyte molecule A having

igh PA, exchange of one acetone molecule in dimer by an analyte
olecule occurs and an asymmetric complex is created [24]:

CH3COCH3)2H+ + A → (CH3COCH3)AH+ + CH3COCH3 (9)

This reaction can be followed by collision of complex ion with
nalyte molecule leading to the production of dimer A2H+. The
roduct of reaction (9) as well as dimer A2H+ can be further
ydrated. The following course of ionisation results in drift time
pectrum where one can observe acetone dimer (CH3COCH3)2H+,
hich can be treated as reactant ion, asymmetric complex

CH3COCH3)AH+ and analyte dimer A2H+. In the spectra obtained
ith acetone reactant ions the first two peaks are shifted to greater
rift times when compared to the spectra measured with air or
itrogen reactant gas. The drift time of the analyte dimer does not
hange.

Full evaluation of doping efficiency is possible when one or
ore substances interfering detection are present in the sample,
hich is introduced into the spectrometer. Acetone was used in

uch experiments and its effectiveness was compared with that
f other compounds applied as dopants. Results of comparative
easurements were presented in the work by Eiceman et al., who

nvestigated the influence of dopants on the detection of mixture
ontaining 19 different OPCs [25]. A large number of substances
45 compounds) belonging to the group of volatile organic com-
ounds (VOCs) was chosen as the set of interfering agents. Dopants
sed in the measurements were acetone and dimethyl sulfoxide
DMSO). It was clearly shown that the use of alternative reactant
ons significantly improves selectivity of detection. Also an example
f quantitative results was presented. Calibration dependences, i.e.,
elations between mass of sample and spectrometer’s signal, were
early the same for hydronium reactant ions and DMSO dopant.

Very interesting comparative investigations were carried out for
set of three ion mobility spectrometers working with different

eagent gases [26]. In the first spectrometer clean air was used as
arrier and drift gas, in the second acetone was the dopant and
n the third alternative reactant ions were created on the basis of
MSO. The tests were performed in the laboratory where students
ere working with organic compounds. The results of tests were

ery convincing. Applying the dopant with suitable PA made it pos-
ible to reduce intensity of the signal originating from compounds
ith low affinity nearly to zero.

Investigations of a wide group of dopants, including also ace-
one, were performed in order to optimise conditions for the
etection of organophosphorus pesticide (dimethioate) in the pres-
nce of interfering ethane and three aromatic hydrocarbons [27,28].
eside acetone the compounds used for creating reactant ions were
mmonia, ethanol, methanol and ether. It was found that good
etection results can be achieved when two dopants, for exam-
le ammonia and acetone, are used simultaneously. Quantitative
spects of detection carried out with doped gases were also subjects
f investigation. It was shown that optimal level of dopant concen-
ration exists for which the analyte peak is the most intense. The
trong. From the presented data one can see that the peak ampli-
ude obtained with optimal concentration is several times (5–10)
reater than that with commonly used excessive amount of dopant
27]. This concentration dependence was explained to result from
omplicated sample ionisation processes.
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.1.2. Nonylamine and nicotinamide
High PA of amines makes it possible to apply IMS detectors for

nvestigation of some biological samples. Amines, which are prod-
cts of microbiological or enzymatic processes, can be indicators
f freshness of food and also human diseases. The composition of
iological material is complex and therefore dopants are very use-
ul in detection of specific gaseous substances emitted by samples.
-Nonylamine was found as an effective compound for creating
eagent ions for biogenic amines detection. This dopant was added
o carrier gas with concentration in the ppm range in the method
roposed by Karpas et al. for the diagnosis of vaginal infections
n the basis of biogenic amines detection [29]. n-Nonylamine is
haracterised by very high PA (219 kcal/mol) and therefore only
trong bases (like other amines) can form ions when this dopant
s present in the carrier gas. Mobility of reactant ions produced
y n-nonylamine is considerably lower than the mobility of bio-
enic amines and problems of peak overlapping can be eliminated.
he method, which is dedicated here for medical purposes, can be
pplied also in the determination of meat freshness [30].

An effective dopant used for the detection of narcotics is nicoti-
amide [31]. A research carried out for the set of narcotics have
hown that for hydronium reactant ions drift time spectra con-
ain many peaks originating from the fragmentation of analyte

olecules. Introduction of nicotinamide to carrier gas reduces the
umber of peaks and only ions produced by large drug molecules
re observed [32]. Nicotinamide dopant is used in commercial
nstruments designated not only for drug analysis but also for the
etection of chemical warfare agents and toxic industrial chemicals
33].

.1.3. Ammonia
Ammonia is very often used dopant in IMS studies. Its PA

204 kcal/mol) is greater than that of acetone and therefore it can be
sed for blocking the ionisation of most organic compounds. The
eak of positive ammonia ions is normally observed in the drift
ime spectra in “clean” air or nitrogen. The mobility of these ions at
00 ◦C is about 20% greater than the mobility of hydronium. Ammo-
ia ions, named often ammonium, are created in the process of
roton transfer from hydronium to ammonia molecule [34]:

H2O)nH+ + NH3 → (H2O)n−xNH4
+ + xH2O (10)

Small concentration of ammonia existing naturally in the air
r nitrogen is sufficient for producing ammonium ions whose
eak in drift time spectrum is few times smaller than the main
eak of hydronium ions. In increased concentrations of ammo-
ia, the amplitude of ammonium peak will increase at the cost of
ydronium peak. When concentration of ammonia is high enough,
imerisation process occurs:

H2O)nNH4
+ + NH3 → (H2O)n−y(NH4

+)2 + yH2O (11)

In measurements carried out with simple ion mobility spec-
rometers one peak created by ammonium monomer as well as
imer ions is observed. If resolving power of the spectrometer is
ppropriately high (in order of 50 or higher), two separate peaks
xist in the drift time spectrum [35]. The unique feature of such
pectrum is that dimer ions are “faster” than monomer because
onomer creates clusters with higher number of water molecules

han dimer.
Ammonia dimers were confirmed by IMS coupled with MS in the
tudy of ions that were produced in ammonia-doped air [36]. It was
lso shown that for some compounds ion clusters with structure
A2NH4]+are created. These complex ions are named ammonium
ound dimers [37]. Creation of [A2NH4]+ ions does not occur by
roton transfer reaction but as a result of cluster formation.

o
T
i
s
r

(2008) 978–987 983

The effectiveness of doping with ammonia was shown for the
rst time in the work by Kim et al. [38]. They investigated the possi-
ility of detection of pyridine in the presence of different solvents.
t was evidenced that the used IMS system was insensitive to ben-
ene, hexane, cyclohexane and pentane when ammonia was added
o carrier gas. The presence of these solvents did not disturb the
rocess of pyridine detection. This work is most probably the old-
st published article concerning the intentional doping of gases in
MS.

An important group of compounds, which can be detected with
MS with gases doped by ammonia, are narcotics. The studies on

orphine and noscapine showed that their detection limits can be
chieved at the level of 0.1 ng [39]. The method was demonstrated
o be applicable also for the simultaneous quantitative analysis of

orphine and noscapine. Ions A+ and [A − (H2O)]+ were suggested
o be the product ions of morphine. However, these suppositions
ere not confirmed by IMS–MS experiments. Very high efficiency

f ammonia as dopant in the detection of cocaine has also been
hown [40]. The measurements were conducted in the presence of
ew interfering substances. Though the concentrations of interfer-
nces were up to thousand times greater than the concentration of
nalyte, it was possible to observe the characteristic cocaine peak
n the drift time spectra.

Ammonia is successfully used as a dopant in commercial instru-
ents for detection of chemical warfare agents [41]. Besides their

igh sensitivity, an important precondition for such instruments
s possibility to eliminate the risk of false alarms, which can be
riggered by different chemicals present in air. Most important
otential interferents are solvents, components of fuels or products
f burning. The use of ammonia as dopant prevents in significant
egree a signal generation by compounds of lower PA than an ana-

yte.
In addition to using ammonia as dopant for elimination of the

eaks created by compounds with lower PA, it is also possible to
se it for shifting the analyte and reactant ion peaks in drift time
pectrum. Such procedure was applied to optimise conditions for
he detection of formaldehyde [42]. When clean air was used as car-
ier gas, peaks corresponding to formaldehyde overlapped those of
eactant ions in IMS spectra. For ammonia-doped carrier gas, reac-
ant ions peak was placed for shorter drift time. Simultaneously in
he presence of dopant, the ion complexes created by ammonia and
ormaldehyde had greater drift times than protonated formalde-
yde observed in air.

The use of ammonia as dopant can lead to simplification of drift
ime spectrum through elimination of particular ions in the gas
hase. Such phenomenon was observed during investigations of
he detection of dinitroalkanes [43,44]. When the ionisation was
ased on water reactant ion chemistry, the ionisation products were
nstable and dissociated after ionisation. In the spectra obtained for
mmonium reagent ions, dissociation products were not observed.

.1.4. Organophosphorous dopants for ammonia detection
High PA of ammonia makes it possible to detect and quanti-

atively analyse traces of ammonia in air with high sensitivity by
MS technology. Estimation of ammonia concentration can be per-
ormed by measuring the amplitude or determining the area of
eaks corresponding to ammonia which are fastest positive ions
hen nitrogen or air is used as carrier gas [35,45]. This method is,
owever, connected with the risk of disturbances caused by some
hemical compounds present in the air. For example, the presence

f hydrocarbons can influence the intensity of ammonium peaks.
his kind of interferences can be eliminated by using suitable dop-
ng, for example with OPCs that have high PA values [46]. One can
ay that in comparison with applications described previously, the
oles of analyte and dopant were exchanged here. In the proposed
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alkanoamine products increased in the following order:
ig. 4. Schematic of drift time spectra. (a) Detection of organophosphorous com-
ound without dopant and in the presence of acetone and ammonia dopants. (b)
etection of ammonia in spectrometer with carrier gas doped by OPC.

ethod dopant has greater PA than analyte. It should be noted that
n the detection of OPC ammonia concentration should be high.
n the contrary, in the detection of ammonia the concentration of
rganophosphorous dopant should be sufficiently high and stable.
or such conditions hydronium reactant ions H+(H2O)k as well as
onomer (OPC)H+(H2O)m and dimer (OPC)2H+(H2O)n dopant ions

re observed in the drift time spectrum. Introduction of ammonia
esults usually in three additional peaks. The first one is the “fast”
eak of NH3(H2O)n ions and two next peaks correspond to complex

ons with drift times greater than monomer and dimer of dopant
47]. The quantitative measurements are based on the analysis of
omplex ions peaks.

Typical configurations of the peaks in drift time spectra in the
chematic form are shown in Fig. 4. These spectra illustrate three
ifferent cases. In Fig. 4a, the detection of OPC is presented in the
bsence and presence of two most important dopants, i.e., acetone
nd ammonia. Second graph (Fig. 4b) illustrates detection of ammo-
ia when OPC is used as dopant. Graphs were prepared on the basis
f our own measurement results and other data [35,46,47].

Ion mobility spectrometer with dimethyl methanphosphonate
opant was used for environmental measurements of ammonia
oncentration in air in Florida [48]. The instrument had measure-
ent range from 0 to 100 ppb and detection limit equal to 0.1 ppb.
alues of measured ammonia concentration were in the range of

ew ppb. It is possible also to measure the concentration of ammo-
ia in water. In the method, which was used in practice [49], an
nalyte was introduced to reactant section of IMS through silicone
embrane. External side of this membrane was in contact with the

tream of water containing ammonia. The analyte passing through
he membrane by diffusion was brought into reactant section by
arrier gas. The detection limit for this method was determined to
e 1.2 mg/l. The dopant used in this work was not specified but was
efined to belong to organophosphonates [49]. The trial of using

etones as dopants for the detection of ammonia in the presence of
ropylene was also carried out [50]. This procedure appeared inef-

ective because of low sensitivity. Obtained detection limit was only
n the order of 1 ppm and the measurements were finally conducted

(

u

(2008) 978–987

y using traditional method based on the intensity determination
f the main peak of ammonia ions in the air.

.1.5. Higher ketons
Hydrazine and its derivatives are substances with high PA

nd therefore they can successfully be detected with IMS. These
ompounds are used as main components of rocket fuel. Simul-
aneously, they are strong oxidants and constitute serious threat
or human health. In the beginning of 1990s, studies were carried
ut in order to find a method for the monitoring of hydrazine con-
entration levels on the board of space shuttle. The use of IMS
ith air as carrier and drift gas was impossible because of too
igh risk of disturbances in the presence of VOCs in atmosphere

nside the shuttle. Extensive investigations for selecting dopant for
his analytical problem were conducted [51]. It turned out that
cetone is unsuitable dopant because ion complexes created with
ydrazine and also ions produced by many potential interfering
ubstances have mobilities very close to acetone dimer. Finally, 5-
onanone was selected as optimal dopant which, at appropriate
oncentration, creates proton bound dimers (5-non)2H+. As a result
f interaction of such ions with analyte, complex ions (5-non)AH+

nd (5-non)2AH+ where A is the molecule of ammonia, hydrazine
r monomethylhydrazine, were created.

The detection of hydrazine and its derivatives was carried out in
easurement conditions where both carrier and drift gases were

oped. It was found that drift times for particular ions strongly
epend on the concentration of dopant. This dependence was
xplained as the result of multiple changes of the number of ketone
olecules attached to nitrogen base during the movement of ions

long the drift section [51]. Very detailed investigations of the
ormation processes of complex ions in the mixtures containing
mmonia or hydrazines and ketons were recently described by Bol-
an et al. [34]. One of the most interesting results in this work is that

hen 5-nonanone is used as dopant, the drift times of ammonia,
ydrazine, monomethylhydrazine and unsymmetrical dimethylhy-
razine increase with decreasing mass of molecule that had created
he core of the ion. Bollan et al. have shown that this relation-
hip results from the number of ketone molecules, which can be
ttached to the protonated nitrogen in the core of the complex ion.
his number is equal to the number of hydrogen atoms bound to
rotonated nitrogen. In the case of ammonia, the number of bound
etones is highest (equal to 4) whereas in the case of unsymmetri-
al dimethylhydrazine only 1 ketone was observed to be bound in
he complex. Therefore complexes built on the basis of smaller core
ons have greater dimensions and masses than those consisting of
arger core ions.

Another group of compounds which can be detected by IMS
ith doped gases are alkanoamines. They are used as absorbers

or removing carbon dioxide from the air in closed rooms and are
haracterised by high reactivity and toxicity as hydrazines. The
etection of alkanoamines with ketone-doped gases by IMS has
een studied by Gan and Corino [52]. Clear separation of peaks
orresponding to analyte ions and interference substances was
ot achieved when acetone was used as dopant. In this analyti-
al problem, 4-heptanone was found to be an effective dopant for
mprovement of detection effectiveness. However, as in the case
f hydrazines, complex reaction products containing protonated
ases and ketones were unstable. The investigations of stability of

onic complexes were carried out with collision-induced dissocia-
ion (CID) method. It was shown that stabilities of particular ionic
4 − hept)2AH+ � (4 − hept)AH+ < A2H+ < AH+ (12)

It should be mentioned, however, that the content of given prod-
ct depends on the concentrations of analyte and dopant. When
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opant is added into carrier and drift gases, three most stable prod-
cts create the characteristic peak of analyte.

Generally, the structure of product ions is much more compli-
ated when doping with higher ketones is applied in comparison
ith the use of acetone reactant ions. Higher ketones have also

reater PA than acetone, which makes possible larger variety of
ifferent interactions between analyte and dopant. Particularly

avoured process is clusterisation. Products of such reactions are
ess stable than products generated when acetone dopant is used.

.2. Dopants for negative mode of IMS operation

.2.1. Halide reactant ions
The most often detected group of compounds with IMS instru-

ents in negative mode are explosives. The main problem in the
etection of different explosives is that they easily dissociate during
he ionisation process (see Eq. (7)). As result of this process, NO2

−

r NO3
− are typically created. They do not produce peaks specific

o given chemical compound in drift time spectrum, and their drift
imes are similar to normal reactant ions existing for negative mode
n air. The molecular ions of explosive material can be created as
dducts of explosive molecules and NO2

− or NO3
− ions. Produced

lusters are relatively instable and disintegrate during the drift of
ons. In many cases the stability can be improved by doping with
alogens, particularly with chloride [53,54].

Halide ions can be generated via dissociative electron capture
rom halogenated organic compounds [55]. Electron capture reac-
ion produces monoatomic halide ions, which can be hydrated.

hen carrier gas introduced to the reactant section of IMS detector
ontains admixture of molecular chloride, generation of molecular
ons Cl2− and also more complicated complexes is possible [56].

The detection of ethylene glycol dinitrate (EGDN), one of the
ain components of dynamite, using IMS and dichloromethane-

oped carrier gas was described in the often quoted article of
roctor and Todd [57]. Drift time spectra presented in this work
ade it evident that doping improves detection specificity. This

esults from the fact that the stability of (EDGN)Cl− ions is higher
han that of (EDGN)NO3

−. The detection of EDGN has been also
escribed as an example of situation where dopant increases sen-
itivity of detection [1]. There are two possible reasons, which can
ause the raise of signal generated by characteristic ions due to
opant introduction. The first one is connected with mechanism
f ionisation. When air is used as carrier gas, creation of charac-
eristic ions takes place in two-stage process. As it was mentioned
bove, firstly NO3

− ions are produced by means of charge trans-
er connected with dissociation. These ions play a role of reactant
ons in the formation of (EDGN)NO3

− adducts. The efficiency of
dduct production is determined by concentration of NO3

− ions.
f the analyte concentration is not very high the concentration of
O3

− ions is low, too. On the contrary, when air is doped with
hlorinated hydrocarbon, the concentration of reactant ions (Cl−) is
igh and the production of characteristic molecular ion, in this case
EDGN)Cl−, is more effective. The second reason for the increase in
he detection sensitivity is greater stability of product ions in the
resence of dopant. The consequence of this fact is greater quan-
ity of characteristic ions reaching the collector electrode of IMS
etector. This leads to an increase of the amplitude of characteristic
eak of molecular ion, i.e., rise of detection sensitivity. The course
f sample ionisation processes without and with chlorine dopant
s schematically illustrated in Fig. 5.
More detailed results of EGDN detection are described by
awrence and Neudorfl [58]. It was shown that the detection
f EGDN at a concentration level as low as 10 ppt is possible
hen chloride is used as dopant. Unfortunately, the measurements

annot be carried out at higher temperatures because of fast disin-

fl
o
n
m
g

ig. 5. Processes of explosive sample ionisation in negative mode without dopant
a) and using chlorine reagent gas (b).

egration of (EDGN)Cl− complexes above 100 ◦C. It is very similar
hen nitroglycerine (NG) is detected in the presence of chloride
opant. The (NG)NO2

− ions were shown to be the most abundant
roduct ions at low dopant concentrations whereas (NG)Cl− are the
ajor sample ions when quantity of dopant introduced to the sam-

le is high [58]. The stability of ion complexes consisting of chlorine
on and nitrocompound molecule was investigated for dinitroalka-
es [59]. It was stated, that the structure of nitrocompound plays
n important role in improving the stability of the complex. The
tability depends on C–NO2 dipoles alignment and the number of
ydrogen atoms connected to carbon atoms for which nitro groups
re bonded.

The ionisation of analyte with halogen reactant ions has also
nteresting quantitative aspects. If the carrier gas is nitrogen and
alogenated hydrocarbon is used as dopant, the creation of halo-
en ions occurs via dissociative electron capture. The rate of such
eaction is defined by electron attachment constant, which depends
n the type of chemical compound used as dopant and on the aver-
ge electron energy. In conditions existing in the reactant region
f IMS detector, electron attachment constants for different halo-
enated compounds differ as much as 8 orders of magnitude [60].
onsequently, it is necessary to use different amount of particular
alogenated compound for obtaining the same quantity of halogen
eactant ions. Efficiency of sample ionisation is proportional to this
uantity.

Chlorine ions are not the only possible alternative reactant ions
n the detection of explosives. It was shown [61] that it is possible
o carry out the detection of explosives using oxygen, chloride or
romide reactant ions. There is no universal dopant optimal for
ll analytical situations. This statement is in agreement with the
esults of Klassen et al. [62]. Besides halide reactant ions, they also
nvestigated the possibility of using admixtures of SO2 and NO2.
t was demonstrated that these substances are good dopants for
etection of TNT in wet air.

.2.2. Methyl salicylate
Another important group of compounds which can be analysed

n negative mode of IMS are acid and halogen gases, i.e., hydrogen

uoride, hydrogen chloride, chlorine, chlorine dioxide and some
ther. These compounds posses high electron affinity and create
egative ions but the mobilities of ions are very close to nor-
al negative reactant ions present in the air. The method of acid

ases measurement consists in the use of methyl salicylate (MS) as
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opant. Adducts (MS)O2
− have lower mobility than ions produced

y simple acid gases. Concentration of dopant is so high that in the
bsence of analytes only the peak originating from (MS)O2

− ions
eak can be observed in the drift time spectrum. Introduction of
cid gas to reactant region of IMS causes appearance of peak for
horter drift time [63,64].

.3. Special applications of dopants

Doping of gases in IMS detectors effects significantly on the
hape of drift time spectrum. The presence and position of par-
icular peaks in the spectrum depend on the type of dopant. The
uantity of analytically useful information can be increased by mea-
urements in the presence of dopant and with pure carrier gas.
aim and Hill demonstrated such approach with halogenated com-
ounds in negative mode [65]. The measurements were performed
sing pure nitrogen and nitrogen with small addition of oxygen
s carrier gas. In the presence of pure nitrogen, the ionisation took
lace through dissociative electron capture. By contrast in the pres-
nce of small concentration of oxygen the analyte was ionised by
issociative charge transfer. The efficiency of ionisation was shown
o depend on chemical properties of analyte and the method of ion-
sation and therefore it is possible to select optimal condition for
he detection of a given group of compounds. The idea of using two
ample ionisation methods was described by Kunz et al. [40]. They
roposed parallel detection using two different IMS instruments.
he first IMS system uses a typical radioactive isotope 63-Ni as
onisation source and carrier gas doped by ammonia. The second
etector works with multiphoton ionisation of reactant ions fol-

owed by charge exchange (MPI-CE). In this method, UV radiation
s used for the ionisation of chemical compounds, which are intro-
uced into carrier gas as dopants. Naphthalene is particularly useful
or this purpose because of its small ionisation potential (IP) as well
s low PA. Ionised naphthalene molecules are reactant ions, which
an interact with analyte molecules via charge exchange. Sample
onisation methods in both detectors are different. In the detec-
or doped with ammonia, the possibility of ionisation is defined
y PA whereas in the detector doped with naphthalene the critical
arameter is IP. There is no correlation between the PA and IP val-
es and therefore the data obtained from both detectors contained

ndependent information.
One of the most interesting examples of using admixtures to

ases in IMS is chiral ion separation [66]. This method makes it
ossible to distinguish enantiomers by means of chiral modifier

n the drift gas. Enantiomers (stereoisomers) are nonsuperimpos-
ble isomers, which are mirror images of each other. The drift of
nantiomeric ions of the same chemical compound occurs without
ny differences in “normal” drift gas. However, if a chiral dopant
s added to the drift gas, its interaction with isomers differs influ-
ncing on the product ion drift time. Investigations carried out for
0 pairs of enantiomers for drift gas doped with (S)-(+)-2-butanol
howed that in some cases separation of isomers is possible but
he obtained differences between reduced mobility coefficients for
oth enantiomers are very small.

. Conclusions

Analytical performances of ion mobility spectrometers are
etermined by the phenomena occurring in the receptor part of IMS
etector, i.e., in the reactant section. Both sensitivity and selectiv-
ty of measurements depend on the processes taking place mostly
n this space. Traditionally used carrier gases, nitrogen and air do
ot allow any significant effect on the course of sample ionisation.
ddition of suitable chemical compound into carrier gas enables
ptimisation of detection. Such method is particularly effective

[
[
[
[

[

(2008) 978–987

hen IMS instrument is used for environmental measurements
r monitoring technological processes where analyte is in the
omplex mixture of different compounds, i.e., potential interfer-
nces.

In detection performed in positive mode, the role of dopants
sually consists of fixing the reference level, which is equivalent to
he PA of chemical compounds creating alternative reactant ions.
he most common way to explain the sample ionisation mech-
nism is based on the assumption that proton transfer reaction
roceeds towards increasing PA of molecules, which are charge car-
iers in ionic form. Certainly, such mechanism is useful to effectively
revent ionisation of interferences. However, both in positive and
egative mode, the creation of clusters and adducts is quite often a
etermining step in ionisation in the presence of dopant. The stabil-

ty of such complexes, depending on the type of analyte and dopant,
s often not high. Therefore the quality of spectrum can be improved
y adding dopant admixture not only for carrier but also for drift
as.

The availability of information on doping for IMS is limited.
specially there is lack of data concerning quantitative aspects of
oping. With small exceptions, the experimental data in hitherto
ublished reports do not give answers to questions on the influ-
nce of dopant on detection sensitivity and optimal concentration
f dopant. There is also lack of works concerning mathemati-
al modelling of complicated sample ionisation processes and the
stimation of dependence between concentrations of sample com-
onents and signal. The subsequent studies will provide theoretical
nalysis of selected problems of dopant usage as well as experimen-
al material for verification of theoretical models.
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a b s t r a c t

Binding of fructose to the fructose imprinted polymer (MIP(Frc)) and pinacol imprinted polymer (control)
were studied both in batch and a flow through mode. The influence of the cross-linkers ethylene glycol
dimethacrylate (EDMA) and trimethylolpropane trimethacrylate (TRIM) on the binding characteristics was
analysed. TRIM cross-linked MIPs showed a lower (unspecific) binding for the control polymer (pinacol
imprinted) and higher binding of fructose as compared with the EDMA-MIPs. Furthermore interactions
of a TRIM cross-linked molecularly imprinted polymer against fructose and its corresponding template
were studied using a thermistor. Label-free detection of fructose was realised in the range of 0.5–10 mM.
The difference in enthalpy changes between specific binding of fructose to boronic acid moieties of the
MIP and non-specific binding to the matrix leads to an 18-fold higher apparent imprinting factor than
Fructose
Cross-reactivity
T

batch binding studies. Cross-reactivity studies using MIP sensor indicate that the interaction of fructose
to MIP generates higher signal than disaccharides. The studies described in this paper demonstrate the
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. Introduction

Molecular imprinting is a method for preparing polymers pos-
essing microcavities having a predetermined selectivity for an
nalyte of interest. Based on template–monomer interactions MIPs
ave been synthesised using covalent, non-covalent and semi-
ovalent approaches [1–5].

MIPs towards carbohydrates and their derivatives were synthe-
ised making use of hydrogen or covalent bonds between functional
onomers and templates. These MIPs were found to be suitable

or chromatography and sensing. Aromatic boronic acids have the
nique property of forming reversible complexes with cis-diols,
.g., in sugars. The resulting cyclic diesters can be prepared either
n organic solvents or in aqueous alkaline media. Apart from aryl
oronic acids, metal complexes and non-covalent interactions were
uccessfully used for preparing MIPs targeting carbohydrates and
heir derivatives [6,7].
In this paper the covalent approach was employed to prepare
MIP against fructose. Since typically 80–90% of the MIP matrix

onsists of cross-linker and the template–monomer content is
sually between 5 and 10% the cross-linking agent will have an
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ion of molecular binding events.
© 2008 Elsevier B.V. All rights reserved.

nfluence on the binding properties of the polymers [8–10]. For
his reason we compared MIPs prepared by using two different
ross-linkers.

As MIPs are robust and can be re-used, their application in sens-
ng is promising and they are used as recognition elements with
ransducers like Quartz crystal microbalance, field effect transis-
ors, surface plasmon resonance, and calorimeters [11–37]. MIP
ased fructose sensors use fluorescence or electrochemical meth-
ds for signal generation [38,39]. In this paper, we investigate
he MIP–analyte interactions by using a flow calorimeter whereby
abel-free detection of fructose is demonstrated. Further the cross-
eactivity was evaluated using the MIP thermistor.

. Experimental

.1. Chemicals and reagents

d-Fructose was purchased from Merck, Germany. d-Sucrose,
-maltose was obtained from Serva Feinbiochemica, Germany.
itrobenzene, trimethylolpropane trimethacrylate (TRIM) and 4-

inylphenyl boronic acid were purchased from Aldrich, Germany.
nthrone, 2,2′-azobisisobutyronitrile (AIBN), dioxane and ethy-

ene glycol dimethacrylate (EDMA) were obtained from Fluka,
PLC grade methanol (MeOH) was purchased from Carl Roth,
ermany.



1 lanta 76 (2008) 1119–1123

2

d
f
t
a
w
a
t
o
p
t
t
h
p
(
s
p
w
1

2

s
a
w
w
t
a
b
w
c
t
a
d

2

t
m
5
l
t
n
t
e
t
m
w
a
p
i

3

3

v
1
d

F
p
m
m

e
i

3

p

b
u
E
v
i

f
M
b
a
t
c
c
T
t

i
p
[
M
linker [9]. When divinylbenzene was used as a cross-linker the
stiffness and hyrdophobicities of the polymer increased severely
thereby reducing the accessibility of cavities as shown by smaller
percentage of templates that can be removed. However when using

Table 1
Influence of cross-linkers TRIM and EDMA on fructose binding to MIP and control
polymer
120 R. Rajkumar et al. / Ta

.2. MIP synthesis

MIPs were synthesised according to Wulff’s covalent approach
escribed earlier [40]. To prepare the MIP(Frc) 1 g of �-d-
ructopyranose 2,3;4,5-bis-O-((4-vinylphenyl)boronate), 1 ml of
oluene:acetonitrile (1:1), 26.5 mmol TRIM or 45.3 mmol of EDMA
nd 3.98 mmol of AIBN were added, mixed well and purged
ith nitrogen for 10 min. Free radical polymerisation was initi-

ted and carried out at 65 ◦C for 48 h. Temperature was increased
o 95 ◦C and kept constant for the next 24 h for the final curing
f polymer. In analogy the control polymer (pinacol as tem-
late) and the MIP(Fru-Val) were prepared by applying 1 g of
he respective 4-vinylphenyl boronate esters. Therefore the con-
rol polymer contains almost 70% more and the MIP(Fru-Val)
as 20% less binding sites as fructose imprinted polymer. The
olymer monoliths obtained were crushed, ground in a ball mill
Retsch type S 100, Germany) for 10 min at 400 rpm and wet
ieved (mesh 25 �m) using acetone to remove the fines. For tem-
late removal polymer particles were washed with 500 ml of
ater/methanol (1:1, v/v) and the final washing was done with

00 ml methanol.

.3. Batch experiments

To 10 mg of polymer 1 ml of fructose (0.1–5 mM) in 100 mM
odium carbonate buffer containing 10% MeOH (pH 11.4) was
dded and incubated at 26 ◦C. After 12 h the MIP suspension
as centrifuged at 13,000 rpm for 10 min and the supernatant
as used to determine the concentration of unbound fruc-

ose. Two hundred microliters of supernatant and 1800 �l of
nthrone tryptophan reagent was added, mixed well and incu-
ated for 1 h at 65 ◦C. The absorbance was measured at 540 nm
ith a Shimadzu 160-A UV–vis spectrophotometer. The fructose

oncentrations in the supernatants were calculated using a fruc-
ose calibration curve [41]. All measurements were performed
s triplicates and the error bars indicate the derived standard
eviation.

.4. Thermometric measurements

Thermometric measurements were carried out in an enzyme
hermistor developed by Mosbach and Danielsson [42]. Hundred

illigrams of the imprinted or control polymer was packed in a
00 �l plastic column. The MIP column was placed in an insu-

ated thermistor block. Analyte solution was pumped into the
hermistor block using a peristaltic pump for 10 min followed by
eat buffer (100 mM sodium carbonate pH 11.4, 10% MeOH) for
he next 10 min. A constant flow rate of 1 ml/min was used in all
xperiments. All measurements were performed as triplicates and
he error bars indicate the derived standard deviation. Thermo-

etric experiments with control polymer was done in the same
ay as described for imprinted polymer. All analytes (fructose

nd disaccharides) were dissolved in 100 mM carbonate buffer,
H 11.4, 10% MeOH before the start of the experiments and used

mmediately.

. Results and discussion

.1. Batch binding studies
Batch binding studies were carried out for different time inter-
als by incubating the MIP suspension with 0.1 mM fructose in
00 mM carbonate buffer/pH 11.4 containing 10% methanol to
etermine the time to reach the equilibrium. Fig. 1 shows that the

M
M
C

ig. 1. Time dependence for fructose binding to fructose imprinted (squares) and
inacol imprinted (circles) polymers. Ten milligrams of TRIM cross-linked poly-
er + 1 ml of 0.1 mM fructose in 100 mM sodium carbonate buffer containing 10%
ethanol, pH 11.4; 0–12 h; 26 ◦C.

quilibrium was reached after 2 h. For further binding studies an
ncubation period of 2 h was therefore considered as sufficient.

.2. Influence of cross-linker on molecular recognition

Polymers prepared in parallel with EDMA and TRIM were com-
ared to study the influence of the cross-linker.

Since the selectivity of MIPs might not only be determined
y the print molecule but also by the nature of the cross-linker
sed for polymerisation, binding of fructose to MIPs prepared by
DMA and TRIM, respectively, against fructose MIP(Frc), fructosyl
aline MIP(Fru-Val) and pinacol (control polymer) were compared
n batch studies (Table 1).

At equilibrium TRIM cross-linked MIP(Frc) binds 3.6-fold more
ructose than control polymer and 1.4-fold more fructose than

IP(Fru-Val). On the other hand, the EDMA cross-linked MIP(Frc)
inds only 2.5-fold more fructose than the control polymer, and
lmost the same amount is bound to the MIP(Fru-Val). In general
he TRIM cross-linked polymers showed lower unspecific binding
ompared with EDMA cross-linked polymers. These results indi-
ate that better complementarity to the template is obtained with
RIM cross-linked materials than using EDMA, making TRIM a bet-
er cross-linker for fructose imprinting.

TRIM is a trimethacryl ester and it has been shown to be an
deal cross-linker in comparison with DVB and EDMA for imprinting
enicillin [43], R-phenylbutyric acid [44] and protected dipeptides
8]. Wulff has shown that the enantiomeric selectivity of covalent

IPs is strongly dependent on the nature and amount of cross-
TRIM as cross-linker
(nmol fructose/mg)

EDMA as cross-linker
(nmol fructose/mg)

IP(Frc) 2.5 2.3
IP(Fru-Val) 1.7 2.2

ontrol 0.7 0.9
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Fig. 2. Concentration dependency for fructose binding to fructose imprinted (black
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3.4. MIP sensor for studying fructose interactions with imprinted
quares) and pinacol imprinted (red circles) polymers. Ten milligrams TRIM cross-
inked polymer + 1 ml of 0–5 mM fructose in 100 mM sodium carbonate buffer
ontaining 10% methanol, pH 11.4; 12 h; 26 ◦C. (For interpretation of the references
o colour in this figure legend, the reader is referred to the web version of the article.)

DMA as cross-linker an improved selectivity was obtained and the
olymers were found to have high thermal and mechanical stability.
he finding that the TRIM cross-linked MIPs exhibit better selec-
ivities than EDMA cross-linked polymers is in accordance to our
arlier report on fructosyl valine MIPs [45]. These results show that
he cross-linker is not merely an inert compound but plays a role
n promoting interactions with the template to afford molecular
ecognition.

.3. Concentration dependency

Fig. 2 shows the concentration dependence of fructose bind-
ng to the MIP(Frc) and the control polymer. At saturating fructose

oncentrations MIP(Frc) has a fructose binding capacity of about
0 nmol/mg MIP. The theoretical capacity of the polymer would
e 300 nmol/mg by taking into consideration that all the template
olecules during the polymerisation process would result in an

ig. 3. Thermogram representing the interaction of fructose with the MIP in a ther-
istor. Fructose flow at 0 min and start of washing at 10 min with 100 mM sodium

arbonate (pH 11.4)/10% methanol.

a

l

F
t
o
v

ig. 4. Thermogram representing the interaction of fructose with the control poly-
er in a thermistor. Fructose flow at 0 min and start of washing at 10 min with

00 mM sodium carbonate (pH 11.4)/10% methanol.

ffective binding pocket. The difference in the experimental and
heoretical capacities may be attributed to the fact that not all
emplate molecules resulted in the formation of accessible bind-
ng pockets. At 0.2 mM fructose the ratio of binding to the MIP(Frc)
nd to the control polymer, i.e. the “imprinting factor” (IF), was
3.8, whereas this ratio was reduced to ∼1.5 at saturation concen-

rations. Taking into consideration the higher number of potential
inding sites in the control polymer (Section 2.2) the difference

n the binding of fructose is even more pronounced. Evaluation of
atch binding studies reveals the half-saturation concentrations for
ructose at 0.5 mM for MIP(Frc) and 1 mM for the control polymer.
nd control polymers

Injection of fructose which leads to formation of reversible cova-
ent linkages with the boronic acids within the micro cavities of

ig. 5. Temperature changes at peak position (2.5 min) for different fructose concen-
ration for MIP (black squares) and control polymer (red circles). (For interpretation
f the references to colour in this figure legend, the reader is referred to the web
ersion of the article.)
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Table 2
Characterisation of MIP cross-reactivity expressed by the height of the adsorption
peak

Analyte MIP �T (mK)

5 mM Fructose 14.8
5 mM Sucrose 0.1
5
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he MIP(Frc) generates an exothermic peak signal and the signal
ecrease down to the baseline within 5 min (Fig. 3). Contrary to
he behaviour with fructosyl valine binding to the MIP(Fru-Val)
46] for fresh fructose no long-term exothermic steady state signal
s found. When the flow was changed from the analyte (fructose)
ontaining buffer to the neat buffer (after 10 min of analyte flow)
n endothermic peak was seen which indicated the desorption of
ound fructose from the boronic acids. On the other hand, the inter-
ction of fructose with the control polymer generated considerably
maller endothermic adsorption and exothermic desorption heat
ignals (Fig. 4).

.5. Concentration dependency in thermistor studies

The height (2.5 min) of adsorption peak plotted against the fruc-
ose concentration generates a binding curve for the interaction of
ructose to the MIP and control polymer, respectively (Fig. 5). For

he MIP the signal rises up to 5 mM fructose and half-saturation is
eached at 1.8 mM. Binding to the control polymer results in a con-
iderably smaller temperature increase. Thus a very clear difference
n binding behaviour between the polymers is seen.

Fig. 6. Structure of disaccharides used to evaluate MIP cross-reactivity.
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mM Maltose 2.8
mM Cellobiose 2.2
mM Lactose 1.4

A ratio of heat generation by MIP and the control polymer, i.e.
n “apparent imprinting factor” of 28 is found at saturation condi-
ions which exceeds the respective value of batch binding studies
y a factor of 18. The flow experiments mostly reflect high affin-
ty binding sites because the binding does not reach equilibrium

ithin 10 min. On the other hand, the batch measurements cover
ll binding sites since the equilibrium is established.

.6. Evaluation of disaccharide cross-reactivity using MIP sensor

MIPs generally show a remarkable cross-reactivity with the
olecules analogous to the imprinted template. To evaluate the

ross-reactivity, the interaction of MIP(Frc) with disaccharides were
ompared. The structures of the compounds used to evaluate the
ross-reactivity are given in Fig. 6.

Interaction of sucrose with MIP(Frc) caused a negligible heat
hange in the order of 0.1 mK. Maltose and cellobiose generate a
ve- and sixfold smaller signal in comparison with fructose. Table 2
hows the heat values obtained for the interaction of different sac-
harides with imprinted polymer.

The reason for the lower signal is due to the ‘shape selectivity’
f the MIP(Frc) and the decreased affinity of disaccharides to the
oronic acid residues. At pH 7.4 phenyl boronic acid in solution
as found to have lower association constants for disaccharides

maltose 2.5 M−1; lactose 1.6 M−1; sucrose 0.67 M−1) as compared
ith fructose (160 M−1) [47].

. Conclusions

Fructose imprinted polymer has been integrated in a thermis-
or for the label-free online detection of fructose in a range of
.5–10 mM. MIP/fructose interaction studies in a thermistor leads
o an apparent imprinting factor of 28 which exceeds the batch
inding studies by a factor of 18. The large difference between fruc-
ose binding to the MIP(Frc) and the control polymer is based on
he assumption of several factors:

complementarity of the binding pockets to fructose in the
MIP(Frc) in comparison to “mis-match” with the shape of “pinacol
pockets” in the control polymer;
formation of two boronic acid esters per fructose molecule as
compared with only one for the pinacol imprinted control poly-
mer;
predominance of heat generation by the esterification of vicinal
diols as compared with the non-specific adsorption to the bulk
polymer.
cknowledgements
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a b s t r a c t

The retention profile of uranium (VI) as uranyl ions (UO2
2+) from the aqueous media onto the solid sorbent

date pits has been investigated. The sorption of UO2
2+ ions onto the date pits was achieved quantita-

tively (98 ± 3.4%, n = 5) after 15 min of shaking at pH 6–7. The sorption of UO2
2+ onto the used sorbent

was found fast, followed by a first order rate equation with an overall rate constant, k of 4.8 ± 0.05 s−1.
The sorption data were explained in a manner consistent with a “solvent extraction” mechanism. The
sorption data were also subjected to Freundlich isotherm model over a wide range of equilibrium con-
centration (1–20 �g mL−1) of UO2

2+. The results revealed that, a “dual-mode” of sorption mechanism
involving absorption related to “solvent extraction” and an added component for “surface adsorption”
is most likely operated simultaneously for uranyl ions uptaking the solid sorbent. The thermodynamic
parameters (−�H, �S and �G) of the uranyl ions uptake onto the date pits indicated that, the process is
endothermic and proceeds spontaneously. The interference of some diverse ions on the sorption UO2

2+

from the aqueous media onto the date pits packed column was critically investigated and the data revealed
2+ −1 2+
quantitative collection of UO2 at 5 mL min flow rate. The retained UO2 was recovered quantitatively

with HCl (3.0 mol L−1) from the column at 5 mL min−1 flow rate. The mode of binding of the date pits with
UO2

2+ was determined from the IR spectral date bits before and after extraction of uranium (VI). The height
equivalent (HETP) and the number (N) of theoretical plates of the date pits packed column were deter-
mined from the chromatograms. Complete retention and recovery of UO2

2+ spiked to wastewater samples
by the date pits packed column was successfully achieved. The capacity of the used sorbent towards

from

e
h
m

p
i
r
a

retention of uranium (VI)

. Introduction

During the last decade, considerable effort has being directed
owards the development of low cost extractive chromatographic
esins applicable for the separation and pre-concentration of
ctinide ions and selected fission products from biodegradable,
nvironmental and nuclear waste samples for subsequent determi-
ation [1,2]. Pollution with radioactive elements has been a matter

f great concern for the last decades for human health and animals
3–7]. Uranium is one of the most radioactive elements affecting
he environment. Therefore, recent years have seen an upsurge of
nterest in controlling environmental pollution from radioactive
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aqueous solutions was much better than the most common sorbents.
Crown Copyright © 2008 Published by Elsevier B.V. All rights reserved.

lements [3,4]. Low cost and effective biological materials as algae
ave been also used for the removal of heavy metals in different
atrices [8–13].
Solid phase extraction (SPE) has been increasingly used for

re-concentration/separation of trace and ultra trace amounts of
norganic and organic species from complex matrices as seen from
ecent reviews [14–16]. Various researchers have highlighted the
dvantages of SPE over liquid–liquid extraction most, e.g. Amberli-
eXAD [14–17], silica [18], octadecyl silica membrane discs [19,20],
ctivated silica gel [21], controlled pore glass [22], polyurethane
oam [5–7,23] and cationic or anionic exchange resins [24–31] have
een used in batch and flow modes of SPE for the enrichment
f UO2

2+ from wastewaters and dilute solutions prior determina-

ion.

A potential usefulness of date pits as an inexpensive solid sor-
ent for a number of metal ions has been demonstrated earlier
32]. The uranyl (II) ions are able to form stable complexes with
mino acids, hydroxyl and carboxyl groups available in the date

hts reserved.
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its [31–38]. Therefore, the present paper reports the salient fea-
ures of our findings regarding the available function groups, e.g.
mino, hydroxyl and carboxyl groups on the date pits and the
etention profile of UO2

2+ onto this solid sorbent as an effective
nd low cost solid extractor for the removal and/or minimization
f uranyl (II) species from aqueous and wastewater samples. The
inetics, isotherm and thermodynamic characteristics of uranyl
ons sorption from the aqueous media onto the date pits will
e discussed. Moreover, the most probable retention mechanism
f UO2

2+ retention onto the used date pits will also be dis-
ussed.

. Experimental

.1. Apparatus

The electronic spectra and the absorbance measurements of the
ranyl ions with arsenazo III [39] were recorded using computer-
ontrolled double beam UV–vis spectrophotometer UV-2401 PC
Shimadzu, Japan) with quartz cell (10 mm). The IR spectra were
ecorded using Mattson (model 5000, MA, USA) FTIR infrared spec-
rophotometer. The pH values were measured using a pH-meter
Hanna-Instruments 8519, Italy) calibrated against standard buffer
olutions (pH 4.0 and 9.2) with absolute accuracy limits at the
H measurements being defined by NIST buffers. Glass columns
18 cm × 15 mm i.d.) and a variable mechanical Shaker (Corpora-
ion Precision Scientific, Chicago, USA) with a shaking rate in the
ange of 10–250 rpm were used for the retention experiments of
ranium (VI) species at different pH.

.2. Reagents and materials

The date palm cultivars grown in El-Qassim region, Saudi Arabia,
ere collected and washed with distilled water to be completely

ree from dirt and inherent pulp, dried in at 150 ◦C for 3 h and finally
rushed to give a dark brown powder (mesh, 5 mm). The chemical
nalyses of the date palm cultivars used in this investigation are
ummarized in Table 1.

Analytical reagent grade chemicals of metal ions as chlorides
nd/or nitrates and solvents (BDH, USA) were used. A stock solu-
ion of UO2

2+ (1000 �g mL−1) was prepared by dissolving an
ppropriate amount of uranyl acetate dehydrate (Fluka Chemie
G, Buchs, Switzerland) in double-distilled water. Stock solutions
1000 �g mL−1) of the metal ions (as chloride or nitrate salts) were
repared in double-distilled water. Arsenazo III (0.1%, w/v) (Fluka
hemie AG) was prepared in ethanol and completed with water.
series of Britton–Robinson buffer solutions of pH 1.8–12.2 were

repared by mixing equimolar concentrations (0.4 mol L−1) of the

cid mixture: boric, acetic and phosphoric acids in double-distilled
ater and adjusting the pH of the solution to the required value
ith NaOH [40]. The other reagents used were of analytical reagent

rade.

able 1
hemical analysis of date pits from three different locations in Saudi Arabia

nalysis Component (%)

Fard Khalas Lulu

oisture 10.3 7.1 9.9
rude fat 9.9 13.2 10.5
rude protein 5.7 6.0 5.2
sh 1.4 1.8 1.0
cid detergent fiber 45.6 50.6 49.3
atural detergent fiber 61.5 64.5 68.8

p
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e
r
o
r

3

3

m
i
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(2008) 1041–1046

.3. Recommended batch procedures

In a low density polyethylene (LDPE) sample bottles, an accurate
eight (0.2 ± 0.002 g) of the date pits solid sorbent was shaken with

n aqueous solution (50 mL) at different pH (1.8–12.6) containing
ranium (VI) at concentration level of 10 �g mL−1 UO2

2+ for 15 min
t 25 ± 1 ◦C. After equilibrium, the amount of UO2

2+ ions retained on
he solid sorbent was determined from the difference between the
bsorbance of the uranyl (II) ions–arsenazo III complex before (C0)
nd after (Ca) shaking with the date pits sorbent. The sorption per-
entage (%E) and the distribution ratio (D) were then determined
mploying the equations: thermostat mechanical shaker,

E =
[
(Cb − Ca) /Cb

]
.100 (1)

(mL g−1) = %E

100 − %E

V

W
(2)

here V and W are the sample volume (mL) and weight of the
ried date pits in grams. Following these procedures, the effect
f different parameters, e.g. shaking time, temperature (5–60 ◦C),
orbent doze and UO2

2+ concentration on the retention of UO2
2+

as carried out. The data are the average of three independent
easurements and the precision in most cases was ±2%.

.4. Column experiment

An aqueous solution of wastewater sample (100 mL) spiked
ith UO2

2+ ions (10 �g mL−1) was percolated through the date
its (2.0 g) packed column at a flow rate of 2 mL min−1. Under the
ame conditions, a blank experiment was also carried out in the
bsence of UO2

2+ ions. Sorption of UO2
2+ on the date pits took place

s proved from the analysis of uranyl ion in the effluent solution.
lution of the uranyl ion from the date pits packed column was
hen achieved quantitatively by passing 20 mL of HCl (3.0 mol L−1)
t 2 mL min−1 flow rate. Equal fractions of the eluate were collected
nd analyzed spectrophotometrically for uranyl (II) ions. The same
rocedures were also applied in the blank experiment. The HETP,
and breakthrough capacity were then calculated from the output

f the chromatograms.

.5. Separation and recovery of uranyl ions from various water
amples

An aqueous solution of tap or industrial wastewater samples
0.1 L) spiked with uranyl ions at a total concentration ≤10 �g mL−1

as first filtered through 0.45 �m cellulose membrane filters
nd stored in LDPE sample bottles (200 mL). The test solution
t the optimum experimental conditions of uranyl ions sorption
escribed above was percolated through the date pits (1.0 ± 0.01 g)
acked columns at 5 mL min−1 flow rate using the vacuum method
f foam packing [41]. Complete sorption of uranyl ions was achieved
uantitatively as indicated from the analysis of uranium (VI) in the
ffluent solution by the method reported earlier [39]. Complete
ecovery of the retained uranyl ions was achieved by percolation
n aqueous solution of HCl (20 mL, 3.0 mol L−1) at 5 mL min−1 flow
ate.

. Results and discussion

.1. Retention profile of UO2
2+ sorption
The pH medium is one of the most important factors that com-
only controls and strongly influence the retention of the metal

ons by the solid sorbent. The data of the UO2
2+ sorption by the date

its from the aqueous solution at different pH are summarized in
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where Rd is the rate constant of intraparticle transport in
mg g−1 min1/2. The diffusion rate was found high in the initial stages
and decreased on passage of time up to 18 min, indicating that
ig. 1. Influence of the pH of aqueous solution on the uptake (%) of UO2
2+ from the

queous solutions onto the date pits solid sorbent.

ig. 1. The data revealed that, the uptake of uranyl (II) ions is low at
cidic pH ≤ 5. The protonation of the available active sites (amino
cids, hydroxyl and carboxyl groups) in the date pits most likely
nhibit their binding towards the uranyl (II) ions as reported earlier
y El-Shahawi et al. [5–7] for the solid sorbent polyurethane foams
hus lowering the UO2

2+ ions uptake from the aqueous media. The
Ka values of the protonation of the available active sites in the
ate pits [42,43] may account for the observed trend (Fig. 1). At
H 5.5–6.5 range (Fig. 1), the sorption performance of the date pits
owards uranyl (II) ions reached maximum (99.7%) and leveled off at
H higher than pH 7.5 (Fig. 1). This behavior is most likely attributed
o the instability of the uranyl (II) complexes with the active sites
f the date pits sorbent and/or hydrolysis of the produced uranyl
II) complexes with the active sites of the date pits. The diffusion
f the uranyl (II) ions through the date pits film is most likely con-
istent with its solubility in the solid sorbent as reported earlier
32]. Therefore, in the subsequent work, the sorption experiments
f uranyl (II) ions by the date pits sorbent were carried out at pH
.5–6.5.

The influence of shaking times on the extraction percentage
f UO2

2+ ions from the aqueous solution of pH 5.5–7 by the date

its was critically studied. The extraction was fast and the equilib-
ium reached maximum within 15 min of shaking time (Fig. 2) and
emains constant. The half-life (t1/2) time of the equilibrium sorp-
ion of uranyl (II) ions onto the solid sorbent was fast. The value
f t1/2 calculated from the plots of −log(Ab − Aa)/Ab was found to

ig. 2. Effect of shaking time on the retention (%) of UO2
2+ from the aqueous solution

f pH 6–7 onto the date pits.

t

F
s

(2008) 1041–1046 1043

e 1.71 ± 0.02 min, respectively. Thus, gel diffusion is not the rate-
ontrolling step for the solid sorbent as in the case of common ion
xchange resins [5,6]. Thus, a 15-min shaking time was adopted in
he subsequent experiments.

The effect of the sorbent doze (0.05–0.50 g) on the sorption
f UO2

2+ at pH 6.5 was examined. The uranyl (II) ions sorption
ncreased on increasing the sorbent doze and maximum sorption
as achieved at sorbent doze 0.1–0.3 g. Therefore, in the subse-

uent work, a 0.2-g of the solid sorbent was employed. The sorption
ercentage of uranyl (II) onto the date pits sorbent decreased up to
0 ± 3.5% on increasing the sample volume to 200.0 mL.

.2. Kinetics of UO2
2+ uptake onto date pit

The kinetics of UO2
2+ sorption onto the date pits was subjected

o Lagergren model [43]. The rate constant for the retention step
as evaluated in the light of the Lagergren rate equation [43]:

og(qe − qt) = log qe −
(

kt

2.303

)
(3)

here qe and qt are the sorbed concentration of UO2
2+ onto date

its at equilibrium and at time t, respectively and k is the overall
ate constant. The plot of log(qe − qt) versus time was found linear
Fig. 3) with an overall rate constant of 4.8 ± 0.05 s−1. The value of
confirmed a first order kinetics for the uranyl (II) ions retention

owards the used sorbent. The influence of different sorbent doze
nd adsorbate concentration was investigated. The results also indi-
ate that, the value of k increases on increasing the sorbent doze
nd adsorbate concentration confirming the formation of mono-
ayer of uranyl (II) species onto the surface of the used adsorbent
s well as the first order kinetic nature of the process.

The retention of uranyl (II) ions sorption onto the date pits
epends on film diffusion and intraparticle diffusion, and the more
apid one will control the overall rate of transport. Thus, the con-
entration of the sorbed UO2

2+, qt (mg g−1) was plotted against time
pplying the Weber–Morris equation [44]:

t = Rd(t)1/2 (4)
he rate of the retention step is film diffusion at the early stage

ig. 3. Plot of log(qe − qt) versus time (min) for the sorbed UO2
2+ from the aqueous

olution of pH 6–7 onto the date pits at room temperature.
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log Cads = log A +
n

log Ce (9)

where A and 1/n are Freundlich parameters related to the maximum
sorption capacity of solute (mg g−1), Cads is the concentration of the
retained uranyl (II) ions onto the date pits per unit mass (mg g−1) at
ig. 4. Weber–Morris plot of sorbed concentration of UO2
2+ at 5.0 �g mL−1 from

he aqueous solution of pH 6–7 versus square root of time onto date pits at room
emperature.

f extraction. The value of Rd calculated from the slope of the lin-
ar plot of qt versus square root of time (Fig. 4) was found to be
.8 mg g−1 min1/2. The values of Rd indicated that intraparticle dif-
usion step could be a rate-controlling step. The change in the slope

ay be due to the existence of different pore size [45]. This behavior
as also confirmed from the linear plot of Bt versus time employing
eichenburg equation [46]:

t = −0.4977 − 2.303 log(1 − F) (5)

here Bt is a mathematical function (F) of qt/qe. The plot was linear
p to 12.5 min and does not pass through the origin.

.3. Thermodynamic studies

The influence of temperature on the UO2
2+ retention onto the

ate pits was investigated in the temperature range of 5–60 ◦C at
H 6–7 and shaking time of 15 min. The uptake of UO2

2+ ions by
he date pits increases on raising the temperature up to 25 ◦C and
emains more or less constant confirming the endothermic nature
f the retention step. A clear pronounced thermal stability of UO2

2+

ptake was also noticed at temperature higher than 25 ◦C. Thus, in
he subsequent work, all experiments were carried out at room
emperature. At this temperature, the thermodynamic parameters
�H, �S, and �G) of the uranyl (II) ions sorption from the aqueous

edia at pH 6–7 onto the date pits were calculated employing the
quations:

og Kc = − �H

2.303RT
+ �S

2.303R
(6)

G = −RT log Kc (7)

G = �H − T �S (8)

The plot of Kc versus 1/T (Fig. 5) was linear over the tempera-
ure range of 278–293 K. The values of �H, �S, and �G calculated
rom the slope and intercept of Fig. 6 were found equal to −63.18 J,
7.43 J mol−1 K−1 and −3.43 kJ mol−1, respectively. The value of �H
onfirms the exothermic nature of the uranyl uptake. The increase
f �G with temperature is attributed to the spontaneous nature of
he absorption process which is more favorable at low temperature.

he data confirm that the compound associate attains the equilib-
ium within short time suggesting the possible application of the
ate pits in column operations for the enrichment and separation of
O2

2+ species from large sample volume of industrial waste water.

F
t
t

ig. 5. The plot of equilibrium constant (log Kc) versus 1/T of uranyl (II) retention
nto the date pits from aqueous solutions of pH 6–7 and 15 min shaking time.

.4. Sorption isotherms

The uptake of UO2
2+ ions from the bulk aqueous solutions at pH

.5, 15 min shaking time and at room temperature onto the date
its was dependent on the initial UO2

2+ concentration. Therefore,
he sorption profile of UO2

2+ was determined over a wide range of
quilibrium concentration (1–20 �g mL−1). At low and moderate
O2

2+ concentrations, the amount of UO2
2+ retained onto the solid

orbent varied linearly with that remained in the aqueous solution.
hus, the data was subjected to Freundlich isotherm model [47]
ver a wide range of equilibrium concentrations. The familiar form
f Freundlich [47] isotherm model is expressed in the following
inear form:

1

ig. 6. Freundlich sorption isotherm of uranyl (II) sorption from the aqueous solu-
ions of pH 6–7 onto the date pits at pH 6–7 at room temperature after 15 min shaking
ime.
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pits packed columns at 5 mL min flow rate. Complete retention
of uranium (VI) was achieved. The retained uranium (VI) species
was then recovered quantitatively from the date pits packed col-
umn with HCl (3.0 mol L−1) at flow rate of 5 mL min−1. A satisfactory
recovery percentage (95.8 ± 2.1) of uranium (VI) was achieved con-

Table 2
Retention capacities of the investigated date pits and other solid sorbents towards
uranyl (II) ions from aqueous media by batch mode*

SPE material Retention/binding capacity
(mg g−1) of SPE

Reference

DCQ-naphthalene 1.88 ± 0.02 [26]
PAN-benzophenone 2.34 ± 0.01 [27]
E.M. Saad et al. / Tala

quilibrium and Ce is the concentration of UO2
2+ left in the aqueous

olution (mg L−1). The plot of log Cads versus log Ce (Fig. 6) was found
inear (R2 = 0.96–0.97) over the entire concentration range of uranyl
ons indicating a better fit for the experimental data. The values of
he Freundlich constants A and 1/n computed from the intercepts
nd slopes of the plots of uranyl (II) ions sorption onto the date pits
ere found to be 0.6 ± 0.07 mg g−1 and 0.31 ± 0.01, respectively. The

alues of 1/n < 1 indicated that, the favorable sorption of uranyl ions
rom the aqueous onto the tested solid sorbent. The value of 1/n (<1)
evealed that, the retention capacity is slightly reduced at lower
quilibrium concentration and the isotherm does not predict any
aturation of the solid surface of the sorbent by the sorbate. Thus,
nfinite surface coverage is predicted mathematically and physic
orption on the surface is expected [37]. The retention capacity of
he date pits towards uranyl (II) ions from the aqueous solution was
ound equal to 10 mg g−1.

.5. Effect of foreign ions

The influence of a relatively high excess (1 mg) of some diverse
ons relevant to waste water, e.g. alkali and alkaline earth met-
ls Cu2+, Hg2+, Pb2+, Bi3+, Co2+, Zn2+, Mn2+, Na+, K+, Cl−, SO4

2−,
sO2

2−, SO4
2−, and PO4

3− ions on the pre-concentration of uranyl
ons at 5 �g mL−1 uranium (VI) concentration level from the aque-
us (50 mL) at pH 5–6 by developed date pits was investigated.
he tolerance limits (w/w) less than ±3% change in the percentage
ptake of uranyl ions was taken as free from interference. The data
evealed that, the presence of large amounts of foreign ions in the
ample has no significant effect on the pre-concentration of ana-
yte (>98 ± 2%). Thorium (IV) interfered seriously even at 1:1 molar
atio and the uptake of UO2

2+ (5 �g mL−1) by date pits decreased
o 88–90%.

.6. IR spectral studies

The IR spectrum of the UO2
2+ sorbed species was compared

ith the IR spectrum of date pits alone. The observed shift of some
ands in the IR spectra to lower and/or higher wave numbers as
ell as the appearance of new bands in the low frequency region

600–200 cm−1) are most likely corresponding to the participation
f the oxygen and/or nitrogen of the amino acids of the date pits in
he complex formation with the uranyl (II) ions [48]. The observed
trong band at 935–940 cm−1 and the medium intensity band at
830–835 cm−1 are most likely assigned to �as (O U O) and �s

O U O) [48], respectively.

.7. Chromatographic behavior of uranyl ion on date pits

The kinetics and the sorption data and the available active sites
f the date pits towards uranyl (II) in aqueous solution suggested the
se of the sorbent in flow mode. Percolation of an aqueous solution
0.1 L) of de-ionized water contained uranyl (II) ions at concentra-
ion ≤10 �g Au mL−1 at 2 mL min−1 flow rate. Analysis of uranyl (II)
pecies in the effluent solution against the reagent blank under the
ame experimental conditions revealed complete sorption of UO2

2+

y the date pits packed columns. A series of eluting agents, e.g.
ClO4 (1.0 mol L−1), H2SO4 (1.0 mol L−1) and HCl (1.0 mol L−1) was

nvestigated to recover uranyl (II) species from the date pits packed
olumn. Among these reagents, HCl (1 mol L−1) was found the most

uitable eluting agent. Therefore, the influence of HCl concentration
0.5–5.0 mol L−1) on the recovery of uranyl (II) ions from the date
its packed column was critically investigated at 2–3.0 mL min−1.
he results revealed that, the use of HCl at 3.0 mol L−1 concentra-
ions or higher are suitable as proper eluting agent for complete

Q
A
D
D

*

(2008) 1041–1046 1045

ecovery (97–101 ± 2%) of uranyl (II) ions from the date pits at
–3 mL min−1.

Good recovery of uranyl (II) ions was achieved employing
Cl. The retained species were recovered quantitatively (97–101%)
mploying HCl as indicated from the analysis of uranium (VI) in the
luate [31]. The performance of the date pits packed column is gen-
rally described quantitatively by the number (N) and the height
quivalent to the theoretical plates (HETP). The chromatogram of
he plot of the volume of the HCl (1.0 mol L−1) as eluting agent
12 mL, 6× 2 mL) at 2 mL min−1 versus the percent uranyl (II) recov-
red was used to calculate the column performance employing the
lueckauf equation [4,5]:

= 8V2
max

W2
= L

HETP
(10)

here N is the number of theoretical plates, Vmax is the volume of
luate to peak maximum, W is the width of the peak at 1/e times the
aximum solute concentration and L is the length of the date pits

ed column in mm. The values of HETP and N were 0.84 mm/plate
nd 71.1 ± 5, respectively confirming the good performance of the
ate pits packed column. The utility of the date pits packed column
or the recovery of uranyl (II) ions spiked at 5.0 �g mL−1 to wastewa-
er samples (100 mL) was also investigated at 5 mL min−1 flow rate.
omplete sorption of uranyl (II) ions took place and the retained
ranyl (II) species in the column were then recovered quantita-
ively (97–102%) with HCl (25 mL, 1.0 mol L−1) at 5 mL min−1 flow
ate. The results confirmed the good performance of the proposed
ate pits solid sorbent in flow mode for the separation of uranyl (II)

ons in complicated matrices.

.8. Analytical performance and application of the proposed
ethod

The validation of the developed method was successfully
ssessed by comparing the capacity of the used sorbent with the
ost of other sorbents DCQ-naphthalene [26], PAN-benzophenone

27], Q-AmberliteXAD-4 [28], azo-oxime ion exchanger [29] and
AB–AC [37] towards uranium (VI) uptake. The results are sum-
arized in Table 2. The capacity of the used date pits sorbent

10 ± 0.02 mg g−1) towards uranium (VI) is much better than the
rst four solid sorbent and lower than the solid sorbent DAB–AC
18.35 ± 0.2 mg g−1). The developed date pits packed column was
uccessfully used for the removal of uranium (VI) spiked to wastew-
ter samples at a total concentration in the range of 6–10 �g mL−1

evels as follows: the water samples were first acidified with nitric
cid (1.0 mol L−1) and filtered through a 0.45-�m cellulose mem-
rane filter. The sample solutions were percolated through the date

−1
-AmberliteXAD-4 2.74 ± 0.02 [28]
zo-oxime ion exchanger 7.14 ± 0.01 [29]
AB–AC 18.35 ± 0.2 [37]
ate pits 10 ± 0.02 Present work

Average of five measurements ± standard deviation.
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rming the good performance of the developed procedures and its
ndependence from matrix effects.

. Conclusions

The date pits solid sorbent offers unique advantage in rapid pre-
oncentration and recovery of UO2

2+ in dilute aqueous solution at
H 6–7.5 by flow mode of separation. The interaction between date
its and UO2

2+ followed the Freundlich adsorption isotherm mod-
ls. The dual-mode mechanism involving “complex formation of
ranyl (II) ions with the active sites of the sorbent” and an added
omponent for “surface adsorption” of uranyl (II) ions retention
ffers an excellent description of the observed trend. However,
ork is still continuing for the chemical separation and recovery

f UO2
2+ in real samples by on line solid phase spectrophotometry

n water.
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a b s t r a c t

The applicability of thermospray flame furnace atomic absorption spectrometry (TS-FF-AAS) was evalu-
ated for direct determination of Cu, Cd and Pb in wines and grape juices. The developed procedure does not
require preliminary acid digestion of the samples. The optimum conditions for determination of Cu, Cd and
Pb in wines were studied and the performance was compared to those typically obtained by flame atomic
absorption spectrometry (FAAS). A sample volume of 150 �L was introduced into a heated nickel tube at
a flow rate of 0.54 mL min−1 and 0.14 mol L−1 HNO3 was used as sample carrier flowing at 2.5 mL min−1

for determining all analytes. The effect of ethanol concentrations on Cu, Cd and Pb absorbance signals
were studied. All determinations were carried out by adopting optimized conditions and quantification
was based on the standard additions method. Limits of detection (LOD) of 12.9, 1.8 and 5.3 �g L−1 (n = 14)
Cadmium
Lead
Wine
G

for Cu, Cd and Pb, respectively, were obtained for wine samples (3�blank/slope, n = 14). Relative standard
deviations (R.S.D., %) of 2.7, 2.1 and 2.6 for Cu, Cd and Pb, were obtained (n = 6) for wine samples. The
values determined for grape juice samples were similar to these ones. The analytical throughput was 45
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. Introduction

Trace metals play an important effect in the quality of wine. They
romote specific redox processes during maturing that give a good
ppearance to the wines. However, high concentrations of Cu, Fe,
n and Zn may cause instability and turbidity [1]. Other metals,

uch as As, Cd and Pb, are toxic [2].
The current legislation in Brazil demands a strict control of the

evels of contamination for metals in beverages [3]. Wine and grape
uices are widely consumed beverages and they can contain metals
dded to remove sulfur oxides and from other sources. The control
f Cu concentration is important because high amounts can cause
xidative spoilage of the wine leading to lightening of red wine
nd darkening of white wine [4,5]. The total copper concentration
n red and white wines must be 0.3 and 0.5 mg L−1. In wines, the

ain sources of copper are equipments used in the wine produc-
ion, additions of copper salts (CuSO4) and pesticides employed

uring growth. The maximum allowed level of copper in wine is
.0 mg L−1 [3,6].

A significant amount of Cd may be present in wines due to
esidues of agrochemical products used such as insecticides and

∗ Corresponding author. Tel.: +55 16 3351 8088; fax: +55 16 3351 8350.
E-mail address: djan@ufscar.br (J.A. Nóbrega).
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039-9140/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2008.05.010
cy was checked by addition-recovery experiments.
© 2008 Elsevier B.V. All rights reserved.

ungicides and also by contact with equipments employed for wine
roduction. The consumption of large quantities of wine can imply

n accumulation of Cd in the organism [5]. The maximum allowed
oncentration of Cd in wine is 10 �g L−1 [6–8]. On the other hand,
he maximum allowed amount of Pb in wine established by the
ffice International de la Vigne et du Vin (OIV) is 200 �g L−1 [6] and
ccording to the Brazilian legislation is 300 �g L−1 [3]. The source of
b contamination in alcoholic beverages may be either raw mate-
ial or technological processes, for instance, corks are covered by
film made of plastic, by a foil made of Pb or by an alloy contain-

ng Al [9]. The intoxication caused by intake of foods containing Pb
an cause severe damages to health such as encephalic alterations,
eadache, cardiovascular and hepatic problems [10].

Several techniques have been described to determine met-
ls in wines such as atomic spectrometry (FAAS, electrothermal
tomization AAS, inductively coupled plasma optical emission
pectrometry) [11,12] and electroanalytical techniques [4,13,14]. An
fficial method for trace metal determination in wine is provided
y AOAC (Official Methods of Analysis of AOAC International) which
oes not consider previous acid digestion and recommend sample

ilution [15]. The typical sensitivity reached by FAAS does not allow
he adoption of this strategy when Cu, Cd and Pb concentrations are
t �g L−1 levels.

A recent work has shown the advantage of thermospray flame
urnace atomic absorption spectrometry (TS-FF-AAS) for direct
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etermination of Cu, Mn, Pb and Zn in commercial beer at �g L−1

16]. The TS-FF-AAS technique is relatively recent and few applica-
ions for determination of metals in beverages were described in the
iterature. A previous work has demonstrated its applicability for
etermining Cu and Zn in fruit juices and bovine milk [17]. The main
dvantage of TS-FF-AAS is the significant increment of sensitivity
y adapting a simple and low cost Ni tube to the flame. This simple
evice associated to a ceramic capillary allows the total introduc-
ion of the sample and increases the residence time of the atomic
loud in the atomizer. Both effects help to improve the formation
f analyte atoms and, consequently, the sensitivity.

The aim of this work was to develop a procedure for direct deter-
ination of Cu, Cd and Pb in wines and grape juices by TS-FF-AAS.

ince these elements are usually present at low levels in wine and
rape juices, sensitive analytical techniques are required. TS-FF-
AS was employed due to its simplicity, suitable sensitivity, low
ost and rapidity when compared to electrothermal atomization
n a graphite furnace AAS. The effective dilution factor was chosen
ased on ethanol effects on sensitivity. The system was optimized
nd the standard additions method (SAM) was employed for Cu, Cd
nd Pb determination in wine and grape juice samples.

. Experimental

.1. Instruments and accessories

All experiments were carried out in a Varian SpectraAA-640
ame atomic absorption spectrometer (Varian, Mulgrave, Aus-
ralia) equipped with a deuterium lamp background corrector. The
nstrument parameters for determination of Cu, Cd and Pb by TS-
F-AAS are shown in Table 1. Hollow cathode lamps of Cu, Cd and
b (Varian) were employed. All data acquisition was carried out in
eak area mode.

.2. Arrangement of the TS-FF-AAS

The TS-FF-AAS system consists of a peristaltic pump with
channels (Ismatec, Labortechnik Analytik, Glattbrugg-

ürich, Switzerland) furnished with Tygon® propulsion tube
i.d. = 0.89 mm), Teflon® extension tube (i.d. = 0.8 mm), a lab-made
crylic commutator injector was utilized for sample introduction,
lab-made thermospray flame furnace unit, including a ceramic

apillary (Friatec, Mannhein, Germany, i.d./o.d. 0.5 mm/2.0 mm,
nd 100 mm of length) and nickel tubes. The tube employed
ontains 99.7% of Ni and it has the following specifications: 10 cm
f length, 1 cm of i.d and 1.2 cm of o.d. One of the tubes employed

as six holes of 2 mm in its bottom for increasing the temperature

nside of the tube. The second tube does not have any hole in its
ottom. Both Ni tubes have a central hole with 2 mm of diameter.
his central hole is perpendicular to the bottom holes and it
s used for introduction of the ceramic capillary tube. The Ni

able 1
nstrument parameters for determination of Cu, Cd and Pb by TS-FF-AAS

ariables Cu Cd Pb

low rate (mL min−1) 0.54 0.54 0.54
ample volume (�L) 150 150 150
ir flow rate (L min−1) 13.5 13.5 13.5
cetylene flow rate (L min−1) 2.0 2.0 2.0
easurement time (s) 80 80 80

pectral resolution (nm) 0.5 0.5 0.5
amp current (mA) 4.0 4.0 10.0
avelength (nm) 327.4 228.8 283.3
eight of the Ni tube (cm) 1.5 0.3 0.3
arrier HNO3 1% (v/v) HNO3 1% (v/v) HNO3 1% (v/v)
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ube was positioned on a lab-made stainless steel support with
our ceramic pins on the flame burner. The thermospray was
enerated by contact between the nickel tube on the flame and
he heated ceramic capillary. Samples were introduced inside of
he heated tube without the need of a nebulizer and losses of
ensitivity caused by the poor nebulization efficiency were totally
ircumvented.

.3. Reagents

All solutions were prepared using analytical-grade reagents.
ater was distilled and deionized (Milli-Q, Millipore Corp., Bed-

ord, MA, USA). All glassware and polypropylene flasks were
ashed with soap, soaked in 10% (v/v) nitric acid and rinsed with
eionized water prior use.

Standard stock solutions of Cu, Cd and Pb containing
000 mg L−1 (Tec-Lab, Hexis, São Paulo, Brazil) were used for appli-
ation of the SAM and reference solutions of Cu, Cd and Pb were
repared by diluting the stock solution. Solutions containing 2–30%
v/v) of ethanol were prepared by diluting ethanol absolute anhy-
rous 99.7% (v/v) (Mallinckrodt-Baker, Xalostoc, Mexico).

A 0.14 mol L−1 HNO3 solution was prepared by diluting concen-
rated HNO3 (Merck, Darmstadt, Germany).

.4. Influence of solution medium on Cu, Cd and Pb absorbance
ignals

Solutions containing 1.0 mg L−1 of Cu in 2.0, 5.0, 8.0, 11, 15, 20,
0% (v/v) ethanol medium were evaluated by FAAS and TS-FF-AAS
ith both Ni tubes. This same study was carried out for solutions

ontaining 25 and 500 �g L−1 of Cd and Pb, respectively, in the same
edia. In this case, measurements were only performed using the
i tube with six holes.

The influence of each medium, i.e. water, nitric acid and ethanol,
n the transport and atomization processes of the sample was also
valuated. Solutions containing 1.0 mg L−1 of Cu, 25 and 500 �g L−1

f Cd and Pb, respectively, were prepared in different media: (a)
ater; (b) 0.14 mol L−1 HNO3; (c) 2% (v/v) ethanol; (d) 0.14 mol L−1

NO3 plus 2% (v/v) ethanol.

.5. Optimization of sample flow rate, sample volume, and
easurement time

The experiments here described were carried out using a
olution containing 1.0 mg L−1 of Cu in 2% (v/v) ethanol. All mea-
urements were performed using the Ni tube with six holes.

The effect of the carrier flow rate on Cu absorbance signals was
valuated for 0.46, 0.54, 0.57 and 0.85 mL min−1. The volume of the
ample loop was kept in 150 �L.

The carrier flow rate was kept in 0.54 mL min−1 and the effect of
he sample volume on the absorbance signals was studied for 150,
00 and 450 �L sampling loops.

Afterwards, the acquisition of the transient signals was made
n 80 s because this period of time was sufficient to measure tran-
ient signals when injecting a sample volume of 150 �L without
ompromising the analytical throughput.

.6. Sample preparation

Wine samples were analyzed without any step of sample

igestion. A simple 1:6 v/v dilution with 0.14 mol L−1 HNO3 was
erformed to reach an ethanol concentration around 2% (v/v). This
thanol concentration provided maximum sensitivity.

For determination of the metals in grape juices, samples were
nalyzed directly. The obstruction of the ceramic capillary tube
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ig. 1. Effect of ethanol concentration on Cu absorbance signals by TS-FF-AAS (Ni
ubes without holes and with six additional holes).

as avoided by adding a 1% (v/v) H2O2 solution after each mea-
urement. The direct analysis avoids contamination and losses of
olatile elements during the sample preparation, decreases the
onsumption of reagents and consequently the amount of residues.

Different commercial wines were bought in local markets and
epresent two types of grapes: Merlot (C) and Cabernet Sauvignon
A–G) from Chile (A–C, F and G) and Brazil (D and E). The ethanol
oncentration in wines is around 12% (v/v). Grape juice samples
n different packages (cartons, plastic and glass bottles) also were
ought in a local store. Samples in different packages were evalu-
ted to check if there is any influence of the material in the contents
f the analytes.

.7. Comparison between TS-FF-AAS and FAAS

Solutions containing 1.5, 3.0, 4.5, 6.0, and 7.5 mg L−1 of Cu in 2%
v/v) ethanol were analyzed according the optimized conditions for
onventional FAAS and TS-FF-AAS.

. Results and discussions

.1. Effect of ethanol concentration on the Cu, Cd and Pb
bsorbance signals

It can be seen in Fig. 1 that the utilization of a tube with six
oles in its bottom provided better sensitivity than the tube without
oles. The Ni tube with six holes allowed the partial penetration of
he flame, causing an increase of the temperature of the tube and

mproving the atomization process of the analyte.

The relatively low sensitivity of FAAS (Fig. 2) can be attributed
o the physical properties of the solutions such as surface ten-
ion and viscosity that affect the aspiration rate of the sample

Fig. 2. Effect of ethanol concentration on Cu absorbance signals by FAAS.
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ig. 3. Effect of ethanol concentration on Pb and Cd absorbance signals by TS-FF-AAS
Ni tube with six additional holes).

nd the nebulization process [18]. Maximum sensitivity for Cu,
d and Pb was reached for a solution containing 2.0% (v/v)
thanol (Figs. 1 and 3). Solutions containing greater ethanol
oncentrations shown a decrease in Cu and Pb absorbance sig-
als, while those for Cd remained practically constant (Fig. 3).
hese last results are also in agreement with those obtained by
onventional FAAS and also with Pb or Cd determinations in
ethanol by using hydraulic high pressure nebulization-beam

njection flame furnace atomic spectrometry [19]. Ethanol exerts
ignificant influence in the volatilization and atomization pro-
esses of the analytes. It is a volatile solvent and presents low
urface tension, thus originates aerosols with smaller particles
nd improves the dissociation and atomization of the ana-
yte.

.2. Influence of the medium on Cu, Cd and Pb absorbance signals

The effect of solution medium on sensitivity was studied. Results
re presented in Fig. 4 and the medium containing water-ethanol-
itric acid provided a better atomization for Cu (a) and Pb (b), while

or Cd (c) the best sensitivity was obtained in nitric acid medium.
lthough nitric acid solution was the best medium to improve sen-
itivity for Cd, all further studies were carried out in ethanol plus
itric acid medium to simulate the alcohol concentration typically

ound in wine samples. In TS-FF-AAS the use of ethanol instead
f water can increase the temperature inside the tube due to the
ombustion heat of the organic solvent.

.3. Optimization of TS-FF-AAS parameters

Instrumental parameters such as flow rate, sample volume and
easurement time were evaluated in order to find ideal conditions

o reach maximum sensitivity in ethanol medium. The influence of
he flow rate employed to transport the solution into the heated
i tube was studied from of 0.46–0.85 mL min−1. The use of flow

ates higher than 0.67 mL min−1 was not suitable because of the
esidence time of the flowing liquid in the heated tip of the cap-
llary was too short for formation of the thermospray [16,20]. A
igher flow rate leads to intense cooling of the inner atmosphere
f the flame furnace and also of the capillary tip causing an irreg-
lar aerosol formation and consequently affecting negatively the
tomization. Higher flow rates neither improve the repeatability
or increase the sensitivity. According to Pereira-Filho et al. [21]
he use of lower flow rates in TS-FF-AAS provide higher sensitivity

ue to the increase of the residence time of the analyte, but the
isadvantage of lower flow rates is the reduction of the analyti-
al throughput due to the longer measurement time. A flow rate
f 0.54 mL min−1 was chosen as a compromise between sensitivity
nd repeatability.
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Fig. 4. Influence of the medium on Cu, Cd and Pb absorbance signals. (a) Copper; (b) cadmium; and (c) lead.

Table 2
Analytical figures of merit for Cu, Cd and Pb determinations by TS-FF-AAS in wine samples

Figures of merit TS-FF-AAS

Cu Cd Pb

LODa (�g L−1) 12.9 1.8 5.3
LOQb (�g L−1) 43 5.8 17.5
R.S.D.%c 2.7 2.1 2.6
Linear range (�g L−1) 43.0–200 5.8–200 17.7–200
Regression equation y = 0.00130x + 0.0498 y = 0.0877x + 0.0503 y = 0.0082x + 0.0534
Reading time (s) 80 80 80
Sample volume (�L) 150 150 150
Coefficient of determination (R2) 0.9999 0.9992 1.0000
Analytical throughputd (h−1) 45 45 45
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LOD: limit of detection (3�blank/slope, n = 14).
b LOQ: limit of quantification (10�blank/slope, n = 14).
c R.S.D.(%): relative standard deviation, n = 6.
d Estimated for 1 h working session.

The sample volume was varied from 150 to 450 �L. All fur-
her measurements were made using a sample volume of 150 �L
nd signal acquisition was carried out in peak area mode. As
xpected the sensitivity was proportional to the sample vol-
me. However, a decrease of the analytical throughput occurs
ue to the need of a long time for signal returning to the base-

ine.

The acquisition of the transient signals for all analytes was made

n 80 s for wine and grape juices samples. Memory effects for sam-
les were avoided by inserting a 1% (v/v) H2O2 solution after each
easurement.

m
b
c
1

able 3
nalytical figures of merit for Cu, Cd and Pb determinations by TS-FF-AAS in grape juice s

igures of merit TS-FF-AAS

Cu

ODa (�g L−1) 13.7
OQb (�g L−1) 45.6
.S.D.%c 3.3
inear range (�g L−1) 45.6–200
egression equation y = 0.0045x + 1.552
eading time (s) 80
ample volume (�L) 150
oefficient of determination (R2) 0.9992
nalytical throughputd (h−1) 45

a LOD: limit of detection (3�blank/slope, n = 14).
b LOQ: limit of quantification (10�blank/slope, n = 14).
c R.S.D. (%): relative standard deviation, n = 6.
d Estimated for 1 h working session.
.4. Figures of merit for determination of Cu, Cd and Pb in wine
nd grape juice samples

Based on the optimized instrument parameters for each ana-
yte, the accuracy, limits of detection and quantification and linear
quation of the calibration curve were determined. Precision was
xpressed as relative standard additions (R.S.D., %) obtained for 6

easurements of Cu (1 mg L−1), Cd (25 �g L−1) and Pb (500 �g L−1)

y TS-FF-AAS. The limits of detection (LOD) were defined as the
oncentration corresponding to 3-fold the standard deviation of
4 measurements of the blank divided by the slope of the analyt-

amples

Cd Pb

0.90 5.6
3.0 18.5
2.0 2.3
3.0–50 18.3–100
y = 0.186x + 0.435 y = 0.0069x + 0.2301
80 80
150 150
1.0000 0.9999
45 45
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Table 4
Analytical figures of merit for TS-FF-AAS and FAAS determination of Cu using 2% (v/v) ethanol plus 0.14 mol L−1 HNO3

Figures of merit Cu TS-FF-AAS Cu FAAS

Six additional holes Without holes

LODa (�g L−1) 20 63 160
LOQb (�g L−1) 66 210 528
R.S.D.%c 3.0 4.5 8.0
Linear range (�g L−1) 66–7500 210–6000 533–6000
Regression equation y = 1.203x + 0.158 y = 0.869x + 0.1371 y = 0.028x + 0.002
Reading time (s) 80 80 20
Sample volume (�L) 150 150 1000
Coefficient of determination (R2) 0.9986 0.9968 0.9983
Analytical throughputd (h−1) 45 45 180

a LOD: limit of detection (3�blank/slope, n = 14).
b LOQ: limit of quantification (10�blank/slope, n = 14).
c R.S.D. (%): relative standard deviation, n = 6.
d Estimated for 1 h working session.

Table 5
Analytical figures of merit for Cd and Pb using the standard additions method

Figures of merit Cd Pb

Linear range (�g L−1) 5.8–200 17.7–200
Regression equation y = 0.1751x + 0.0134 y = 0.0082x + 0.0534
Reading time (s) 80 80
Sample volume (�L) 150 150
C .9996
A 5
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oefficient of determination (R2) 0
nalytical throughputa (h−1) 4

a Estimated for 1 h working session.

cal curve and the limit of quantification as 10-fold the standard
eviation of 14 measurements of the blank divided by the slope of
he analytical curve. Figures of merit for Cu, Cd and Pb determina-
ion by TS-FF-AAS in wine and grape juices samples are shown in
ables 2 and 3.

.5. Comparison between FAAS and TS-FF-AAS

A comparison was carried out among the figures of merit
btained for TS-FF-AAS using Ni tubes with and without holes, and
AAS. Table 4 presents the results for Cu determination employing
.0% (v/v) ethanol plus 0.14 mol L−1 HNO3.

Best results for Cu were obtained using a Ni tube with six addi-

ional holes. The 8-fold improvement of the LOD is consequence
f factors such as total sample introduction into the absorption
olume while in conventional pneumatic nebulizers only 5–10%
f the primary aerosol reaches the flame and also because of
he increased residence time of the sample in the optical path

H
f
t
a
d

able 6
irect determination of Cu, Cd and Pb in wine samples and addition-recovery experimen

ample Cu (�g L−1) Cd (�g L−1) Pb (�g L−1) Cu (�g L−1) Recovered (%

Added Found

216.0 ± 0.01 2.4 ± 0.07 25.6 ± 0.05 100 323.0 107.0
232.2 ± 0.04 5.4 ± 0.03 40.4 ± 0.06 100 332.0 99.8
764.4 ± 0.03 1.7 ± 0.03 70.2 ± 0.04 100 868.1 103.7
189.6 ± 0.01 3.4 ± 0.04 100.3 ± 0.09 100 298.7 109.1
148.2 ± 0.01 5.8 ± 0.03 39.1 ± 0.01 100 260.9 112.7

77.6 ± 0.04 7.7 ± 0.04 84.6 ± 0.04 100 189.8 112.1
56.2 ± 0.02 8.6 ± 0.03 17.3 ± 0.11 100 158.7 102.5

200 408.0 96.0
200 427.5 97.7
200 949.2 97.4
200 393.9 102.1
200 343.4 97.6
200 270.0 96.2
200 262.2 103.1
1.0000
45

or occurrence of the dissociation and atomization processes. The
verage residence time of the atoms in the observation zone
s around 200 ms, which is more than an order of magnitude
onger than the typical residence time of the analyte in FAAS
22].

.6. Evaluation of the calibration strategy

The SAM is frequently used when the composition of the sample
s unknown and interferences caused by concomitants can occur.
igures of merit are presented in Table 5 adopting this strategy for
alibration. The slope for Cd analytical curve obtained by the SAM
as around 2.8-fold greater than those observed in either 1% (v/v)

NO3 or 2% (v/v) ethanol. Similar effect was observed for Pb, but

or this element the slope variation was around 2.1-fold. It means
hat interferences are present and consequently the SAM must be
dopted for calibration. On the other hand, wine samples contain
ifferent alcohol and sugar concentrations and this strategy was

ts (n = 3)

) Cu Cd (�g L−1) Recovered (%) Cd Pb (�g L−1) Recovered (%) Pb

Added Found Added Found

10 12.2 97.5 100 123.4 97.8
10 16.5 110.0 100 140.2 90.7
10 11.9 102.8 100 171.3 101.1
10 13.4 95.3 100 209.4 100.2
10 15.6 98.3 100 138.4 99.3
10 16.5 117.8 100 182.0 87.8
10 19.5 108.5 100 42.6 101.3
20 22.7 101.4 200 229.6 102.0
20 25.1 98.1 200 243.7 101.7
20 21.7 99.9 200 268.6 99.2
20 23.4 99.6 200 301.6 99.9
20 26.9 105.6 200 239.4 100.2
20 28.3 96.2 200 285.7 103.0
20 28.3 98.5 200 67.9 101.4
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Table 7
Direct determination of Cu, Cd and Pb in grape juice samples and addition-recovery experiments (n = 3)

Sample Cu (�g L−1) Cd (�g L−1) Pb (�g L−1) Cu (�g L−1) Recovered (%) Cu Cd (�g L−1) Recovered (%) Cd Pb (�g L−1) Recovered (%) Pb

Added Found Added Found Added Found

A* 31.1 ± 0.02 3.0 ± 0.08 16.5 ± 0.08 100 121.1 90.1 25 40.9 97.3 25 29.9 107.3
B* 344.9 ± 0.08 3.7 ± 0.03 79.3 ± 0.12 100 450.8 105.9 50 125.9 93.1 25 28.5 98.8
C** 239.8 ± 0.01 3.1 ± 0.13 26.1 ± 0.06 100 337.6 97.7 50 82.6 112.8 25 27.4 97.1
D** 105.5 ± 0.09 4.5 ± 0.04 75.9 ± 0.08 100 204.5 98.9 50 126.1 100.4 25 31.8 109.0
E*** 1463.6 ± 0.07 2.3 ± 0.06 171.8 ± 0.11 100 1569.3 105.7 50 227.5 111.2 25 27.1 99.2
F*** 3431.1 ± 0.04 2.2 ± 0.05 25.0 ± 0.09 100 3537.9 106.9 50 72.5 95.0 25 27.7 102.0
A* 200 235.1 102.0 50 74.5 115.9 50 52.1 98.2
B* 200 534.7 94.9 100 182.2 103.0 50 53.9 100.2
C** 200 441.5 100.5 100 129.2 103.0 50 53.5 100.7
D** 200 301.0 98.2 100 175.6 99.7 50 53.5 97.7
E*** 200 1662.4 99.4 100 267.5 95.7 50 52.4 100.2
F*** 200 3625.3 97.2 100 126.3 101.3 50 52.1 99.5
A* 100 121.1 90.1 25 40.9 97.3 25 29.9 107.3
B* 100 450.8 105.9 50 125.9 93.1 25 28.5 98.8
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[19] J.Y. Neira, E. González, R. Ahumada, V. Medina, U. González, Quı́m. Nova 27
* Cartons.
** Plastic bottles.

*** Glass bottles.

dopted to minimize matrix effects due to the complexity of the
ample matrixes.

.7. Determination of Cu, Cd and Pb in wine and grape juice
amples by TS-FF-AAS

Tables 6 and 7 contain results for determination of Cu, Cd and
b in wine and grape juices samples. Wine samples were measured
fter simple dilution and grape juice samples were analyzed with-
ut any treatment. An appreciable variation of the concentrations
f Cu, Cd and Pb in wines can be seen. All concentrations of Cu, Cd
nd Pb are below the maximum levels allowed by legislation [3,6].
ables 6 and 7 indicate the accuracy of the developed procedure
pplying addition-recovery experiments for determination of low
oncentrations of these metals in wine samples. Recoveries ranged
etween 90.1 and 112.7% for Cu, 93.1 and 117.8% for Cd, and 87.8 and
09% for Pb. Standard deviation values can be considered appropri-
te. For Cd, accuracy was also verified by using GFAAS and all results
ere in agreement at a 95% confidence level.

The maximum allowed levels of metals in grape juices are
.0 mg L−1 for Cu, 10 �g L−1 for Cd and 300 �g L−1 for Pb [3,6].
n grape juice samples, the concentrations of metals ranged from
1.1 to 3431.1 �g L−1 for Cu, 16.5 to 171.8 �g L−1 for Pb and 2.2 to
.5 �g L−1 for Cd. Thus, samples E and F presented concentrations
igher than the maximum allowed levels for Cu and none sample
ontained Cd an Pb concentrations above the legislation limits.

It is important to emphasize that two grape juice samples con-
ained Cu and Cd concentrations between the LOD’s and the LOQ’s.
his is not a suitable region to obtain quantitative data, however due
o the low standard deviation of the measurements and adequate
ecoveries they can be considered reliable.

. Conclusions

Thermospray flame furnace atomic absorption spectrometry
TS-FF-AAS) has demonstrated the possibility of the direct deter-
ination of Cu, Cd and Pb at �g L−1 levels in wines and grape juices
ithout any critical sample preparation step, but calibration must

e performed using the SAM. Due to the efficiency on the sam-
le introduction and atomization processes, the limits of detection
btained are much better than those usually established in FAAS.
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a b s t r a c t

An easily feasible, species-conserving and inexpensive protocol for the extraction of total arsenic and
arsenic species from terrestrial plants was designed and applied to the investigation of accumulation and
metabolization of arsenite (As(III)), arsenate (As(V)), monomethylarsonate (MMA(V)), and dimethylarsi-
nate (DMA(V)) by the model plant Tropaeolum majus. In contrast to existing extraction methods hazardous
additives and elaborate procedures to enhance the extraction yields were omitted. The proposed proto-
col is suited to down-scale the sample sizes used for the extractions and to promote a compartmentally
resolved analysis of the arsenic distribution within individual leaves, leaf stalks, and stems instead of
the conventional extraction of pooled samples. In a two-step extraction, the high extraction efficiencies
(85–92%) for arsenic achieved by phosphate buffer from larger amounts (200 mg) of homogenized leaf
material in a one-step extraction, could be enhanced to 94–100% in a second extraction step. A strong
dependence of the arsenic extractability on the type of arsenic species accumulated in the tissue as well
as on the type of the tissue (leaf, leaf stalk, stem) was found. For the extraction of 5 mm long segments cut
from individual leaves without previous homogenization of the plant parts yields between 75 and 93%
depending on arsenic species prevailing in the cells were obtained using 1 or 10 mM phosphate buffer.

The total extraction and analysis protocol was validated using a standard reference material as well as
by spiking experiments. The arsenic species analysis by IC/ICPMS revealed a number of nine unidentified
metabolites in the plant extracts in addition to the species MMA(V), DMA(V), As(III), and As(V) that were
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provided to the plants dur

. Introduction

Many studies deal with the analysis of arsenic species in various
inds of samples as comprehensively reviewed in [1] and [2]. Quali-
ative and quantitative determinations of arsenic species are mainly
ased on chromatographic separations combined with elemen-
al or molecular mass spectrometric detection. For the extraction
rocess no uniform procedure exists and several variants were pro-
osed throughout the literature (see references in [1] and [2]).
ecause the success of the extraction is also dependent both on
he constitution of the matrix and on the kind of species and
heir concentrations, the development of a generally valid proce-

ure is difficult. Most commonly, methanol, water and mixtures
f them were used as extracting agents for arsenic species from
iological materials. Thereby, increasing methanol contents often
esult in diminished extraction efficiencies in comparison to water

∗ Corresponding author. Tel.: +49 3731 393255; fax: +49 3731 393666.
E-mail address: Anne-Christine.Schmidt@chemie.tu-freiberg.de (A.-C. Schmidt).
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eir growth phase.
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xtraction in case of plant material [3–5], whereas methanol proved
o be suitably to extract arsenic from marine animals. Several addi-
ives such as strong inorganic acids [4,6] or enzymes [7,8] and
dditional steps such as the supply of microwave energy or of
ltrasound [7,9] were included in the extraction process in order
o improve the extraction efficiency and the reproducibility of the
esults. A focused supply of ultrasound by a special probe for sam-
le treatment proved to be a powerful tool to improve extraction
fficiency and to reduce extraction time significantly. This kind of
ample preparation was successfully employed for the extraction
f total arsenic and arsenic species from different sample types,
ainly rice grains, chicken, fish and soil providing extraction yields

etween 85 and 100% depending on sample type in a few min-
tes [10,11]. For different algae samples extraction efficiencies of
4–69% were obtained using focused ultrasound energy within
0 s comprising a slight improvement compared to magnetic stir-

ing (59–64% extraction efficiency achieved in 30 min) [12]. Higher
lants of aquatic as well as of terrestrial origin remain a complicated
ubject for extraction of arsenic compounds. In the majority of cases
igh extraction yields are difficult to attain. Even with the employ-
ent of a focused ultrasonic probe only 26–53% of total arsenic
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ould be extracted from different plant species [13]. In a current
tudy dealing with arsenic speciation in plants from contaminated
ites low and varying extraction efficiencies (3–41%) resulted from
everal plant samples using a water–methanol mixture by shaking
or 16 h [14]. Pressurized liquid extraction (PLE) of different plant
arts offered high extraction yields using water as solvent [15,16].

In the majority of studies dealing with arsenic species analy-
is the sample preparation was focused on the maximization of
xtraction efficiency without regard to binding and localization of
he species inside different tissues. Typically, for the extraction of
lgae and terrestrial plants portions in the range of 0.1–1.0 g dry
ass corresponding to about 1–10 g fresh mass were amended with

0–30 mL of the extracting agent [3,7,17,18]. Still larger amounts
f solvents are required for soxhlet extractions, e.g. 70 mL [4]. The
nalysis of larger sample amounts provides informations about the
eneral metalloid accumulation of organisms but no conclusions
an be drawn concerning the sites of storage and binding within
he tissues. A fractionated extraction scheme was proposed for the
nalysis of arsenic species in an acid-soluble non-protein fraction,
n a water-soluble protein fraction, and in the fraction of insoluble
tructure components of plant cells [19].

In order to enable a compartmentally resolved arsenic species
nalysis for the elucidation of the arsenic distribution within plant
issues the reduction of the sample size as a first step towards a

iniaturized extraction scheme is promoted in the current study.
he aim was to evaluate the suitability of different extracting agents
nder varied conditions for the extraction of total arsenic and
rsenic species from reduced sample amounts of different tissues of
lants contaminated with methylated and inorganic arsenic com-
ounds which are the prevalent arsenic species found in terrestrial
lants [18,20]. To preserve the native arsenic species composi-
ion, gentle extraction conditions should be preferred. For this
eason, aggressive extractants such as strong and oxidizing acids
ere omitted in the current study. The potential of the extraction
ethod for miniaturized extractions was studied regarding both

xtraction efficiency, species integrity and compatibility with the
on chromatographic separation used for arsenic species analysis.
his is to our knowledge the first approach for a minimization of
ample sizes in extraction methods preceding arsenic species anal-
sis. Since most of the conventional techniques used for extraction
f arsenic species are not appropriate for simultaneous extrac-
ion of proteins, the extractants deionized water, a biologically
ompatible buffer system and a cellulose-digesting enzyme were
xplored that can potentially solve proteins from the plant matrix
21].

. Experimental

.1. Plant cultivation and arsenic exposure

The plant material for the extraction experiments was obtained
rom Tropeaolum majus cultivated under arsenic exposure dur-
ng 8 weeks after an initial arsenic-free germination and growth
hase of 4 weeks. Four different arsenic species, dimethylarsi-
ate (DMA(V)), monomethylarsonate (MMA(V)), arsenite (As(III)),
nd arsenate (As(V)), were applied to the soil used for plant
ultivation twice per week in 100 mL portions containing 5 mg
rsenic. The applied arsenic solution was not in contact with
he above-ground plant parts ensuring an arsenic uptake solely

hrough the roots. DMA(V) was obtained as sodium cacodylate
rihydrate (purity grade ≥98%) from Sigma–Aldrich, Steinheim,
ermany, As(III) as 0.05 M sodium arsenite solution, and As(V)
s disodium hydrogen arsenate heptahydrate (purity grade ≥98%)
rom Sigma–Aldrich as well, whereas MMA(V) was purchased in

1
3
f
d
a

76 (2008) 1233–1240

he form of monosodium acid methane arsonate sesquihydrate
rom Chem Service, West Chester, PA, USA. The plants were har-
ested and divided into stems, leaves, and leaf stalks, and stored
rozen.

.2. Extraction experiments for total arsenic and arsenic species
rom plant tissue

The extracting agent was varied between deionized water,
queous buffer solutions containing Na2HPO4 in different concen-
rations (1, 5, 10, 100 mM) adjusted to pH 7.0 with 1 M H3PO4, and
ifferent amounts of cellulase (0.1, 0.5, 1.0, 2.0 and 4.0 g L−1) in this
hosphate buffer system. The solid buffer substance sodium phos-
hate dibasic (puriss). p.a. and cellulase powder (from Aspergillus
iger, 1.92 units/mg solid) were purchased from Sigma–Aldrich,
eelze and Steinheim, Germany. Fresh leaves of Tropaeolum majus
ere homogenized under liquid nitrogen using mortar and pes-

le. Aliquots of varied fresh mass (10–200 mg) of this leaf material
ere weighed either in 15 mL or in 2 mL polypropylene tubes and
ixed with varying volumes of the extracting agent by vortex-

ng. Alternatively, small pieces of 5 mm length characterized by a
resh mass of 5–30 mg were cut from intact leaves, leaf stalks, and
tems without prior homogenization of the tissues. The extraction
as carried out for 4 or 16 h at room temperature and com-
leted with 15 min ultrasonication. For extractant volumes >2 mL
he extracts were filtered through 0.45 �m cellulose acetate mem-
rane filters (Whatman, Schleicher & Schuell, Dassel, Germany).
he extraction residue was collected on the filter and rinsed with
mL of the extractant. For extractant volumes <2 mL the filtra-

ion was displaced by centrifugation (10,000 × g, 10 min) of the
xtract and the extraction residue was washed with 1 mL of the
xtractant under short vortexing. In case of two-step extractions
he extraction residues were subjected to a repeated extraction
nd filtration or centrifugation. In the filtrated or centrifuged
xtracts the concentrations of total arsenic as well as of individual
rsenic species were measured using atomic emission spectroscopy
ICPAES, Section 2.4.) and ion chromatography coupled to induc-
ively coupled plasma mass spectrometry (IC/ICPMS, Section 2.5.),
espectively. The extraction residues were digested in a microwave
evice (Section 2.3) prior to total arsenic determination by

CPAES.
The standard reference material BCR-CRM 060 (aquatic plant,

agarosiphon major) provided by the Institute for Reference Mate-
ials and Measurements, Joint Research Centre of the European
ommission (EC-JRC-IRMM), Geel, Belgium, was used for a vali-
ation of the extraction procedure.

.3. Microwave digestion of extraction residues

The remaining washing residues of all extraction experiments
escribed in Section 2.2 were transferred into 6 mL microwave-
ransparent teflon digestion vessels. 2 mL 65% HNO3 and 0.5 mL
0% H2O2 (both in suprapur quality from Merck, Darmstadt, Ger-
any) were added to each sample, and three of the prepared 6 mL

essels were placed in the inset of a 100 mL digestion vessel filled
ith 8 mL deionized water and 2 mL 30% H2O2. A four-step diges-

ion was programmed on the microwave device (Microwave system
tart 1500, MLS, Leutkirch, Germany) comprising of an initial heat-
ng to 85 ◦C in 3 min and then to 145 ◦C in 5 min providing a power
f 700 W for both heating steps followed by an increased power of

000 W for step 3 and 4 in which the temperature was increased in
min to 210 ◦C and then hold for 15 min. The clear digests obtained

rom this procedure were filled in 15 mL polypropylene tubes and
iluted to 5 mL with deionized water for ICPAES analysis. The aver-
ged arsenic content of five blank digests was subtracted from all
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ample arsenic contents. These blanks contained same volumes of
oth digestion chemicals HNO3 and H2O2 and of deionized water
s the plant samples.

.4. ICPAES for determination of total element concentrations

The total arsenic concentrations in the extracts as well as in
he microwave digests of the extraction residues were determined
sing an atomic emission spectrometer with an inductively coupled
lasma as excitation source (ICPAES, iCAP 6500, Thermo Elec-
ron, Dreieich, Germany). The sample was infused at a flow rate
f 2 mL min−1 into a parallel path nebulizer (Mira Mist) associ-
ted to a glass cyclone spray chamber. The emission of As was
easured axially in the argon plasma torch at the wavelengths of

89.0, 193.7, and 228.8 nm. In addition to As, in samples originat-
ng from the standard reference material, the atomic emission of
opper, zinc, and cadmium was measured at 324, 213, and 226 nm,
espectively.

.5. IC/ICPMS for determination of arsenic species

The arsenic species in the various plant extracts were separated
nd detected using a coupling of ion chromatography with induc-
ively coupled plasma mass spectrometry (IC/ICPMS). An anion
xchange column (IonPac AS7, 4 mm × 250 mm, Dionex, Sunny-
ale, USA) with a guard column (IonPac AG7, 4 mm × 50 mm) was
mployed for the separation of arsenic species. A HPLC 1100 series
ystem consisting of a degasser, thermostated autosampler and
uarternary pump was coupled with PEEK capillaries to the ICPMS
G PQ ExCell (ThermoElemental) via a microconcentric nebulizer

MicroMist, GE, Australia) and a cyclon spray chamber. The sepa-
ation was performed with a gradient elution based on 0.04 mM
NO3 and 50 mM HNO3 with 0.05 mM benzene-1,3-disulfonic acid

BDSA) as ion pairing reagent and was previously described [16,22].
he eluent flow rate was set to 1 mL min−1 and 50 �L of sample were
njected. The m/z ratio of 75 (As) was detected with a dwell time
f 1 s under following operation conditions of the ICPMS: rf-power
350 W; cool gas flow 13 L min−1; auxiliary gas flow 1 L min−1; neb-
lizer gas flow 0.9 L min−1.

.6. Statistical test for extraction efficiencies

The total arsenic concentrations in the different extracts and
n the corresponding extraction residues determined by ICPAES

ere used for calculation of the extraction efficiencies achieved
nder different extraction conditions. The extraction efficiency is
efined as ratio of the arsenic concentration in the extract to the

otal arsenic content.

The extraction efficiencies of different samples were compared
egarding statistically significant differences using one-way anal-
sis of variance (ANOVA) for a level of significance of ˛ = 0.05
orresponding to a probability value of 95%.

m
t
t
f
a

able 1
omparison of the yields of total arsenic extraction from 200 mg homogenized leaf tissue
ellulase in phosphate buffer in an extraction time of 4.25 h

rsenic species application Extraction efficiency [%] achieved by different e

Deionized water 100 mM phosp

s(III) 83 ± 3 90 ± 2
s(V) 80 ± 1 88 ± 1
MA(V) 81 ± 7 85 ± 2
MA(V) 89 ± 2 92 ± 2

verage values with standard deviations from five replicates are given.
76 (2008) 1233–1240 1235

. Results and discussion

.1. Variation of the extraction medium for larger sample sizes

.1.1. Evaluation of extraction efficiencies for total arsenic
The extraction capabilities achieved by pure water, 100 mM

hosphate buffer, pH 7, and by a solution of cellulase, which cleaves
he �-1,4-glycosidic linkages of the cell wall component cellulose,
re compared in Table 1. High and reproducible extraction efficien-
ies were achieved that varied between 80 and 92% depending on
he extraction medium and on the arsenic species application. A
airwise comparison between the extraction efficiencies achieved
y the buffer and by the enzyme in this buffer offered no signifi-
ant differences including all four arsenic species applications. For
his behaviour different explanations can be supposed: either no
dditional arsenic species were extracted from the tissue by the
egradation of macromolecular components if the cells are broken
p previously by grinding under liquid nitrogen or the enzyme did
ot work efficiently under the influence of proteases released from
he broken cells. Neither an elevation of the enzyme concentra-
ion in the extraction medium from 1 to 2 or 4 g L−1 nor the use
f other enzymes such as amylase, protease or trypsin did improve
he extraction yield (data not shown).

However, comparing the extraction efficiencies obtained by
eionized water with those obtained by the buffer and the enzyme
olution, a significant higher extraction yield resulted from the use
f both extraction media containing the buffer. Significant differ-
nces were further ascertained for the extraction efficiencies of
he four different arsenic species applications for a comparison of
ll extraction media listed in Table 1. At a level of significance of
= 0.05 the yields of arsenic extraction were significantly different

or As(V)- and DMA(V)-application, for As(III)- and MMA(V)-
pplication, and for MMA(V)- and DMA(V)-application. This means
hat the extractability of arsenic depends on the arsenic species
xposure. The highest extractability occurred in case of DMA appli-
ation (90.6 ± 1.8%) followed by As(III) application (87.7 ± 3.7%) and
s(V) application (85.9 ± 4.9%). The leaf tissue of MMA application
as characterized by the lowest extractability (84.6 ± 3.7%).

.1.2. Influence of the extraction medium on arsenic species
nalysis

The applied arsenic species did not correspond in each case
o the species dominating in the plant cells as can be seen
rom the arsenic species analysis (Fig. 1a–d). Plants grown under
s(III) or As(V) application are characterized by a similar arsenic
pecies distribution in their leaves that showed a high As(III) level
Fig. 1a and b). The extraction yields achieved for the As(III) and
s(V) plants were also similar (see Section 3.1.1). The unknown

etabolite X1 was found in leaf extracts when plants are exposed

o As(III) in considerably higher amounts than in extracts of
he As(V) application. In aqueous and buffer extracts of leaves
rom plants exposed to DMA this species appeared as the main
rsenic species. Peak X3 and X7–X9 could represent metabolization

achieved by 7 mL of the extraction media deionized water, phosphate buffer, and

xtraction media

hate buffer, pH 7 1 g L−1 cellulase in 100 mM phosphate buffer, pH 7

90 ± 1
89 ± 1
88 ± 0.1
91 ± 3



1236 A.-C. Schmidt et al. / Talanta 76 (2008) 1233–1240

F pecie
w by “X”
a

p
w
s
a
n

s
d
t
o
d
p
t
i
f
t
t
t
p
o
M
≥
t
1
t

s
r
v
c
p
O
s
e

m
c
i
n
a
p
e

3

ig. 1. Effect of the extraction medium on the IC/ICPMS chromatograms for arsenic s
ater and 100 mM phosphate buffer, pH 7. Unidentified arsenic species are marked

pplication.

roducts. A demethylation of DMA to As(III) by terrestrial plants
as reported previously [23]. The identification of arsenic species

olely by means of their retention times is questionable [24]
nd an additional structure elucidation by MS or NMR would be
ecessary.

If the extraction was performed with 100 mM phosphate buffer,
ome additional arsenic species were found in the leaf extracts that
id not appear using pure water as extraction medium. In this con-
ext, the peak marked with X1 in Fig. 1a and b occurred in case
f As(III) and As(V) application whereas the peak X7 and X3 were
etected in case of the methylarsenic applications. Otherwise, some
eaks that were remarkable in the water extracts, disappeared in
he chromatograms after enzymatic or buffer extraction especially
n case of the methylarsenic applications (peak X6, X8, X9). This
act can be ascribed to a dislocation of the retention times due
o the buffer component (Fig. 2). In standard solutions containing
he phosphate buffer the As(V) peak shifted to higher retention
ime if the buffer concentration increased whereas the DMA(V)
eak eluted earlier from the IC column. The most rigorous effect
f an increasing phosphate buffer concentration was observed for

MA(V) which co-eluted with As(III) at phosphate concentrations
50 mM. Therefore, MMA and As(III) cannot be differentiated in

he leaf extracts since they contained a buffer concentration of
00 mM. Only at the low buffer concentration of 1 mM the reten-
ion times of all four species did not change compared to a standard

o
c
e
o
a

s analysis in different leaf extracts of T. majus. The extraction media were deionized
. (a) As(III) application; (b) As(V) application; (c) MMA(V) application; (d) DMA(V)

olution in deionized water. Within water or buffer extracts the
eproducibility of the retention times in the plant samples was
ery high (R.S.D. 0.4–1.8% for n = 10). A possible explanation for the
hanging elution order could be ascribed to the high ionic strength
rovided by the phosphate and sodium ions of the buffer [25].
therwise, the neutral pH conditions of the phosphate buffered

olutions disagree with the pH of the non-buffered aqueous
xtracts.

In summary, the distribution of arsenic species in the chro-
atograms was similar for buffer extracts and enzymatic extracts

ontaining the same buffer concentration as matrix for the enzyme
ndependently on the enzyme concentration (1, 2, or 4 g L−1, data
ot shown). This means that the 0.1 M phosphate buffer mainly
ffects both kind and quantity of arsenic species recorded in the
lant extracts compared to pure water extraction and not the
nzyme even if its concentration is increased.

.2. Two-step extraction versus one-step extraction

The first extraction step was performed with deionized water in

rder to receive the part of arsenic accumulated in the plant that is
haracterized by a high mobility and water solubility. In the second
xtraction step, the extracting agents, deionized water and an aque-
us cellulase solution were compared regarding the extraction yield
chieved (Table 2). The main part of arsenic was extracted from the
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Table 2
Arsenic species extracted in the 2nd step of a two-step extraction of 200 mg homogenized leaves of T. majus treated with As(III), As(V), MMA(V), and DMA(V) using 5 mL
deionized watera or 1 g L−1 cellulase in 100 mM phosphate buffer, pH 7b

Arsenic
application

Extraction
medium

Arsenic species concentrations in the extract (IC/ICPMS) [�g L−1] obtained in
the 2nd extraction step

Total arsenic conc.
(ICPAES) [�g L−1]

Extraction efficiency
[%]

As(III) X1 X2 X3 As(V) X4 Sum 1st
step

2nd
step

As(III) Watera 2.9 1.2 0.3 0.1 4.6 2.6 11.7 10.0
81.9

91.0
Bufferb 8.2 4.2 1.8 0.7 2.2 1.0 18.2 16.0 95.7

As(V) Water 20.4 – 1.7 1.8 3.1 1.1 28.0 25.0
80.6

91.5
Buffer 41.5 – 3.5 2.1 6.5 1.4 55.0 43.0 93.6

As(III) DMA MMA X7 X3 As(V)
MMA(V) Water 14.2 2.6 2.5 0.7 1.0 1.1 22.1 25.0

80.2
87.5

Buffer 36.2 1.2 – 2.4 – 1.2 41.0 40.0 100

As(III) DMA X7 X3 As(V)
DMA(V) Water 6.4 21.2 1.1 – 3.1 31.8 26.0 96.9

1.2

C /ICPM
a nized

p
r
7
o
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w
b
t

F
t
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3

t
s
i

Buffer 1.0 34.5 0.9

omparison of the sum of arsenic species concentrations detected by means of IC
chieved by 1st and 2nd extraction step. The 1st step was performed with 7 mL deio

lant tissue in the first step using water (80–88%). A subsequent
epeated extraction with water led to an additional extraction of
–11% of the arsenic totally present in the tissue but an increase
f 10–20% of the extraction yield in the second step was observed
aused by the enzyme-buffer solution. This enhanced extraction
n the second step is consistent with the higher extraction yields

ttained by buffer and enzyme in buffer compared to deionized
ater in the one-step extractions (see Table 1). After completing
oth extraction steps, nearly 100% of the arsenic was solved from
he leaf matrix.

ig. 2. Influence of the phosphate buffer concentration (pH 7) in the standard solu-
ion containing As(III), As(V), MMA(V), and DMA(V) on the ion chromatographic
eparation of these four arsenic species. ICPMS detection at m/z 75 for As+. Concen-
ration of 25 �g As L−1 for inorganic and 50 �g As L−1 for methylated species.

w
m
u
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F
a
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87.52.2 40.3 48.0 97.9

S with the total arsenic concentrations measured by ICPAES and extraction yields
water. X1–X7: unidentified arsenic-containing metabolites.

.3. Reduction of sample size

In order to study the extraction behaviour in dependence on
he sample size, the initial leaf weight was systematically reduced
tarting from such large amounts as 400 mg and preliminary end-
ng at 10 mg over five intermediate steps. The individual samples

ere taken from a larger homogenized pool of ground fresh leaf
aterial. According to the diminished amounts of leaf mass the vol-

me of the extracting agent was reduced from 8 mL down to 200 �L
hereby maintaining a phase ratio between the volume of extrac-
ant and the leaf mass of 0.02 mL mg−1. Whereas the high extraction
ield remained unaltered in the mass range 400–125 mg, it declined
ontinuously with further decreasing sample size (Fig. 3). A slight
aise of the phase ratio for smaller initial leaf weights prevented the
eclining of the extraction yield that occurred in case of a constant
hase ratio. According to a theory formulated for the extraction pro-
ess of arsenic species from algae [11] the highest extraction yields
ay be expected at large V/m ratios.
Subsequently, the reduction of sample sizes was further pro-

oted in terms of cutting up small pieces of approximately 5 mm
n length from an undestroyed leaf, leaf stalk or stem instead of
he homogenization of different leaves. In these experiments, the
uffer concentration was decreased because a higher phosphate

olarity as used before caused a serious modification of the ion

hromatographic arsenic species separation (see Fig. 2). Concerning
he concentration of cellulase used for the extractions (0.1–4 g L−1),
o influence on the yield was observed for slices of leaves, leaf stalks
nd stems from all arsenic species applications suggesting that the

ig. 3. Extraction efficiencies achieved under a constant and a rising phase ratio for
rsenic from continuously reduced sample sizes of leaves from T. majus cultivated
nder As(V) exposure. The extraction was performed with 100 mM phosphate buffer,
H 7. Standard deviations from three parallel extractions are indicated.
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rimary extraction effect is caused by the buffer component as
t has been proven before for the homogenized leaf samples. The
ffects of the other varied parameters on the extraction efficiency
re compared in Table 3. No significant differences were obtained
rom ANOVA tests for both phosphate buffer concentrations 1 and
0 mM regarding the yield of arsenic extraction from leaf, leaf stalk,
nd stem tissue. Likewise, for leaf tissue from plants exposed to
MA(V) during growing an elevation of the extraction time from
h up to 16 h did not improve the yield. Such high portions as
8% up to 93% of the total arsenic accumulated in the leaf were
xtracted during 4 or 16 h. However, for leaf slices from plants of the
s(V) application for which lower extraction yields were obtained

63–77%), a prolonged extraction time resulted in increased arsenic
oncentrations in the extracts. A significant higher extraction yield
ould be achieved for leaves from DMA application compared to
eaves from As(V) application in case of both extraction times and
uffer concentrations. These findings confirm the dependence of
he extraction efficiency on the kind of arsenic species prevailing in
he plants (see Section 3.1.1). For leaf stalks from DMA(V) and As(V)
pplication no significant difference was observed concerning the
xtractability whereas for stems the extraction efficiency was sig-
ificantly higher for As(V) application. This converse behaviour
elated to the leaves suggests a different kind of interaction for
he arsenic species with components of leaf and stem cells. Within
ach arsenic application (DMA or As(V)), extraction yields gained
or different kind of tissue (leaf, leaf stalk, and stem segments)
ere highly divergent as it is reflected by significant differences

esulting from ANOVA tests. Equally, for non-miniaturized sam-
les a varying extraction efficiency was noticed for different plant
arts such as roots, stems, leaves, and fruits of Capsicum annuum
2].

If all extracts are considered that were produced from reduced
ample sizes, the extraction of small pieces of intact leaves revealed
early the same efficiency (87.3 ± 8.2% for n = 12) as it resulted from
iniaturized portions of homogenized leaf material (87.4 ± 5.3%

or n = 13) in case of plants that mainly contained DMA. No sig-
ificant difference arised from that comparison. In contrast, the
omogenization of leaves treated with As(V) and mainly containing
s(III) improved the extraction yield (87.8 ± 4.6% for n = 12) oppo-
ite to pieces of intact leaves (71.0 ± 9.5% for n = 14). In this case, the
NOVA offered a significant difference.

If a second extraction step was performed using deionized water
s extracting agent for 2 h after a 4 h incubation of small slices
5 mm long) of intact leaves with buffer solutions containing cellu-
ase, an enhancement of 5.8 ± 3.1% (n = 6, plants exposed to DMA(V)
uring growth) and 7.2 ± 2.8% (n = 6, plants exposed to As(V)) of the
xtraction efficiency was attained. This additional extraction yield
s characterized by the same order of magnitude as in case of the
nd extraction step of homogenized leaf material with deionized
ater as extracting agent (compare Table 2).

.4. Figures of merit for the arsenic species and total arsenic
eterminations

A detection limit of 0.7 �g L−1 was achieved for total arsenic
y ICPAES. For the individual arsenic species the following detec-
ion limits resulted from IC/ICPMS: 0.2, 0.3, 0.2, and 0.5 �g/L
or As(III), MMA(V), DMA(V), and As(V), respectively. Calibration
urves were received in the range between 10 and 200 �g As L−1

ver five single concentrations with R2 values >0.99. The preci-

ion for the peak areas of arsenic species in aqueous standard
olutions (from five independent measurements) was assessed to
.9, 0.02, 0.7, and 1.3% for As(III), DMA(V), MMA(V), and As(V),
espectively, at a concentration level of 10 �g As L−1 for each species
nd to 1.8, 0.2, 0.1, and 0.4% for As(III), DMA(V), MMA(V), and Ta
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Table 4
Validation of arsenic species determination using IC/ICPMS in 0.1 M phosphate buffer extracts from arsenic treated plants

Arsenic species application Arsenic species measured by IC/ICPMS Relative peak area deviation (%), n = 5 Relative retention time deviation (%), n = 5

As(III) As(III) 11.5 0.4
X1 22.2 5.8
X2 13.4 1.4
X3 48.1 1.8
As(V) 13.1 1.1
X4 6.7 0.7

As(V) As(III) 15.3 0.3
X1 12.0 3.1
X2 6.5 0.7
X3 9.3 0.4
As(V) 11.8 0.6
X4 11.1 0.2

MMA(V) As(III)+MMA 13.4 0.1
DMA(V) 10.4 2.2
X7 16.4 0.4
X3 5.3 1.1
As(V) 11.1 0.6
X4 5.2 0.4

DMA(V) As(III) 10.9 1.1
DMA(V) 20.6 1.5
X7 25.1 1.0
X3 23.7 1.3
As(V) 11.4 0.8

5.9
8.1
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he relative standard deviations are calculated for peak areas normalized to 200 mg

s(V), respectively, at a concentration level of 50 �g As L−1 for each
pecies.

In order to validate the full procedure for arsenic species deter-
ination in the plant extracts including extraction and IC/ICPMS

nalysis, the relative standard deviations both of the peak areas and
f the retention times of the individual arsenic species in five par-
llel prepared extracts are calculated (Table 4). The retention times
how a high reproducibility, whereas the peak areas are charac-
erized by a larger variability attributed to the biological variation
ather than to the chromatography because in standard solutions
he relative peak area deviations listed above were considerably
maller. The biological variation is also reflected by the relative
tandard deviations of the total arsenic concentrations (see below,
able 5).

The accuracy of the determination of arsenic species concentra-
ions in the various types of extracts was validated by comparison
ith the total arsenic concentrations in the same extracts mea-

ured using a different analytical method (ICPAES) which should
e not effected by the sample matrix. The values listed in Table 2

how a good agreement of both methods for all types of extracts
ndicating a sufficient reliability of the arsenic species concentra-
ions obtained by means of IC/ICPMS. For this reason, a loss of some
rsenic species prior to ICPMS detection due to strong retention
nto the ion exchange column can be widely excluded.

t
h
T
v
t

able 5
otal arsenic concentrations in different parts of T. majus after application of As(III), As(V
eaves (column 5–7)

rsenic species application Arsenic concentration (mg kg−1 f.m.) (average ± s.d

Leaf Leaf stalk Stem

s(III) 15 ± 5 2 ± 0.4 1 ± 0.1
s(V) 16 ± 3 2 ± 0.2 1 ± 0.3
MA(V) 21 ± 4 6 ± 1 4 ± 1
MA(V) 25 ± 3 9 ± 1 4 ± 0.4

a Extraction of 150–200 mg fresh mass and microwave digestion of the extraction resid
b Extraction of 5–30 mg fresh mass and microwave digestion of the extraction residue.
0.3
0.2

ass and for retention times of five parallel prepared extracts.

.5. Validation of the digestion and extraction procedures for
educed sample sizes

.5.1. Total concentrations of four different elements in a standard
eference material

A standard reference material was chosen, which shows simi-
ar matrix properties and arsenic concentration level as in the T.

ajus plants investigated in the current study. Unfortunately, no
ppropriate terrestrial plant was available as reference material for
rsenic. Therefore, a higher aquatic plant, the aquatic moss L. major,
CR-CRM 060, was used for the validation experiments.

The microwave digestion procedure without prior extraction
as validated by comparison of the total concentrations mea-

ured by ICPAES for four different elements (Cu, Zn, As, Cd) which
re present in BCR-CRM 060 at different concentration levels
ith the certified contents. From five parallel digestions of 10 mg

f the aquatic moss the following values arose (certified values
n parentheses): 50.8 ± 10.2 (51.2 ± 1.9) mg kg−1 for Cu, 2.1 ± 0.4
2.2 ± 0.1) mg kg−1 for Cd, 325.6 ± 67.1 (313 ± 8) mg kg−1 for Zn. Due

o the reduced mass of the aliquots the standard deviations are
igher but the average values agree with the certified contents.
he arsenic content of the reference material is not certified but a
alue of 8 mg kg−1 is given which is obtained from neutron activa-
ion analysis from one laboratory. Our analysis revealed a value of

), MMA(V), and DMA(V) (column 2–4) and biological variation within individual

., n = 6)a R.S.D. for miniaturized extraction of 5 mm segments
(n = 18–30)b

Leaf Leaf stalk Stem

38 50 45
54 56 60
19 41 30
17 45 26

ue.
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.1 ± 0.9 mg kg−1 which has been approved in the following extrac-
ion experiments (see below).

In order to verify the recoveries for the extraction step with sub-
equent microwave digestion of the extraction residue collected
n a cellulose acetate filter, the sum of the element fraction of
CR-CRM 060 extracted with 0.1 M phosphate buffer, pH 7, and
he fraction remaining in the extraction residue was likewise com-
ared with the certified contents. For an initial weight of 10 mg
CR-CRM 060 and a volume of extractant of 600 �L, sum concen-
rations of 57.3 ± 2.9, 2.1 ± 0.1, 333.7 ± 10.6, and 4.8 ± 1.1 mg kg−1

n = 5) were obtained for Cu, Cd, Zn, and As, respectively. For 25 mg
eference material extracted with 1.5 mL the following sum con-
entrations resulted: 53.6 ± 6.9 mg kg−1 Cu, 1.9 ± 0.2 mg kg−1 Cd,
02.2 ± 40.3 mg kg−1 Zn, and 4.7 ± 0.3 mg kg−1 As (n = 5 parallel
xtractions). The comparison of these results with the certified
alues listed above suggests a high recovery (86–112%) for the
xtraction combined with the digestion procedure and rather an
verestimation in case of small sample sizes.

.5.2. Spiking of T. majus homogenate with arsenic species
The recovery of arsenic during the extraction process was eval-

ated in an additional series using 200 mg of homogenized leaf
aterial from uncontaminated T. majus that was spiked with two

rsenic species (As(V) and DMA(V)) at three concentration lev-
ls (40, 400, and 4000 �g As L−1 in 7 mL extract solution). The
ame procedure as for the arsenic-treated plants was carried out,
hat means the extraction was performed with 0.1 M phosphate
uffer and the extract was separated from the residue by filtra-
ion. For the whole sample treatment process including extraction
nd microwave digestion of the extraction residues, high recov-
ries of the spiked arsenic species could be demonstrated: in
ase of DMA(V) addition 100.0 ± 4.4%, 98.7 ± 1.3%, and 88.1 ± 2.7%
n = 4) of the spiked amounts were found for spiking levels of
0, 400, and 4000 �g As L−1, respectively. In case of As(V) addi-
ion slightly lower arsenic concentrations were detected in the
xtracts and corresponding residues, 86.1 ± 9.0% and 93.1 ± 7.1%
n = 4) of the original amounts 40 and 400 �g As L−1, respec-
ively. The added arsenic species were mainly present in the
esulting extracts, whereas a considerably lower part (0.1–1.3%)
as found in the filtration residues after microwave diges-

ion possibly due to adsorption on the leaf material during
xtraction.

In addition to this determination of total arsenic by ICPAES, the
rsenic species concentrations in the spiked extracts were ascer-
ained by IC/ICPMS. For a spiking level of 40 �g As L−1 in the leaf
xtracts 37.3 ± 4.4 �g As L−1 and 41.1 ± 3.3 �g As L−1 (n = 4) were
ecovered from the IC column in case of As(V) and DMA(V) addition,
espectively. Whereas DMA(V) was detected as the only species in
he extracts after DMA(V) addition, 15.4 ± 2.0% (n = 7) of the added
s(V) was converted to As(III) by reducing components released

rom leaf cells.

.6. Total arsenic concentration in plants and locally resolved
iological variation

Despite of the application of the same total arsenic amount
uring the growth period the total arsenic concentrations accu-
ulated in the plants differed in dependence on the kind of
rsenic species provided for the expositions. The mean accumula-
ion capacity deduced from larger sample amounts was higher for
he methylated forms than for the inorganic ones (Table 5) and the
rsenic taken up from soil is mainly deposited in the leaves. A high
iological variation was observed between different segments of

[
[

[

76 (2008) 1233–1240

ndividual leaves, leaf stalks and stems as indicated in column 5–7
f Table 5.

. Conclusion

The proposed extraction protocol provides high yields for
rsenic extraction from plant tissues and offers the possibility to
esolve the arsenic distribution within compartments of a single
eaf, leaf stalk, or stem. The sample sizes could be minimized up to
mm long slices of tissue corresponding to a minimal fresh mass of
mg. The method is characterized by an uncomplicated feasibility,
minimal consumption of extractant volumes, and a compatibil-

ty with the arsenic species analysis if low buffer concentrations
re used. In the future, the biological variation within individual
lant parts should be elucidated more systematically. To reduce
he extraction time, the applicability of focused ultrasound should
e tested. Furthermore, not only the free arsenic species should
e analyzed in the extracts but rather their possible binding to
iomolecules because the extracting agents used are compatible
ith the extraction of proteins.
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a b s t r a c t

Capillary electrophoresis (CE) with UV detection for the simultaneous and short-time analysis of clen-
buterol, salbutamol, procaterol, fenoterol is described and validated. Optimized conditions were found to
be a 10 mmol l−1 borate buffer (pH 10.0), an separation voltage of 19 kV, and a separation temperature of
32 ◦C. Detection was set at 205 nm. Under the optimized conditions, analyses of the four analytes in phar-
maceutical and human urine samples were carried out in approximately 1 min. The interference of the
sample matrix was not observed. The LOD (limits of detection) defined at S/N of 3:1 was found between
0.5 and 2.0 mg l−1 for the analytes. The linearity of the detector response was within the range from 2.0
Capillary electrophoresis
Clenbuterol
Salbutamol
Procaterol
F

to 30 mg l−1 with correlation coefficient >0.996.
© 2008 Elsevier B.V. All rights reserved.
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. Introduction

�2-Agonists such as clenbuterol, salbutamol, procaterol, and
enoterol have long been used for the treatment of acute asthma
ymptoms in both adults and children, and also in the prevention
f exercise-induced asthma [1–3]. They are administrated as an
erosol, injection fluid, mixtures, and tablets. There are concerns
egarding the possible contribution of �2-agonists in asthmatic
eaths [4]. This may because excessive use of �2-agonists inhalants
uring asthma attacks leading to cardiac arrhythmia. Furthermore,
2-agonists at higher dose levels may also be illegally used as

epartitioning agents in meat-producing animals. Residues of these
ompounds could present a potential risk for health of individ-
als consuming illegally treated animals [5]. Consequently, it is
ecessary to develop rapid and simple methods for analysis of �2-
gonists in both pharmaceuticals and biological fluids.

Numerous analytical methods for determination of �2-agonists

n pharmaceuticals and biological fluids have been reported. These
nclude gas chromatography–mass spectrometry (GC–MS) [6–10],
igh-performance liquid chromatography (HPLC) [11–15], ion chro-
atography [16], ELISA [17], and recently flow injection analysis

∗ Corresponding author. Tel.: +66 3810 3114; fax: +66 3839 3494.
E-mail address: sirichai@buu.ac.th (S. Sirichai).
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oupled with electrogenerated chemiluminescence (FIA–ECL) [18].
ll these methods have their own disadvantages. Although GC–MS

s a common method to detect these compounds, a derivatisation
tep is required prior to injection. However, derivatisation proce-
ure is time-consuming, laborious, complicated, and requires large
olume of organic solvents. HPLC and LC–MS provide many advan-
ages over GC for the analysis of �2-agonists. However, LC–MS
nstrument is expensive, and does not belong to the facilities of
verage investigator.

Capillary electrophoresis (CE) is an attractive method for the
nalysis of both neutral and charged species. It provides high sep-
ration efficiency, rapidity of separation, and small sample and
eagent volume required, leading to lower cost. Several reports on
he determination of �2-agonists have been published [19,20].

Although a variety of methods have been proposed to separate
2-agonists. One that is simple, rapid, inexpensive, and reliable
nd allows a simultaneous routine determination of these com-
ounds is needed. Consequently, we presented a rapid and simple
E method using a UV detector that could be used to monitor
he amount of clenbuterol, salbutamol, procaterol, and fenoterol

n pharmaceutical and human urine samples. CE separation of this
ombination has not been reported. The molecular structures of the
nvestigated analytes are shown in Fig. 1. The determination of clen-
uterol and salbutamol compounds using the developed method is
times faster than the reported method [19].
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Fig. 1. Chemical structures of clenbut

. Experimental

.1. Chemicals

All chemicals were of analytical grade, prepared using high resis-
ivity (18 M�), deionised water, and filtered using 0.45 �m filter.
lenbuterol, Salbutamol, Procaterol, and Fenoterol were purchased
rom Sigma–Aldrich (St. Louis, MO, USA). Sodium hydroxide and

ethanol were supplied by Merck (Darmstat, Germany). Sodium
etraborate anhydrous were obtained from Fluka (Buchs, Switzer-
and). Pharmaceutical samples were purchased in a drugstore.

.2. Instrumentation and software

A Hewlett-Packard Model G1600A 3DCE system (Waldbronn,
ermany) coupled with a diode-array detector was used through-
ut all experiments. A 3DCE Chemstation software equipped with
HP Vectra VL5, 166 MHz personal computer was employed for

ontrolling the CE system, data acquisition, and data analysis. All
lectrophoretic separations were carried out in 32 cm × 50 �m i.d.
xtended light path fused-silica capillary (Agilent, Germany). The
ffective length of the capillary was 23.5 cm. The sample solu-
ions were hydrodynamically injected at the anodic end of the
apillary by using a pressure of 50.0 mbar for 1 s. The detection
avelength was set at 205 nm. At each sequence experiment, the

apillary was conditioned with 0.1 mol l−1 sodium hydroxide for
min, and separation buffer for 3 min. A Beckman pH meter (Beck-
ann Instrument, USA) equipped with a combined glass-Ag/AgCl

lectrode was used for pH measurement.

.3. Preparation of standard solutions

Stock standard solutions (500 mg l−1) of compounds: clen-
uterol, salbutamol, procaterol, and fenoterol were prepared in

ethanol, and the working solutions at various concentrations
ere prepared by appropriate dilution from the stock standard

olution when needed. The stock solutions were stored in a refrig-
rator at 4 ◦C for 1 week. Buffer solution was prepared by dissolving
he proper amount of sodium tetraborate in deionised water, and
he pH of the buffer solution was adjusted by the addition of sodium
ydroxide.

p

3

m
m

albutamol, procaterol, and fenoterol.

.4. Preparation of samples

Salbutamol and procaterol tablets containing 2 mg and 50 �g,
espectively, and fenoterol solutions containing 1.25 mg/4 ml were
btained from a local drug store. Each tablet was ground and dis-
olved in deionised water, sonicated, filtered, and diluted with
eionised water. Human urine samples were collected from a
ealthy drug-free male, filtered through a membrane filter, and
iluted with deionised water before analysis.

. Results and discussion

.1. Effect of buffer pH and buffer concentration

In theory, the pH of running buffer would affect the ionization of
he acidic silanols of the inner wall of the capillary, and the degree
f dissociation of analytes. To investigate the influence of running
uffer pH on the migration time and resolution of the analytes,
our different buffer pH values, namely 9.3, 9.5, 9.8, and 10.0, were
tudied. High pH values was chosen as preliminary experiments
ecause the use of buffer with high pH value offered decreasing
he residence time due to a relatively high electroosmotic flow. The
esults obtained are shown in Fig. 2a. It can be seen that when the
H value of the running buffer was changed, the migration time and
esolution were affected. At buffer pH 9.3, procaterol and fenoterol
ould not be resolved. By increasing the pH value of the running
uffer, the resolution of the analytes was increased, and the baseline
eparation could be achieved at pH 10.0. Consequently, buffer pH
0.0 in the subsequent experiments was chosen.

The ionic strength of buffer affecting on solute mobilities and
eparation efficiency was investigated. This effect was studied by
arying the borate buffer concentration from 5 to 15 mmol l−1.
he results obtained are shown in Fig. 2b. It was found that the
igration times of four analytes, and electrophoresis current were

ncreased with increase in buffer concentration. A 10 mmol l−1

orate buffer developing current of 16.6 �A was adopted as a com-
romise between peak shape and current generated in the capillary.
.2. Effect of separation voltage

The effect of separation voltage, ranging from 12 to 19 kV on
igration time of the compounds is shown in Fig. 3. While the
igration times were decreased with increasing the separation
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Fig. 2. (a) Effect of buffer pH on migration times of clenbuterol, salbutamol, pro-
caterol, and fenoterol. Conditions: Capillary: extended fused silica (32/23.5 cm eff.,
50 �m i.d., 360 �m o.d.); buffer: 5 mmol l−1 borate, pH value from 9.3 to 10.0;
temperature: 25 ◦C; voltage: 15 kV; injection: 50 mbar for 1 s; detection: 205 nm;
sample: 10 mg l−1 for clenbuterol, salbutamol, and fenoterol, and 20 mg l−1 for
procaterol. (b) Effect of buffer concentration on migration times of clenbuterol,
salbutamol, procaterol, and fenoterol. Conditions: Capillary: extended fused silica
(
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s

3

f
s
t
d
d
3
t
a

Fig. 3. Effect of separation voltage on migration times of clenbuterol, salbutamol,
procaterol, and fenoterol. Conditions: Capillary: extended fused silica (32/23.5 cm
eff., 50 �m i.d., 360 �m o.d.); buffer: 10 mmol l−1 borate, pH 10.0; temperature:
25 ◦C; voltage: 12 to 19 kV; injection: 50 mbar for 1 s; detection: 205 nm; sample:
10 mg l−1 for clenbuterol, salbutamol, and fenoterol, and 20 mg l−1 for procaterol.

Fig. 4. Effect of separation temperature on migration times of clenbuterol, salbu-
tamol, procaterol, and fenoterol. Conditions: Capillary: extended fused silica
(32/23.5 cm eff., 50 �m i.d., 360 �m o.d.); buffer: 10 mmol l−1 borate, pH 10.0; tem-
perature: 25 to 32 ◦C; voltage: 19 kV; injection: 50 mbar for 1 s; detection: 205 nm;
sample: 10 mg l−1 for clenbuterol, salbutamol, and fenoterol, and 20 mg l−1 for pro-
caterol.
32/23.5 cm eff., 50 �m i.d., 360 �m o.d.); buffer: 5–15 mmol l−1 borate, pH 10.0;
emperature: 25 ◦C; voltage: 15 kV; injection: 50 mbar for 1 s; detection: 205 nm;
ample: 10 mg l−1 for clenbuterol, salbutamol, and fenoterol, and 20 mg l−1 for pro-
aterol.

oltage, the analysis time became shorter. This resulted in an
ncrease of electroosmotic flow in the capillary. A separation voltage
f 19 kV provided the best compromise in terms of analysis time,
lectrophoresis current, and resolution. This separation voltage was
elected for subsequent stages of the method optimization.

.3. Effect of separation temperature

Separation temperature studies from 25 to 32 ◦C were per-
ormed to determine the optimized capillary temperature for
eparation. Fig. 4 shows the effect of the temperature on the migra-
ion time. As expected, an increase in the temperature results in a
ecrease of migration times. This is because the buffer viscosity

ecreased with increase of capillary temperature. A temperature of
2 ◦C was chosen for the optimized condition regarding to migra-
ion time, and resolution. Fig. 5 shows the typical separation of
nalyte standards at the optimized conditions.

Fig. 5. Electropherogram of the four analytes under the optimized conditions. Con-
ditions: Capillary: extended fused silica (32/23.5 cm eff., 50 �m i.d., 360 �m o.d.);
buffer: 10 mmol l−1 borate, pH 10.0; temperature: 32 ◦C; voltage: 19 kV; injection:
50 mbar for 1 s; detection: 205 nm; sample: 10 mg l−1 for clenbuterol, salbutamol,
and fenoterol, and 20 mg l−1 for procaterol.
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Fig. 6. Electropherogram of a blank urine sample and a urine sample spiked with a
mixture of 3 mg l−1 each of clenbuterol, salbutamol, procaterol, and fenoterol. Con-
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Table 2
Method repeatability and intermediate precision for proposed method (n = 5)

Analyte Concentration (mg l−1)

10 30 50

Intraday %R.S.D.
Clenbuterol 1.2 2.1 1.3
Salbutamol 1.5 1.9 1.7
Procaterol 1.3 1.1 1.2
Fenoterol 1.6 1.4 2.5

Interday %R.S.D.
Clenbuterol 2.8 2.4 3.5
Salbutamol 3.5 3.1 3.8
Procaterol 3.0 2.9 3.2
Fenoterol 3.3 3.1 4.2

Table 3
Accuracy of the proposed method (n = 5)

Analyte % Recovery

2.0 mg l−1 4.0 mg l−1 5.0 mg l−1

Clenbuterol 98.7 100.2 99.8
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spectrally impure peaks, the values are above 1 [22]. The ratios were

T
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S
P
F

R
R

itions: Capillary: extended fused silica (32/23.5 cm eff., 50 �m i.d., 360 �m o.d.);
uffer: 10 mmol l−1 borate, pH 10.0; temperature: 32 ◦C; voltage: 19 kV; injection:
0 mbar for 1 s; detection: 205 nm.

.4. Method performances

For validation of the CE methods using the optimized conditions
a running buffer of 10 mmol l−1 borate buffer at pH 10.0, an applied
oltage of 19 kV, a temperature of 32 ◦C, and hydrodynamic injec-
ion of 1 s at 50 mbar), linearity, limits of detection (LOD), limits
f quantification (LOQ), precision, accuracy, and specificity were
nvestigated according the ICH Harmonised Tripartite Guideline
21] under the optimized conditions. Fig. 6 shows the electrophero-
ram of a blank urine sample, and a spiked urine sample.

.4.1. Linearity, LOD and LOQ
A series of mixed standard solutions including clenbuterol,

albutamol, procaterol, and fenoterol with different concentrations
ere prepared to the linearity. Determination of LOD and LOQ were

alculated based on signal-to-noise ratio of 3 and 10, respectively.
able 1 shows linearity, LOD and LOQ of the optimized CE method.

.4.2. Precision
The precision of a method is defined as the closeness of agree-

ent between independent test results obtaining under conditions.
or repeatability precision, five replicate experiments were per-

ormed on the same day. For intermediate precision, five replicate
xperiments were performed on each of 5 days. The results of pre-
ision expressed as the %R.S.D. shown in Table 2 indicate that the
roposed method is reliable.

f
c
n
p

able 1
inearity, LOD and LOQ obtained in method validation

2-Agonists Regression equation Correlation coefficient LO

lenbuterol y = 0.4807x + 0.4824 0.9987 0.5
albutamol y = 0.4430x + 0.6180 0.9979 0.5
rocaterol y = 0.3411x + 0.1524 0.9968 2.0
enoterol y = 0.6370x − 0.1380 0.9965 0.5

.S.Dt = R.S.D. of the migration times.

.S.Da = R.S.D. of the peak areas.
albutamol 97.8 99.8 100.8
rocaterol 98.8 99.0 99.9
enoterol 98.8 100.5 99.8

.4.3. Accuracy
In order to establish the feasibility of the method developed, a

lank urine and urine spiked with standard mixture were chosen
s the test samples. To evaluate the recovery of the method, recov-
ry experiments were performed. The spiked urine samples were
repared by adding the analytes into the diluted blank urine sam-
le to obtain the three different concentration levels of clenbuterol,
albutamol, procaterol, and fenoterol in each urine sample 2.0, 4.0,
nd 5.0 mg l−1. The results of recoveries are given in Table 3.

.4.4. Specificity
An investigation of specificity can be carried out by measure-

ent of the peak purity to ensure that no comigrating impurity
ontributes to peak’s response. In this work, evaluating peak purity
as assessed on test sample solutions by using Agilent 3DCE Chem-

tation software. Five spectra (two spectra on each of the up and
own slopes and one at the apex) per peak were used to assess
urity. The five spectra were averaged and compared spectra from
00 to 400 nm. An absorbance threshold was set to 1 mAU to ensure
hat the spectra at the edges of the peak are included in the purity
heck. A smooth factor of seven and spline factor of five were chosen
or spectra processing. Noise threshold was determined automat-
cally, using the standard deviation of 14 pure noise spectra at the
eginning of a run (0 min). The display of peak purity was the purity
atio. For a spectrally pure peak, the ratio values are below 1, and for
ound 0.305 for clenbuterol, 0.439 for salbutamol, 0.278 for pro-
aterol, and 0.354 for fenoterol. The results showed that there were
o other hidden components in analysis of clenbuterol, salbutamol,
rocaterol, and feneterol.

D (mg l−1) LOQ (mg l−1) %R.S.Dt (n = 5) %R.S.Da (n = 5)

2.0 1.1 3.1
2.0 1.3 2.5
3.0 1.2 2.2
2.5 1.2 2.7
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Table 4
Results for determination of salbutamol, procaterol, and fenoterol in pharmaceutical
formulations

�2-Agonists Manufacturer’s value Average found (n = 5)
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albutamol tablets 2 mg/tablet 1.93 ± 0.16
rocaterol tablets 50 �g/tablet 48.78 ± 0.27
enoterol solutions 1.25 mg/4 ml 1.21 ± 0.11

.5. Analysis of pharmaceutical formulations

The optimized proposed CE method was applied to the determi-
ation of salbutamol, procaterol, and fenoterol in pharmaceutical

ormulations. The amounts of analytes were calculated using cali-
ration curve. The results are shown in Table 4.

. Conclusion

This work presented the simultaneous, simple, and rapid deter-
ination of clenbuterol, salbutamol, procaterol, and fenoterol by

apillary electrophoresis. The results showed that this proposed
ethod is the relatively short analysis time (about 1 min), easily

sable for routine analysis, and less costly. In addition, the method
an be used for clinical and medical researchers interested monitor-
ng these compounds in human urine. However, the determination
f these compound residues in the illegally treated animals using
V detection in the proposed method could not provide LOD. Sam-
le preconcentration techniques are needed.
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17] R. Ventura, G. González, M.T. Smeyers, R. de la Torre, J. Segura, J. Anal. Toxicol.

22 (1998) 127.
18] C.A. Lindino, L.O.S. Bulhões, Talanta 72 (2007) 1746.

19] Y. Shi, Y. Huang, J. Duan, H. Chen, G. Chen, J. Chromatogr. A 1125 (2006) 124.
20] C.N. Carducci, S.E. Lucangioli, V.G. Rodrı́guez, J. Chromatogr. A 730 (1996)

313.
21] ICH Harmonised Tripartite Guideline Q28, Validation of Analytical Procedures:

Text and Methodology Q2(R1), November 2005.
22] Agilent Technologies, Understanding Your Spectra Module, Waldbronn, 2007.



Talanta 76 (2008) 1141–1146

Contents lists available at ScienceDirect

Talanta

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

HPLC determination of sulfamethazine in milk using surface-imprinted
silica synthesized with iniferter technique

Shufang Su, Min Zhang, Baoli Li, Haiyan Zhang, Xiangchao Dong ∗

College of Chemistry, Nankai University, Tianjin 300071, China

a r t i c l e i n f o

Article history:
Received 2 December 2007
Received in revised form 9 May 2008
Accepted 14 May 2008
Available online 21 May 2008

Keywords:
Iniferter
Surface grafted
Molecularly imprinted polymer

a b s t r a c t

A new method for the synthesis of sulfamethazine-imprinted polymer on the surface of silica via quasi-
living radical polymerization and the application of the resulting polymer in determination of the SMZ
in milk is developed. In the synthesis, initiator-transfer agent-terminator (iniferter) was immobilized
on the silica surface using chemical reagents with good availability. The imprinting polymerization was
initialized by the silica-supported iniferter under the UV radiation. The molecularly imprinted polymer
(MIP) layer grafted on the silica surface was constructed by using sulfamethazine (SMZ) as the template,
methacrylic acid (MAA) as the functional monomer and ethylene dimethacrylate (EDMA) as cross-linker.
The resulting MIP-silica has good selectivity for SMZ and high column efficiency in the HPLC analysis. The
result demonstrated that the SMZ-imprinted polymer was grafted on the silica surface successfully. Under
Sulfamethazine
Milk

the optimized HPLC condition, the MIP-silica has been used for the determination of SMZ in milk. The
method was linear over the concentration range of 0.1–50 �g mL−1 with correlation coefficient R > 0.999.
The detection limit for SMZ was 25 ng mL−1. The recoveries were above 78% at the spiked concentration

mL−1
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of 0.024, 0.24 and 0.48 �g

. Introduction

Sulfamethazine (SMZ) is one kind of antibiotic medicine used in
eterinary for livestock diseases such as gastrointestinal and respi-
atory tract infections. In the dairy industry, SMZ is also selected as
he feed additive for the prevention of the mastitis with low cost
nd high cure efficiency. The inappropriate use in food can cause
he undesirable residues in edible foodstuffs and it is suspected
o be carcinogenic [1]. For food safety, the European Community
dopted a maximum residue level (MRL) of 100 ng mL−1 for sul-
onamides in foodstuffs of animal origin including milk [2]. HPLC
s a common method for drug residue analysis in milk [3,4]. How-
ver, in order to remove the matrix components, multiple sample
lean-up processes are generally used which have lower efficiency
nd result in lower recovery. Thus finding an efficient method
or the sulfamethazine residue determination in milk is neces-
ary.
Molecularly imprinted polymers (MIPs) are artificial materi-
ls synthesized by polymerization of functional and cross-linking
onomers in the presence of target molecule (template). With high

electivity and advantages such as easy preparation, chemical and

∗ Corresponding author at: College of Chemistry, Nankai University, 94 Weijin
oad, Tianjin 300071, China. Tel.: +86 22 23504694.
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hermal stability and low cost, MIPs have been used in many fields
uch as chemical sensing [5,6], catalysis [7], solid phase extraction
8–10] and HPLC separations [11–13].

In the MIP preparation, different methods have been employed
o obtain MIP particles for the chromatographic column packing.
ne way is the bulk polymerization followed by grinding and

ieving processes [14,15]. This method has simple synthetic pro-
edure but contains inherent drawbacks such as time-consuming
nd sample-wasting. Moreover, particles obtained in this method
lways have irregular shape and provide poorer column efficiency.
o obtain spherical particles, suspension and multi-swelling poly-
erization were introduced into the MIP preparation [16]. The

imitation of these methods is that water is often used in the
olymerization system, which may affect the formation of the
ydrogen bond between the template and the functional monomer.
nother approach for making spherical MIP is the precipitation
olymerization [17,18]. This method generally produces particles
ith diameter less than 2 �m, which may not be suitable for the

pplication of the ordinary HPLC analysis. To solve these prob-
ems, surface-imprinting technique [19,20] emerged. Using this
pproach, MIP can be grafted on the surface of substrate with suit-

ble particle diameter and narrow size distribution. This kind of
orbent provides better chromatographic efficiency mainly due to
he lower mass transfer resistance of the thin MIP layers [21]. Hence,
urface imprinting is a promising way for the MIP stationary phase
reparation.
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In this study, the surface-imprinted stationary phase was
ynthesized via initiator-transfer agent-terminator (iniferter)
echnique [22] for HPLC analysis of sulfamethazine. Benzyl N,N-
iethyldithiocarbamate (BDC), a typical iniferter was used in the
tudy. Under the UV irradiation, BDC dissociated into a benzyl radi-
al and a dithiocarbamyl (DC) radical [22–24]. The benzyl radical is
eactive and initiates radical polymerization. While the DC radical
s relatively stable and mainly reacts with growing radicals to form
“dormant species”, which reduces the concentration of the free

adicals to some extent [22–24]. Compared with the conventional
adical polymerization, the polymerization process can be well con-
rolled by iniferter due to the avoidance of the adverse reactions
uch as radical coupling or disproportionation action [25]. In 2002,
ellergren and co-workers [26] reported their work of using inifer-
er to make the MIP-grafted materials. Because the polymerization
as initiated by the benzyl radical which was attached on the sub-

trate, the MIP can be covalently bound on the substrate with “graft
rom” procedure.

To make further development for the MIP surface grafting tech-
ique, SMZ-imprinted polymer grafted on the silica support was
ynthesized by the quasi-living radical polymerization using a new
niferter grafting procedure. Low-cost materials were used in the
rocess. The application of the surface-imprinted stationary phase
or sulfamethazine residue analysis in milk was developed. The
esearch work is presented in this paper.

. Experimental

.1. Chemicals

Silica gel (average particle size: 10 �m, specific surface
rea 380 m2 g−1) was purchased from Tianjin No. 2 Reagent
ompany (Tianjin, China). 2-Chloroethanol and sodium N,N-
iethyldithiocarbamate trihydrate were from Guangfu Plant
Tianjin, China). 4-(Chloromethyl)benzoyl chloride was obtained
rom Haiqu Chemical Factory (Shanghai, China). MAA was pur-
hased from Damao Chemical Plant (Tianjin, China). All liquid
eagents mentioned above were purified by distillation before
se. EDMA was from Yunkai Chemical Factory (Yantai, China) and
ashed with 10% NaOH aqueous to remove inhibitor. Sulfamet-
azine (SMZ) was from Second Pharma Co. Ltd. (Zhejiang, China).
ulfamethoxazole (SMO) was kindly provided by Xi’nan Hecheng
harma Co. Ltd. Other solvents were all analytical grade and used
s received.

.2. Preparation of silica-supported iniferter

The silica gel was rehydroxylated with hydrochloric acid–H2O
1:1) under reflux for 4 h. After being washed with deionized water
nd acetone, the silica was dried under vacuum at 120 ◦C for 12 h.

The procedure for the preparation of silica-supported iniferter
nvolved the following four reaction steps (Scheme 1). Firstly, in a
00 mL flask, 1.63 g of freshly cut sodium pieces was added into
nhydrous methanol (50 mL) to form the sodium methoxide. The
ilica gel was added into the solution. The mixture was stirred
or 4 h at ambient temperature under nitrogen to form Si–ONa
roups on the surface of the silica. The product was denoted as
i-i in this presentation. In the second step, the silica (Si-i) was
ixed with 60 mL of 2-chloroethanol. The reaction was allowed
o proceed for 8 h at 50 ◦C under stirring and nitrogen protection.
he resulting particles (Si-ii) with –(CH2)2OH groups were isolated
nd were reacted with 4-(chloromethyl)benzoyl chloride (6.63 g) in
hlorobenzene (60 mL). Pyridine (2 mL) was used to scavenge the
cid produced during the reaction. The reaction was performed at

p
r
t
t
(

2008) 1141–1146

0 ◦C for 8 h with stirring and nitrogen protection. The product (Si-
ii) was washed with anhydrous ethanol and dried at 50 ◦C under
acuum.

In the forth step, Si-iii particles (2.65 g) was added into 20 mL
f absolute ethanol. Ethanol solution (12 mL) containing sodium
,N-diethyldithiocarbamate trihydrate (1.10 g) was added drop-
ise under stirring. The mixture was continually stirred for 12 h

t room temperature and then filtered. The iniferter-modified sil-
ca (Si-I) produced were washed with distilled water and ethanol,
espectively, then was dried at 50 ◦C under vacuum for 4 h.

.3. Photo-grafting of the SMZ-imprinted polymer on the
niferter-bonded silica

The SMZ-imprinted polymer layer was synthesized using SMZ
s the template, MAA as the functional monomer and EDMA as
he cross-linker. The molar ratio of SMZ/MAA/EDMA was 1:8:40.
n the photo-grafting reaction, Si-I (2.50 g) was added into a quartz
ask containing SMZ (0.28 g, 1 mmol), MAA (0.69 g, 8 mmol), EDMA
7.93 g, 40 mmol) in acetonitrile (40 mL). After deaerated with nitro-
en, the flask was sealed and was rotated in a rotary mixer at a
peed of 90 rpm. Polymerization was initiated by the UV light from a
igh-pressure mercury lamp (Yingze Scientific Technology, Tianjin,
hina, 400 W) at the distance of 15 cm from the flask. The tempera-
ure was controlled at about 10 ◦C. After the reaction, the MIP-silica
articles were Soxhlet-extracted using CH3OH/HOAC (90:10) and
hen with CH3OH to remove the template and unreacted monomer.
on-imprinted polymer-modified silica (NIP-silica) was synthe-

ized in the same way as the corresponding MIP-silica except no
ddition of the template in the polymerization.

The thickness of the imprinted polymer layer on the silica sup-
ort was estimated with the following equation [27]:

= np × Mp

DS
× 103 (1)

nd

p = mc

Mc
, mc = (Cp − CI) × 1 g

n the equations, d is the thickness of the polymer layer. np is the
umber of polymer units in 1 g of MIP-silica. Mp is the molar mass
f one repeating unit of polymer assuming the polymer was com-
osed by stoichiometric incorporation of MAA and EDMA. D is the
eighted average density of the monomers. S is the specific sur-

ace area of the bare silica measured by N2 adsorption method by
ristar 3000 instrument (Micromeritics, USA). Mc is the mass of
otal carbon in one polymer unit. The mc is the weight of carbon in
he MIP polymer layer in 1 g of MIP-silica. Cp and CI are the carbon
ontent obtained by elemental analysis in the MIP-silica and Si-I,
espectively.

.4. Chromatographic evaluation

A Shimadzu HPLC instrument equipped with a LC-20 AD pump,
n SPD-20A UV detector and a manual injector with a 20 �L loop
as employed for the chromatographic analysis. The polymer-

rafted silica was slurry packed into stainless steel columns
150 mm × 4.6 mm), which then was connected to the HPLC instru-

ent. Acetonitrile at flow rate of 0.5 mL min−1 was used as the
obile phase. The detection wavelength was 268 nm. The sam-
le concentration was 0.05 mg mL−1 for each component. The
etention factor (k) was determined by k = (tR − t0)/t0. In the equa-
ion, tR is the retention time of the analyte and t0 is the void
ime measured by potassium dichromate using acetonitrile–H2O
90:10, v/v) as a mobile phase. Separation factor (˛) was calcu-
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Scheme 1. Synthesis of

ated by ˛ = kSMZ/kSMO, where kSMZ and kSMO are retention factors
f SMZ and SMO, respectively. Column efficiency was evaluated
y the number of theoretical plates (N) according to the equation:
= 5.54(tR/W1/2)2, where tR is the retention time of SMZ and W1/2

s the peak width at half-peak height. Imprinting factor (IF) was
etermined by IF = kMIP/kNIP., where kMIP and kNIP are the reten-
ion factors of the template (SMZ) on the MIP-silica and NIP-silica,
espectively.

.5. HPLC determination of SMZ in milk using the MIP-silica
tationary phase

The milk was purchased from local food market. In the sample
retreatment, milk (10 mL) was mixed with 20 mL of acetoni-

rile for protein precipitation and then centrifuged at 10,000 rpm.
he supernatant was withdrawn. The precipitant was extracted
ith 2 mL of acetonitrile and centrifuged. The supernatant was

ombined and brought to dryness at 45 ◦C with rotary evap-
rator. Acetonitrile (1.0 mL) was added into the residue and

d
f
w
h

Scheme 2. SMZ-imprinted polymerization
ica-supported iniferter.

onicated. After being filtered through a 0.45 �m membrane fil-
er, the sample was analyzed with the MIP-silica packed HPLC
olumn (150 mm × 4.6 mm). Acetonitrile–water (25:75, v/v) was
sed as mobile phase at flow rate of 1.0 mL min−1. The detection
avelength was 268 nm. External standard method was used for

uantification.
The milk samples with spiked SMZ concentration of 0.024, 0.24

nd 0.48 �g mL−1 were prepared by addition of 0.5 mL of SMZ in
cetonitrile with different concentration into 10.0 mL of milk.

. Results and discussion

.1. Immobilization of iniferter on the surface of silica
In the research, four simple reactions were employed to pro-
uce iniferter groups on the surface of silica with no requirement
or harsh conditions. In each step the amount of reactants added
as generally excessive to the reaction sites on the silica in order to
ave a higher reaction yield. The redundant substance was removed

via iniferter on the surface of silica.
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Table 1
Characteristics of the MIP-silica materials obtained in glass and quartz vessels,
respectively

MIP-silica C (%)a db (nm) kSMO kSMZ ˛ Rs

MIP-sil-G 6.07 0.12 0.6 0.9 1.5 1.06
MIP-sil-Q 11.48 0.35 0.7 1.2 1.7 1.62
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imply by filtration after each reaction. Different methods were
tilized to characterize the functional groups bound on the sil-

ca surface. The amount of –(CH2)2OH groups in the Si-ii was
.83 mmol g−1 derived from the carbon content in the material
y the elemental analysis. The content of –CH2Cl group in Si-iii
as 0.21 mmol g−1 and iniferter in the Si-I was 15.30 �mol g−1

etermined by oxygen flask-ion chromatography analysis [28]. The
xperimental results showed that the amount of iniferter able
o be immobilized on the surface of silica was affected by the
ore size of the substrate. Under the same reaction condition,
igher iniferter density (1.99 �mol m−2) was obtained in the sil-

ca with larger pore size (average pore size 1700 Å), while lower
niferter density (0.04 �mol m−2) was obtained when the silica

ith 100 Å pore size was used as the substrate. The structural
indrance of the pores for the BDC could be the reason for this
ituation.

.2. Photo-initiated polymerization of SMZ-imprinted polymer on
he surface of silica

The reaction of grafting MIP on the silica-support via iniferter
as illustrated in Scheme 2. In the process, the immobilized inifer-

er was radiated by the UV light to produce active radicals and
ormant species. The active radical was able to initiate the imprint-

ng polymerization on the surface of silica. The amount of polymer
hat can be grafted on the silica is the function of the reaction rate
nd time of polymerization. The reaction rate was influenced by
he concentration of initiator, light intensity and concentration of

onomer. The experimental result showed higher iniferter density
esulted in faster polymerization rate (data omitted). In the photo-
nitiated polymerization, the light intensity can be adjusted by the
istance between the lamp and reaction vessel. When flask–lamp
istance was 10 cm, undesired solution polymerization happened
asily. The possible reason is that with the higher light intensity,
he monomers can be initiated directly leading to fast chain prop-
gation in the solution. Furthermore, reaction temperature could
ot be well controlled due to the proximity of the UV lamp, which

s not benefit for self-assembly between monomers and the tem-
late. When the irradiation distance was changed to 15 cm, no
olution polymerization was found during the 3 h irradiation pro-

ess. Another factor which influenced the light intensity was the
aterial of the reaction vessel. Glass and quartz flasks have differ-

nt UV transmission ability. The MIP-sil-G (obtained in glass flask)
nd MIP-sil-Q (obtained in quartz flask) were characterized, respec-
ively. The thickness of the MIP layer in MIP-sil-G is thinner than

e
s
s
S
m

able 2
haracteristics of silica-grafted molecular imprinted polymers

IP-silica C (%)a Sb (m2 g−1) Vp
c (mL g−1) dd (n

h-MIP-sil 7.04 352 0.97 0.16
h-MIP-sil 11.48 333 0.82 0.35

a Carbon content from the elemental analysis.
b BET-specific surface area.
c Pore volumes were measured by nitrogen absorption.
d Thickness of the polymer layer was calculated by Eq. (1).
e Number of theoretical plates per meter evaluated from the SMZ elution profile.

Fig. 1. The structures o
he reaction time is 3 h and irradiation distance was 15 cm.
a Carbon content from the elemental analysis.
b Thickness of the polymer layer was calculated by Eq. (1).

hat in MIP-sil-Q (Table 1). Slower reaction speed due to the less
V light through the glass may be the reason for this situation.
hen packed in the column, the MIP-sil-Q has higher retention

or the template and better separation ability than the MIP-sil-G
aterial.
To find out the relation between the reaction time and the

roperties of the MIP-silica, different polymerization period was
mployed in the MIP grafting process (Table 2). 2h-MIP-sil and
h-MIP-sil were products of the reaction performed for 2 and 3 h,
espectively, in the quartz flask. The MIP-silica was characterized
ith nitrogen adsorption, elemental and chromatographic analy-

is. The results indicated that the grafted polymer layer became
hicker with increasing of the irradiation time. Also, a smaller
pecific surface area and pore volume of the 3h-MIP-sil than the
h-MIP-sil was found which can be attributed to the partially filling
f the pores on the silica by the polymer. Chromatographic anal-
sis showed that the 3h-MIP-sil with thicker polymer layers has
igher retention and better selectivity for the template molecule.
ince solution polymerization was observed when the reaction
ime was 4 h, 3 h is considered as the proper reaction time in the
tudy.

.3. Evaluation of the selectivity of the MIP-silica

Using MIP-silica and NIP-silica as stationary phase, separa-
ion of SMZ and SMO was performed to evaluate the selectivity
nd imprinting effect of the MIP-silica in the HPLC study. The
tructures of SMZ and SMO are shown in Fig. 1. SMZ and SMO
ave the same aminobenzene sulfonamide moiety but differ-

nt substituting groups in their structures. Although SMO has
maller molecular size than SMZ, it has less retention on the MIP-
ilica. This observation indicated that the pyrimidine group in the
MZ structure plays a role in binding with the imprinted poly-
er.

m) kSMO kSMZ ˛ Rs Ne

0.6 0.9 1.5 1.04 3833
0.7 1.2 1.7 1.62 3583

f SMZ and SMO.
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Fig. 2. Chromatograms of SMZ and SMO on the MIP-silica column (A) and NIP-
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Table 3
Accuracy and precision of HPLC analysis of SMZ for the spiked milk samples (n = 5)

Spiking levela

(�g mL−1)
Concentration of spiked
SMZ in milk (�g mL−1)

Average recovery %
(R.S.D, %)

0.5 0.024 79.3 (11.9)
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m
a
higher content of water in the mobile phase will prevent the pos-
sible rudimental protein from precipitation in the milk analysis.
Therefore, the acetonitrile–water (25:75, v/v) was selected as the
optimum elution solvent for further studies.
ilica column (B). HPLC separation was performed with a stainless steel column
150 mm × 4.6 mm) packed with MIP-silica (A) or NIP-silica (B). Acetonitrile was
sed as mobile phase at the flow rate of 0.5 mL min−1. The detection wavelength
as 268 nm. Injection volume was 20 �L.

Fig. 2 shows the liquid chromatograms using MIP-silica (3h-
IP-Sil) and its non-imprinted polymer-grafted silica (NIP-silica)

s the stationary phases. Baseline separation was achieved on the
IP-silica column. The selectivity of the MIP-silica is much bet-

er (˛ = 1.7, Table 2) than that of the NIP-silica (˛ = 1.1). Moreover,
he longer retention of SMZ on the MIP-silica while the retention
f SMO on both columns were the same also demonstrated that
pecific binding sites for the SMZ molecules were formed in the

IP-modified silica. The imprinting factor was 1.56. Also, column

fficiency evaluated by the number of theoretical plates was higher
han the other MIP columns packed with the bulk polymers due
o the narrow particle diameter and the fast mass transfer of the
urface-grafted MIPs.

ig. 3. Influence of the water concentration in the mobile phase on the retention
actor of SMZ on the MIP-silica stationary phase.

F
(

5.0 0.24 78.2 (2.4)
10.0 0.48 87.4 (7.8)

a Spiking level was the concentration of SMZ in the spiking solution.

.4. Influence of mobile phase for the retention of SMZ on the
mprinted silica stationary phase

To find a suitable mobile phase for the SMZ analysis, different
atios of H2O/CH3CN were used to study the effect of the water
oncentration on the retention of SMZ. As depicted in Fig. 3, when
he water concentration was below 20%, the retention factor (k) of
MZ decreased with the increase of water content. Whereas when
ater concentration was higher than 20%, a reversed correlation
as observed. It can be explained as following: at the lower con-

ent of water, the hydrogen bonding plays an important role for
he binding between the template and the imprinted sites in the
tationary phase. The binding interaction was weakened by the
ddition of water, which enhanced the polarity of the mobile phase.
hen the water content was higher than 40%, hydrophobic inter-

ction in addition to shape recognition are the dominant effects.
onger retention was observed with higher ratio of water in the
obile phase. The same phenomenon was also reported by Zhao

nd co-workers [29]. Though a little peek tailing was observed,
ig. 4. HPLC profiles of the SMZ (0.24 �g mL−1) spiked milk (A) and the original milk
B). The HPLC condition was described in Section 2.5.
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.5. Determination of SMZ in milk

SMZ in milk was analyzed on the MIP-silica stationary phase
nder the optimized HPLC conditions. The calibration plot was
rawn in the range of 0.1–50 �g mL−1 with good linearity
R = 0.9999). The limit of detection in the HPLC was 25 ng mL−1

efined as three times of the noise. The limit of quantification of
MZ in milk was 7.9 ng mL−1 calculated by 10 times of the noise.
he average recoveries for the milk samples at different spiking
evels (0.5, 5.0 and 10.0 �g mL−1) and the relative standard devi-
tions (R.S.D.) are shown in Table 3. The chromatograms of the
lank and the spiked milk samples on the imprinted column are
isplayed in Fig. 4. The analytical results showed that the residue
ontent of SMZ in milk from the market was about 0.007 �g mL−1,
hich does not exceed the maximum residue level (MRL)

2].

. Conclusions

The photo-active iniferter was synthesized on the surface of sil-
ca in a procedure containing four reactions using the inexpensive

aterials. The SMZ-imprinted polymer was immobilized on the
ilica via living radical polymerization. Chromatographic results
emonstrated that MIP-grafted silica has good selectivity to the
emplate. Better column efficiency and low backpressure were
lso observed in the analysis which indicated that surface graft-
ng method based on iniferter is a promising choice for the MIP
tationary phase synthesis. Furthermore, The SMZ-imprinted sil-
ca was used successfully for the determination of SMZ in milk

ith HPLC. It demonstrated that the silica-supported imprinted

olymer can be used as a stationary phase allowing the analysis
f complex samples pretreated by a simple cleaning-up step. The
IP-grafted silica exhibits an application potential in drug residue

nalysis for complex samples with high selectivity and better col-
mn efficiency.
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a b s t r a c t

This paper reported the coupling technique of Ag island film-enhanced fluorescence with rare earth
co-luminescence effect of Tb–Gd–sodium dodecyl benzene sulfonate (SDBS)–protein system. While the
collagen is used as the separator between Ag island film and the fluorophore because it not only can
vailable online 9 May 2008

eywords:
etal nanoparticle-enhanced fluorescence

are earth co-luminescence effect

decrease the fluorescence of the blank, but also can promote the adsorption of other proteins and change
the conformation of the protein. The effects of Ag island film on both the fluorescence and resonance
energy transfer process of Tb–Gd–SDBS–protein system are studied, finding that Ag island film can
enhance the energy transfer efficiency of this system, resulting in fluorescence enhancement about ten-
fold compared with this system without Ag island film. Therefore, this technique is used for the detection
of proteins as low as 0.72 ng/mL for BSA and 1.3 ng/mL for HSA. In addition, Ag island film can also change
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etermination of proteins
luorescence resonance energy transfer the energy transfer proces

. Introduction

The detection and quantification of proteins at or below the
g/mL concentration range are of critical importance for biochemi-
al studies, biological techniques, clinical diagnosis and analysis of
ood nutrition. This has been achieved by the development of high
ensitivity detection methods based on the fluorescence probes of
roteins [1–3].

As rare earth ions have luminescence characteristics such as nar-
ow spectral width, long luminescence lifetime, large Stokes shift
nd strong binding with biological molecules, they are used as flu-
rescence probes to study nucleic acids [4,5], proteins [6,7] and
rugs [8–10]. Rare earth co-luminescence effect is a fluorescence
nhancement effect that is first found and studied by our research

roup in 1986 [11]. While studying the Eu3+ multi-complex sys-
em, a significant fluorescence enhancement phenomenon is found
hen Gd3+, La3+, Lu3+, Tb3+ and Y3+ are added. This rare earth

o-luminescence effect-induced increase fluorescence sensitivity
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b–SDBS–protein system.
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as been applied on rare earth ion assays during the past decades
12–14]. Recently, this effect was also observed in the presence of
iological molecule systems, and new detection methods had been
stablished for the nucleic acid [15,16] and protein [17,18].

In recent year, the favorable effects of silver nanoparticles on
uorophores near the metallic surface have been reported [19–22].
hese effects include decreasing the lifetime, increasing photo-
tability and quantum yield of fluorophores, particularly those
ith low quantum yields, which are known as metal-enhanced
uorescence (MEF) or surface-enhanced fluorescence (SEF). The
ffects of silver nanoparticles on the fluorescence of fluorophores
ere studied experimentally and theoretically, it is considered that

bove effects are due to the interaction of the excited state flu-
rophores with the surface plasmon resonance on the surface of
ilver nanoparticles. The combination of increased brightness, short
ifetime and better photo-stability makes MEF become a potential
ool for the DNA hydridization [23], but the real application for the
etection of biological molecules has not been reported.

In present report, we combine MEF with rare earth co-

uminescence effect of Tb–Gd–SDBS–protein system [17], to
stablish a simple and sensitive approach to detection protein
sing common spectrofluorimeter. In addition, the luminescence
echanism, especially the change in energy transfer process of

b–Gd–SDBS–protein system is discussed.
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65◦. Steady state emission spectra were recorded using a LS 55
spectrofluorometer (PE, USA) with excitation at 290 nm after the
solution of Tb–Gd–SDBS–protein was filled in the space between
the two quartz slides.
048 C.X. Sun et al. / Tala

. Experimental

.1. Materials

Unless otherwise noted, all reagents and solvents used in this
tudy were analytical grade. Proteins (BSA, HSA and Collagen) were
urchased from Sigma Chemical Co., USA without further purifi-
ation. The rare earth oxides (99.9%) are obtained from Yuelong
hemical Co., Shanghai. Stock standard solutions (0.01 mol/L) of
are earth ions are prepared by dissolving the corresponding oxides
n hydrochloric acid and diluting with deionized water. A 0.05 mol/L
ris–HCl buffer solution was prepared by dissolving 3.03 g of Tris in
00 mL deionized water, and adjusting the pH to 7.0 with HCl using
Delta 320-S acidity meter (Mettler Toledo, Shanghai). A stock solu-

ion of SBDS purchased from Chemical Co. of China, Shanghai was
repared (1.00 × 10−2 mol/L) with deionized water.

.2. Methods

.2.1. Treatment of the quartz slides
The quartz slides used for silver deposition were first cleaned

vernight according to the reported method [19–23] by soaking
n the mixture of H2SO4 (95–98%) and H2O2 (30%). After wash-
ng with ultrapure water, the quartz surface was coated with
mino groups by dipping the slides in a 1% aqueous solution of 3-
minopropyltriethoxysilane (APS) for 30 min in room temperature.
he slides were washed extensively with water and air-dried.

.2.2. Preparation of Ag island film
Ag island film (AIF) deposition was accomplished as described

reviously [24,25]. To a fast stirring silver nitrate solution (0.22 g
n 26 mL of Millipore water), eight drops of fresh 5% NaOH solu-
ion were added. Dark-brownish precipitates formed immediately.
ess than 1 mL of ammonium hydroxide was then added drop by
rop to redissolve the precipitates. The clear solution was cooled
o 5 ◦C by placing the beaker in an ice bath, followed by soaking the
leaned and dried quartz slides in the solution. At 5 ◦C, a fresh solu-
ion of d-glucose (0.35 g in 4 mL of water) was added. The mixture
as stirred for 2 min at that temperature. Subsequently, the beaker
as removed from the ice bath. The temperature of the mixture
as allowed to warm up to 30 ◦C. As the color of the mixture turn-

ng from yellow green to yellowish brown, the color of the slides
ecome greenish; the slides were removed and washed with water.
fter being rinsed with water several times, the slides were stored

n water for several hours prior to the experiments. The SEM image
f Ag island film is displayed in Fig. 1. It can be seen that the size of
anoparticles in Ag island film is well distributed.

All of the quartz slides are only half coated with Ag island film. Its
V absorption spectrum of is reported, the result indicated that Ag

sland film have the plasmon resonance absorption bands at about
17 nm, meaning that the nanometer structure is achieved in the
reparation.

.2.3. The adsorption of the collagen on the surfaces of quartz
lides

The adsorption of the collagen on the surfaces of quartz slides
as accomplished by soaking the Ag nanoparticle-coated slides in
.0 × 10−2 mol/L collagen solution overnight, followed by rinsing
ith water to remove the unbound material.
.2.4. Fluorescence measurement
The co-luminescence effect of Tb–Gd–SDBS–protein system

as been studied by us [17]. Here, we choose this system to
nvestigate its fluorescence properties near the Ag nanoparti-
le. The experimental conditions are Tb3+: 1.0 × 10−5 mol/L; Gd3+:

S
s
s

Fig. 1. SEM image of Ag island film.

.0 × 10−4 mol/L; BSA: 1.0 × 10−6 g/mL; SDBS: 1.5 × 10−3 mol/L;
ris–HCl: 5.0 × 10−3 mol/L, pH 8.50.

Experimental setup used in fluorescence measurements is
hown in Scheme 1, where the quartz slides or nano-Ag surfaces
ere examined in a sandwich configuration in which two coated

urfaces faced inward toward an approximate 1 �m thick aque-
us sample [26]. The incident angle of excitation light is about
cheme 1. (A) Glass (quartz) surface geometry. APS is used to functionalize the
urface of glass with amine groups that readily bind silver nanoparticle; (B) the
ample geometry; (C) experimental geometry.
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Fig. 2. Emission spectra of the systems at the excitation wavelength of 290 nm. (1)
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Table 1
Interference from foreign substances (1.0 × 10−6 g/mL BSA)

Foreign substance Highest permissible concentration
(×10−4 mol/L)

Mg2+, SO4
2− 5.3

Al3+, NO3
− 2.4

K+, Cl− 200.0
Mn2+, SO4

2− 30.0
Na+, SO4

2− 192.0
Ba2+, Cl− 30.2
Al3+, Cl− 25.0
Fe3+, Cl− 5.2
Na+, Cl− 263.0
Na+, CO3

2− 6.2
Zn2+, Cl− 15.3
Ca2+, Cl− 9.4
l-Ala 3.1
l-Asp 8.2
l-Arg 7.4
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b–Gd–SDBS–BSA system without Ag island film; the systems with Ag island film.
2) Tb–BSA system. (3) Tb–SDBS–BSA system. (4) Tb–Gd–SDBS–BSA system. Con-
itions: Tb3: 1.0 × 10−5 mol/L; Gd3+: 1.0 × 10−4 mol/L; BSA: 1.0 × 10−6 g/mL; SDBS:
.5 × 10−3 mol/L; Tris–HCl: 5.0 × 10−3 mol/L, pH 8.50.

. Results and discussion

.1. Choice of the spacer between Ag island film and the
uorophore

The metal-enhanced fluorescence effect requires a suitable
pace distance between fluorophore and metal nanoparticle. Gen-
rally, HSA and BSA were chosen as the spacer in literatures
eported [19–22]. However, the aim of our research is to detect
he protein. HSA and BSA acted as spacer must interfere with the

easurement because of their native fluorescence. Here, we choose
ollagen as spacer because that there are no tryptophan residues in
ts molecule to overcome the interference of native fluorescence. In
ddition, it is considered that there is strong interaction between
ollagen and other proteins through the hydrophobic force, which
an promote the adsorption of BSA on the surface of Ag island film.

.2. The fluorescence spectra

The emission spectra of Tb–BSA, Tb–SDBS–BSA and
b–Gd–SDBS–BSA systems are shown in Fig. 2. It can be seen
hat the fluorescence intensity of Tb–Gd–SDBS–BSA system is
reatly enhanced by nearby Ag island film.

.3. Analytical application

Interference of various ions was tested and shown in Table 1. It

s found that the foreign ions tested have little effect on the deter-

ination of 1.0 × 10−6 g/mL BSA within the permissible ±5% error.
nder the optimum conditions defined, the calibration graphs for
SA and HSA are obtained and show that there is a linear rela-
ionship between the fluorescence intensity of the system and the

q
t
y
c
B

able 2
nalytical parameters

Protein Linear range (g/mL)

ith Ag island film BSA 6.0 × 10−8–3.0 × 10−5

HSA 3.0 × 10−7–9 × 10−5

ithout Ag island film BSA 7.0 × 10−7–5.0 × 10−5

HSA 1.0 × 10−7–8.0 × 10−5
-Tyr 5.7
-Phe 2.2
-His 3.0
-Cys 4.1

oncentration of proteins (shown in Table 2). The limit of detection
S/N = 3) is 0.72 ng/mL for BSA and 1.30 ng/mL for HSA, which are

uch lower than those without Ag nanoparticles (8 ng/mL for BSA
nd 20 ng/mL for HSA).

Subsequently, an actual sample of human blood serum was
ested by the standard addition method. This sample was obtained
rom The Hospital of Shandong University and diluted to satisfy
he requirements of linear range. For comparison with our pro-
osed method, we used other two methods to test the total serum
rotein concentration in human blood sample. The UV spectropho-
ometry was based on the absorption of protein at 280 nm [27].
nd co-luminescence method was performed in the same system

Tb–Gd–SDBS) but in solution which was described in detail in our
revious published paper [17]. The results are shown in Table 3, it
an be seen that this method is satisfactory.

.4. Enhanced fluorescence for adsorbed luminescent molecules

From Fig. 3, it can be seen that the fluorescence intensity of
SA near the surface of Ag island film is about 20 times stronger
han that without Ag island film. In general, the fluorescence of
ative BSA is mainly attributed to the tryptophan residue for its
igher quantum yield, whereas the contribution of tyrosine residue

s very low for its lower quantum yield [24]. Fig. 4 is the synchronous
uorescence spectra of BSA with �� of 30 and 60 nm, which can
haracterize the fluorescence of tyrosine and tryptophan residues,
espectively. It can be seen that in the presence of Ag island film, the
uorescence of tyrosine residue is increased and its contribution

or the intrinsic fluorescence of BSA is similar to that of tryptophan
esidues. This increased fluorescence of the molecule with lower

uantum yield is consistent with the MEF theory which is explained
o be the results of an enhanced electric field, and larger quantum
ields due to increased rates of radiative decay [23]. In addition, we
onsider that the enhancement is also related to the adsorption of
SA on the surface of Ag island film, while collagen not only can

Correlation coefficient Limit of detection (ng/mL)

0.9990 0.72
0.9986 1.3

0.9995 8.0
0.9991 40
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Table 3
Determinations of the total protein from actual human blood serum

Protein found (mg/mL) Average (mg/mL) S.D. (%)

The proposed method 65.3, 65.4, 65.9, 65.1, 65.7 65.5 0.32
The ultraviolet spectrophotometry 67.2, 70.1, 66.4, 68.3, 65.4 67.5 1.8
This co-luminescence in solution 65.7, 65.2, 66.0, 65.1, 65.4 65.5 0.37

F
A

d
a
i

c
(
c
r
s
d
i
o
t
(

F
fi

t
a
a
[
t
r

3
t

From the fluorescence spectra in Fig. 6, it can be seen that the
ig. 3. Emission spectrum of BSA under the excitation of 290 nm. (1) BSA without
g island film; (2) BSA with Ag island film.

ecrease the fluorescence of the blank, but also can promote the
dsorption of BSA and change its conformation, resulting in strong
nteraction between BSA and Ag island film.

In fact, not only the fluorescence of BSA, but also the fluores-
ence of other fluorophores such as Tb3+, SDBS and their complexes
not shown in this paper) are also enhanced by the surface of
ollagen–Ag island film. This enhancement is believed to be the
esults of their interaction with Ag nanoparticles. The experiment
hows that the plasmon resonance absorption of Ag island film is
ecreased in the presence of fluorophores, indicating the strong
nteraction between them. In addition, we find that there are the
verlap between the absorption spectra of these fluorophores and
he plasmon resonance absorption spectrum of Ag island film
Fig. 5), indicating that it is possible for the fluorophore to form

fl
s
c
b

Fig. 4. Fluorescence synchronous spectra. (1) BSA in solution; (2) BSA on the s
ig. 5. Overlap of absorption spectra of Ag island film, SDBS and BSA. (1) Ag island
lm; (2) BSA; (3) SDBS.

he complex of ground state induced by the metal nanoparticle
t appropriate distance, which prevents the dissociating of the
dsorbed monolayer, resulting in the enhancement of incident field
24]. Above all, the plamson resonance of Ag island film increases
he incident field and modifies the radiative rate of fluorophores,
esulting in the enhancement of their fluorescence intensities.

.5. Effects of Ag island film on the fluorescence resonance energy
ransfer in co-luminescence system
uorescence resonance energy transfer of this co-luminescence
ystem in the presence of Ag island film is similar to that in the
ommon solution system in the absence of Ag island film which has
een studied in details in our previous paper [17], that is, a efficient

urface of Ag island film; (3) BSA–SDBS-on the surface of Ag-island film.
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Table 4
The energy transfer efficiency (Ea) and the critical transfer radius (R0)

System Donor Acceptor Ea R0 (Å)

With Ag island film SDBS–BSA BSA SDBS 0.65 10.1
Tb–BSA BSA Tb 0.05 11.0
Tb–SDBS SDBS Tb 0.10 9.1
Tb–SDBS–BSA BSA SDBS 0.92 8.9

SDBS Tb 0.21 7.3
BSA Tb 0.19 13.0

Tb–Gd–SDBS–BSA Gd–SDBS–BSA Tb 0.61
BSA Tb 0.95

Without Ag island film17 SDBS–BSA BSA SDBS 0.59 9.3
Tb–BSA BSA Tb 0.03 10.6
Tb–SDBS SDBS Tb 0.07 8.4
Tb–SDBS–BSA BSA SDBS 0.83 8.1

SDBS
BSA
Gd–S
BSA
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Tb–Gd–SDBS–BSA

ntramolecular fluorescent energy transfer occurs from unfolded
rotein to rare earth ions through SDBS acting as a “transfer bridge”
o enhance the emission fluorescence of Tb3+ in this ternary com-
lex of Tb–SDBS–BSA. Cooperating with the intramolecular energy
ransfer above is the intermolecular energy transfer between the
imultaneous existing complexes of both Tb3+ and Gd3+. Herein,
he research on the difference in the whole energy transfer chan-
el is emphasized. From Figs. 4 and 6, it can also be seen that when
SA and SDBS are mixed in solution, the fluorescence of BSA is
uenched. At the same time, the fluorescent intensities of SDBS
re enhanced. It indicates that there is energy transfer between
hem. SDBS has two fluorescent peaks: the peak at 355 nm is
ttributed to the fluorescence of individual monomer and the peak
t 410 nm is attributed to the fluorescence of SDBS excimer [28]. In
he BSA–SDBS system with Ag island film, the fluorescence inten-
ities of tryptophan and tyrosine residues are quenched (Fig. 4),
hereas two fluorescence peaks of SDBS are enhanced (Fig. 6). It

ndicates that in the presence of Ag island film, the energy of tryp-
ophan and tyrosine residues of BSA can be transferred to monomer
nd excimer of SDBS, which is different with them in the solution
ithout Ag island film that the dominant energy transfer occurs

nly between monomers of SDBS and tryptophan residues of BSA
17]. It is considered that there are two reasons for this differ-

nce: (1) the energy of SDBS excimer also matches the plasmon
bsorption energy of Ag island film to promote the energy transfer
etween BSA and SDBS; (2) collagen can promote the adsorption
f BSA and change its conformation, resulting in strong interaction
etween BSA and Ag island film.

ig. 6. Fluorescence energy transfer of the systems with Ag island film. (1)
DBS; (2) BSA–SDBS; (3) BSA–SDBS–Tb; (4) BSA–SDBS–Tb–Gd. Conditions: Tb3+:
.0 × 10−5 mol/L; Gd3+: 1.0 × 10−4 mol/L; BSA: 1.0 × 10−6 g/mL; SDBS: 1.5 × 10−3 mol/
; Tris–HCl: 5.0 × 10−3 mol/L, pH 8.50.
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Tb 0.18 6.9
Tb 0.15 12.8

DBS–BSA Tb 0.50
Tb 0.89

Ag island film can also affect the energy transfer from SDBS to
b3+ as shown in Fig. 6. After addition of Tb3+, the fluorescence of
DBS, especially the peak at 410 nm, is quenched, indicating that
he dominant energy transfer is happened between the excimer
f SDBS and Tb3+. When Gd3+ is added in the above system, the
uorescence intensities of both excimer and monomer of SDBS are
reatly quenched, and the more energy can be transferred from
DBS to Tb3+.

The effect of Ag island film on the energy transfer in the co-
uminescence system is evaluated according to Förster theory,

ainly including two parameters: the energy transfer efficiency
a and the critical transfer radius R0. The results are listed in
able 4. It can be seen that Ag island film can increase the effi-
iencies of intramolecular and intermolecular energy transfers in
b–SDBS–BSA system, which is consistent with the results of energy
ransfer immunoassays [29]. In a word, Ag island film not only
an enhance the efficiency of the energy transfer in rare earth
o-luminescence effect, but also can change the energy transfer
rocess of Tb–SDBS–BSA system, that is, the process in the pres-
nce of Ag island film is mainly BSA (tryptophan and tyrosine
esidues) → SDBS (excimer) → Tb3+, which is different from that in
he absence of Ag island film (BSA (tryptophan residue) → SDBS
monomer) → Tb3+. The mechanism is under study in order to thor-
ughly understand the energy transfer process.

In conclusion, based on the combination of Ag island film-
nhanced fluorescence with rare earth co-luminescence effect of
b–Gd–SDBS–protein system, a new protein detection method has
een reported in this paper. This method shows the potential appli-
ation in clinic test by its advantages including the high sensitivity,
ast assay process and small amount loading of protein sample.
he mechanism studies on the fluorescence enhancement of the
o-luminescence effect near Ag island film are helpful for us to
nderstand the energy transfer of biological molecules near metal
anoparticles.
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a b s t r a c t

The hollow Co3O4 microspheres (HCMs) were prepared by the carbonaceous templates, which did not
need the surface pretreatment. The chemiluminescence (CL) and catalytic properties for CO oxidation over
these hollow samples were evaluated. The samples were characterized by scanning electron microscopy
(SEM), energy disperse spectra (EDS), transmission electron microscopy (TEM), selected area electron
eywords:
ollow Co3O4 microspheres
hemiluminescence
O oxidation
as sensor

diffraction (ED), X-ray diffraction (XRD), temperature-programmed desorption (TPD) and N2 adsorption.
The influences of filter’ band length, flow rate of gas, test temperature, and particle structure on CL inten-
sities were mainly investigated. It was found that compared with the solid Co3O4 particles (SCPs), HCMs
had a stronger CL intensity, which was ascribed to its hollow structure; and that CL properties of the cat-
alysts were well correlated with their reaction activities. Moreover, HCMs were used to fabricate a highly
sensitive gas detector, which is a rapid and effective method for the selection of catalysts or the detection
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. Introduction

In 1976, Breysse et al. [1] first reported chemiluminescence
CL) phenomenon. They observed that a weak catalytic lumines-
ence phenomenon occurred while CO was catalytically oxidized
n the ThO2 surface. This luminescence mode was defined as “cata-
uminescence”. Since the 1990s, micro- and nano-particles have
een widely applied in various fields of catalysis [2], chemical and
iochemical sensing [3], and biological imaging [4]. Many investi-
ations have indicated that CL property of nanoparticles would be
romising for new applications [5]. Recently, Zhu et al. [6] inves-
igated CL of organic vapor over different nanoparticles, including

gO, TiO2, Al2O3, Y2O3, LaCoO3:Sr2+ and SrCO3. Rakow and Sus-
ick [7] reported that the nanoparticles are potentially suitable for

rocessing as a chip-mounted sensor array. Nakagawa et al. [8]
ave manufactured a �-Al2O3 sensor to detect ethanol, acetone
nd butyric acid, which utilize the combustibility of these chem-
cals on this solid. Okabayashi et al. [9] have also manufactured a
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y-doped �-Al2O3 sensor used for hydrocarbon gases. Zhang and
o-workers [10–12] have designed the highly selective CL sensors
or ammonia, hydrogen sulfide and acetone. They reported that
rO2 nanoparticles-based sensor for ethanol has no response to
exane, cyclohexane, ethylene, hydrogen, ammonia and nitrogen
xides. While Tb was doped, the sensibility of Tb–ZrO2 sensor can
e enhanced as high two level as that of the undoped one. A lot
f researches about CL properties of micro- or nano-particles have
ocused on CL applications in analysis [13]. Nevertheless, the highly
ensitive CL sensors are still challenged by the structure properties
f materials. It is well known that the properties of materials are
trongly dependent on the morphology and structure of the parti-
les. Compared with solid particles, the hollow structures generally
ave a higher surface area and a lighter weight. Hollow struc-
ures with nano- to micro-meters dimensions are an important
lass of materials, which are widely used in various fields, such as
rug delivery carriers, light-weight structural materials, microreac-
ors. Generally, the hollow particles are prepared by the templated

ethods. In order to form the coating, the surface modification of

he templates is usually needed beforehand [14]. It is needed to
evelop a simple templated method to prepare the hollow spheres.

The spinel Co3O4 has great application potential in heteroge-
eous catalysts, anode materials in Li ion rechargeable batteries,
olid-state sensors, solar energy absorbers, and so on. CO oxidation
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f Co3O4 has been extensively researched. Recently, hollow Co3O4
ave been reported by the researcher [15,16]. To the best of our
nowledge, nevertheless, fewer researches have reported the CL
roperties of gases over hollow Co3O4 and the essence correlations
etween CL process and catalytic reaction [17].

Herein, carbonaceous microspheres (CMs) were synthesized by
hydrothermal method; and hollow Co3O4 microspheres (HCMs)
ere prepared by the impregnation and annealing. The carbona-

eous templates can be directly used to accept the foreign species
o form a coating without surface modification. The CL and cat-
lytic properties for CO oxidation over HCMs were evaluated, and
he correlation between them was revealed. Most importantly, a
ighly sensitive CL sensor was fabricated by HCMs.

. Experimental

.1. Synthesis of the samples

All chemicals used in this experiment were analytical grade (Bei-
ing Chemical Reagent Factory), and used as purchased.

.1.1. Synthesis of carbonaceous microspheres
The carbonaceous templates were prepared by a hydrother-

al method [18]. Typically, 5 g of glucose was dissolved in water
40 mL). The mixture was continuously sonicated for 5 min until
clear solution was formed. The solution was then transferred to
Teflon-lined stainless-steel autoclave with 50 mL capacity, and

ept at 170 ◦C for 12 h. The black products were recovered by cen-
rifugation. The solid was washed by water and alcohol at least four
ycles of centrifugation/washing/redispersion, respectively. Finally,
he product was dried at 80 ◦C overnight in an oven.

.1.2. Synthesis of hollow Co3O4 microspheres
The hollow microspheres were prepared by impregnating the

Ms with nitrate solution. Typically, 0.5 g of CMs was dispersed
n 100 mL 1.0 M Co(NO3)2 solution under sonification. The mixture
as continuously sonicated for 30 min at room temperature, and

hen magnetically stirred for 24 h, so that Co ions entered the sur-
ace layers of CMs; the solids were separated by centrifugation, and
ashed with water once; then the sample were dried in an oven at
0 ◦C overnight. To remove the carbonaceous templates, the sample
as calcined at 450 ◦C for 2 h at a rate of 1 ◦C min−1 under flowing

ir.

.1.3. Synthesis of the solid Co3O4 particles (SCPs)
The solid Co3O4 particles were obtained by a solid-state decom-

osition reaction of cobalt nitrate. The cobalt nitrate solids were
round homogeneously in mortar, and then calcined at 700 ◦C for
h in air.

.2. Characterization

The samples were characterized by X-ray diffraction (XRD) on
Rigaku D/MAX-RB X-ray powder diffractometer, using graphite
onochromatized Cu K� radiation (� = 0.154 nm), operating at

0 kV and 50 mA. The patterns were scanned from 10◦ to 70◦ (2�) at
scanning rate of 5◦ min−1. The morphology, surface microstruc-

ure and compositional distribution of the sample were determined
y a JEOL JSM 6400 scanning electron microscope (SEM) equipped
ith a Link ISIS energy disperse spectra analyzer (EDS). The same
nstrument was involved in the recording of X-ray maps. The accel-
ration voltage in all cases was 15 keV and the current was 1.2 nA.
n the recording of X-ray maps the current of 6.7 nA was used.
he morphology and microstructure of the sample were also char-
cterized with a transmission electron microscopy (TEM) (JEOL

c
c
w
[
l

(2008) 1058–1064 1059

00CX) with the accelerating voltage of 200 kV. The powders were
ispersed in ethanol ultrasonically, and then the samples were
eposited on a thin amorphous carbon film supported by copper
rids. A nitrogen adsorption isotherm was performed at 77 K on
Micromeritics ASAP 2010 gas adsorption analyzer. Surface areas
ere calculated by the BET method. The sample was degassed at
50 ◦C for 3 h before the measurement.

.3. Evaluation of chemiluminescence properties

The CL detection system employed in this work is shown in liter-
ture [6]. The detect system consists of a CL-based sensor, a digital
rogrammable temperature controller of the sensor, and an opti-
al detector. The CL sensor was made by sintering a 0.2-mm-thick
ayer of the catalyst powder on a cylindrical ceramic heater of 5 mm
n diameter. Typically, 0.02 g of Co3O4 powders were mixed with
bsolute ethanol to prepare a paste, and the paste was coated on
he surface of heating tube; and then, it was dried in an oven at
10 ◦C for 24 h and heated at 450 ◦C for 1 h in air to form a film. In
rder to accurately control the thickness, the same procedure was
epeated for two times. The obtained sensor was set in a quartz
ube of 12-mm (i.d.) through which an air at atmospheric pres-
ure flows at a constant rate. A certain volume pulse of CO was
njected into the airflow. The sample gas can flow only through the
utside of the ceramic heater because this ceramic tube is solid.
he temperature of the sensor was controlled by a digital tem-
erature controller. The CL intensity at a certain wavelength was
easured by a photon-counting method with a BPCL ultraweak

hemiluminescence analyzer (BPCL, Chemiluminescence analyzer
ade by Biophysics Institute of the Chinese Academy of Science).

n the experiment, the optical filter with the wavelength of 640 nm
as used. Before each test, the catalyst sensor was heated at 450 ◦C

or 1 h in air to avoid the influence of previous absorbates.

.4. Evaluation of catalytic activity

The oxidation of CO was carried out in a conventional flow sys-
em at atmospheric pressure. 0.1 g of Co3O4 powders were loaded in
quartz reactor (inner diameter: 5 mm), with quartz beads packed
t both ends of the catalyst bed. The thermal couple was placed in
he catalyst bed to monitor the reaction temperature since CO oxi-
ation is an exothermic reaction. Before each run, the catalyst was
ushed with air (200 mL min−1) at 450 ◦C for 1 h in order to remove
he previous absorbates from the catalyst surface, and then cooled
o 30 ◦C. A gas mixture of 1 vol.% CO and 99 vol.% air was fed to the
atalyst bed at a certain flowing rate of 200 mL min−1. The inlet and
utlet gas compositions were analyzed by an on-line gas chromato-
raph with a GDX-403 GC-column (1.5 m × 4 mm) at 100 ◦C and a
ydrogen flame ionization detector (FID).

. Results and discussion

.1. Formation of carbonaceous microspheres and hollow Co3O4
icrospheres

Fig. 1 shows SEM and TEM images of CMs. It can be observed that
Ms have uniformed size of about 5 �m. It seems that their surfaces
re smooth (Fig. 1a); but the TEM image reveals that the surfaces
f CMs are not smooth but coarse, and there exist surface layer
Fig. 1b). This can be ascribed to the removal of residual organic

ompounds (i.e. oligosaccharides). The surfaces of CMs became
oarse due to the removal of these chemicals from the surface layer
hile CMs were washed with water and alcohol. Li and co-worker

18] have reported that there are some nanopores in the surface
ayer while they synthesized carbonaceous spheres. The existence
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the highest CL intensity was obtained with 640-nm filter (Fig. S4).
Fig. 1. SEM (a) and TEM micrographs (b) of carbonaceous microspheres (CMs).

f nanopores in surface layer is very important, which can not only
ncrease the surface area, but also favor for the accommodation of
oreign species.

Carbonaceous microspheres are formed by dehydration of
accharide under hydrothermal conditions [18–20]. It has been
eported that under hydrothermal conditions, a variety of chemical
eactions for glucose could take place, which resulted in a com-
lex mixture of organic compounds. As a result, it is difficult to
etermine exactly the chemical reactions in the sealed autoclave.

n the experiment, after hydrothermal treatment, the appearance
f black solids and the increased viscosity of the resulting solution
ndicated that the aromatic compounds and oligosaccharides may
ave formed, which has been denoted a “polymerization” process
18–20]. The carbonization step may arise from the cross-linking
rocess of oligosaccharides or other macromolecules. The forma-
ion of CMs seems to conform to the LaMer model [21]. While the
olution reached a critical supersaturation, a short burst of nucle-
tion occurred. The resulting nuclei then grew uniformly through
he diffusion of solutes toward the nuclei surfaces until the final size
as attained. Importantly, in comparison to the synthesis of poly-
er spheres, the adopted approach has two outstanding features:

i) the synthetic approach is very simple since no intricate opera-
ions are involved; (ii) the approach is environmentally friendly,
ince no toxic reagents were used. For preparation of polymer
icrospheres, however, toxic reagents (organic solvents, initiators

r/and surfactants) are commonly used.
The surfaces of CMs are hydrophilic due to the functional groups

OH, C O) [18–20] and the surface layer contains the nanopores

22]. This means that the templates can be directly used without
eeding surface treatment. We assumed that the surface layers of
Ms could adsorb or accommodate cobalt ions. This may be through
lectrostatic or chelating interactions between foreign metal ions

T
s
m
p

(2008) 1058–1064

nd surface functional groups (OH, C O) [18–20]. Upon subsequent
rying, a sol–gel process may be involved in the formation of cobalt
xide due to the formation of chelate compouds [23]. Further, the
nnealing treatment in air can not only remove the carbonaceous
emplates, but also give rise to the self-supporting cobalt oxide
anocrystals. Fig. 2(a and b) presents the typical SEM micrographs
f HCMs. The sizes of HCMs are 2–3 �m, which are much smaller
han those (5 �m) of the templates. It is obvious that HCMs retained
he morphological characteristics of the original templates except
or shrinkage in size (about 40%). It is easily understood that upon
nnealing, the dehydration and dehydroxylation may lead to the
ontraction of the sample. As a result, the rough surface coatings
ere constructed by randomly aggregated Co3O4 nanocrystals. Fur-

her, the surface microstructure of individual HCM was scanned by
igh-magnification SEM (Fig. 2c). HCMs have the hollow interiors
f about 2.6 �m in size and the shells of about 200 nm in thick-
ess. The HCMs have a coarse surface structure, which is different

rom that of CMs. In the process of annealing in air, the formation of
o3O4 and the combustion of templates occurred simultaneously.
o3O4 nanocrystals were formed and trapped within the carbona-
eous networks; therefore, the nanocrystals could be effectively
rotected from growth or agglomeration. When the templates were
emoved, the Co3O4 nanocrystals formed the shells. The EDS spec-
ra (Fig. S1 of supporting material) of HCMs firmly demonstrate
hat the sample consist of cobalt. HCMs were further characterized
y TEM. As shown in Fig. 3(a and b), the clear–obscure contrast
etween the inner and the outer regions of the particles can be
bserved clearly, revealing the presence of hollow interior. electron
iffraction (ED) patterns (Fig. 3c) of the sample further demonstrate
hat the shells consist of Co3O4 polycrystals. Fig. S2 (see suppor-
ing material) gives the TEM images of SCPs, which were prepared
y decomposition of nitrate. The solid particles have the diameters
f 100–200 nm and they agglomerated severely.

XRD patterns were performed to determine the structure of
he samples. After being annealed at 450 ◦C, the sample was com-
osed of Co3O4 nanocrystals (Fig. 4a). Co3O4 nanocrystals show a
pinel structure with the lattice constants a0 = 0.8084 nm (JCPDS
le no. 43-1003: space group of Co3O4: Fd3m). Fig. 4b shows the
RD patterns of carbonaceous templates. The broad peak with

ow peak intensity centered at about 2� = 23.5◦ can be indexed as
0 0 2] diffraction peak of turbostratic and polyaromatic carbon. The
roadening of the “graphite” peaks actually indicates the highly dis-
rdered structures [19]. While the sample was calcined in a muffle
t 450 ◦C under flowing air, carbonaceous chemicals combusted to
orm CO2. In this process, a significant amount of heat would be
eleased. The local temperatures of the sample may be higher than
50 ◦C. Co (II) was partly oxidized to form Co (III). On the other
and, the functional groups (OH) can impart the reduction abil-

ty to Co (III), which can reduce metal ions into lower valence ion.
uch reduction ability has been reported in literatures [24,25]. As a
esult, Co3O4 was formed. The XRD patterns of SCPs by decompo-
ition of nitrate were also shown in Fig. S2 (supporting material).
alculated by Scherrer equation, the average crystal size is about
2.2 nm, which is larger than that (25.5 nm) of HCMs.

.2. The CL properties over the samples

We have researched the effects of the filter’s band length and
ow rate of gas on CL intensity. These research results are given

n Figs. S4 and S5 (supporting material). The result showed that
he CL intensity increases with an increase of the flow rate and it
aturates above a flow rate (F = 200 mL min−1) (Fig. S5). This may
ean that the whole reaction is mainly controlled by a diffusion

rocess at F ≤ 200 mL min−1. At F ≥ 200 mL min−1, the whole
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ig. 2. SEM micrographs of hollow Co3O4 microspheres (HCMs): (a) low magnificati

eaction is mainly controlled by a surface reaction. Therefore, the
L spectra were determined at F = 200 mL min−1 with the 640-nm
lter in the latter experiments. Typically, Fig. 5 shows the effect of
est temperature on the CL intensity of HCMs. The CL intensities
ncreased from 6 × 103 to 7 × 104 a.u. while the temperature
ncreased from 160 to 300 ◦C. It is clear that the test temperature
as a significant influence on CL intensity. This is because CO con-
ersion increased with the temperature. More CO molecules were
xidized into CO2 molecules at high temperatures. It is important
or CL determination to maintain a constant test temperature. The

nfluence of CO concentration (C) on CL intensity of HCMs is shown
n Fig. 6 and Table 1. A good linear correlation between CL intensity
nd CO concentration can be observed in the concentration range
5.0–300.0 �g mL−1), and the relative coefficient is 0.995. The

able 1
nalytical characteristics of CL determination for CO of hollow Co3O4 microspheres

HCMs)

inear range, C (�g mL−1) 5.0–320.0
egression equation Ia = 67.8C + 55.2
elative coefficient 0.995
etection limit (�g mL−1) 0.23

a I, CL intensity; C, CO concentration.
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ages of HCMs; (b) broken HCMs; (c and d) high-resolution images of HCMs surface.

etection limit of CL sensor for CO has been determined as low as
.23 �g mL−1. This means that CL properties of the catalyst should
e determined at a constant concentration of CO.

Many researchers have proposed that the CL luminescence
esults from the excited species produced in catalytic oxidation
26,27]. The exothermal chemical reaction produces energy enough
o induce the transition of an electron from its ground state to an
xcited electronic state. This electronic transition is often accom-
anied by vibrational and rotational changes in the molecule. CL

s observed when the electronically excited product relaxes to its
round state with emission of photons [28]. CL reaction can be
epresented with the following formula:

O2(ads.) + Energy → ∗CO2(ads.) → CO2 + h� (1)

It is accepted that CO2 was the luminescence species. While
O molecules were oxidized on the catalyst surface, an amount of
nergy was released, which would be absorbed by CO2 molecules.
s a result, CO2 molecules would jump from ground state up to

lectronic excited state (*CO2). While the electronic excited *CO2
olecules decayed to the ground state, a CL was generated. CL spec-

ra are closely correlated with the catalytic reaction, in which the
onversion of CO into CO2 is directly related to the catalytic prop-
rties of the catalysts. The easier the catalytic reaction was, the
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Fig. 3. TEM micrographs and electron diffraction (ED) patterns of hollow

ore CO2 molecules were formed. As a result, the CL intensity is
tronger. The activity and CL represent the same process. It is rea-

onable that CL spectra can be used to quantitatively evaluate a
iven catalytic reaction. Fig. 7 shows the CL spectra of HCMs and
CPs. The CL intensity of HCMs is higher than that of SCPs (7 × 104

s. 4.5 × 104), indicating that more CO molecules were oxidized into

ig. 4. XRD patterns of the samples: (a) carbonaceous microspheres (CMs); (b)
ollow Co3O4 microspheres (HCMs).

C
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4 microspheres (HCMs): (a) low resolution; (b) high resolution; (c) ED.

O2 molecules. The results may mean that HCMs had a higher cat-
lytic activity for CO oxidation than SCPs. The catalytic activity for
O oxidation over the sample was further evaluated.
.3. The reaction activity for CO oxidation over the catalysts

Fig. 8 shows the activities for CO oxidation over the samples.
10, T50, and T90 of HCMs were 135, 175 and 230 ◦C, respectively.

ig. 5. The temperature dependent CL intensity of HCMs: T = 300 ◦C, F (flowing rate
f gas) = 200 mL min−1; C (CO concentration) = 200 �g mL−1, �filter (wave number of
lter) = 640 nm.
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Table 2
Surface areas, particle sizes and crystal sizes of hollow Co3O4 microspheres (HCMs)
and solid Co3O4 particles (SCPs)

Sample HCMs SCPs

SAa (m2 g−1) 30.7 17.5
Crystalb size (nm) 25.5 32.2
T10

c (◦C) 135 155
T50

c (◦C) 175 200
T90

c (◦C) 230 270

t
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ig. 6. The CO concentration (C)-dependent CL intensity of hollow Co3O4 micro-
pheres (HCMs): T = 300 ◦C, F = 200 mL min−1, �filter = 640 nm.

CMs had a higher activity than the SCPs (T10, T50 and T90: 155,
00 and 270 ◦C), which is well consistent with their CL order. The
extural properties of HCMs were characterized by N2 adsorption

sotherm (Table 2). The BET surface areas of HCMs and SCPs are
0.7 and 17.5 m2 g−1, respectively. The high BET area of HCMs is
eneficial to adsorb molecules. Fig. S3 (see supporting material)
hows CO-temperature-programmed desorption (TPD) profiles on

ig. 7. The CL spectra of CO over (a) HCMs and (b) SCPs: T = 300 ◦C, F = 200 mL min−1,
filter = 640 nm, C = 200 �g mL−1.

ig. 8. The activities of CO oxidation over (a) hollow Co3O4 microspheres (HCMs)
nd (b) SCPs: 1 vol.% CO; 99 vol.% air, gas hourly space velocity (GHSV) = 12,000 h−1.
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a Surface area calculated by the BET method.
b Average crystal size calculated by Scherrer equation.
c T10, T50, and T90, the temperatures at 10, 50 and 90% CO conversions, respectively.

he samples. In the range of 100–600 ◦C, 3 desorption peaks of CO
an be observed over HCMs and SCPs. The adsorbed amounts of
O over both samples are significantly different (Table S1). The
dsorbed amount on HCMs is higher than that on the latter.

The BET difference may be closely related to their different
icrostructures [29]. The BET surface area (30.7 m2 g−1) of HCMs is

ignificantly larger than that (ca. 1.5 m2 g−1) of the hollow micro-
pheres with an outer diameter of 5 �m and an inner diameter
f 4.5 �m. The surface area of the latter is calculated on base
f idea hollow microspheres (the theoretical density of Co3O4
s 6.056 g cm−3). The calculation result further confirms that the
ncreased surface area (29.2 m2 g−1) of HCMs may result from the
ores in shells. The porous surface structures of the carbonaceous
emplates were passed onto the resultant shells after the removal
f the templates. The increase of surface areas supports the forma-
ion of the porous shells, which resulted from the closely packing
f Co3O4 nanocrystals. The high BET area of HCMs is beneficial to
dsorb molecules, while the pores in the shells of the HCMs benefit
he reactant molecules to get to the reactive sites of the catalysts.
he chemical reactions can occur more easily, when the transport
aths through which reactant molecules move in or out of the
aterials are included as an integral part of the porous structures.

.4. Potential use of CL sensor for environmental combustible
ases

Most importantly, the activity order of the catalysts is well con-
istent with that of CL intensity. This may indicate that CL mode
an be an effective means to judge the catalyst activity, because the
etermination of CL spectra can be fulfilled within a few minutes.
e have found that luminescent efficiencies and spectral shapes

f the CL are dependent on the kinds of reactants and catalysts
Table S2, Figs. S6 and S7 of supporting material). Even if the same
uminescent species could be produced from the different com-
ustible gases on a given catalyst, the amounts of the generated

uminescent species by different combustible gases are different.
herefore, the same nanomaterial exhibits different intensities of
L upon exposure to different gases. This enables us to discrimi-
ate the kind of combustible gas. The compounds within a given
hemical class can be still discriminated effectively, because the
echanisms and rates of catalytic reactions are dependent on tem-

erature, which leads to different luminescence efficiencies and
pectral shapes [30]. Even if similar shape were recorded with the
ensor for two gases at one temperature, they may be differenti-
ted by different CL intensities at another temperature. We have
abricated a CL sensor (Fig. S8 of supporting material). The CL sen-
or system may be useful for analyzing various environmental toxic

ases because of the linear characteristics of CL intensity as a func-
ion of gas concentration [29].

The CL properties on catalytic materials provide abundant opti-
al information which motivates the fabrication of chemical sensor
rrays. An intensive effort is currently devoted toward the develop-
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ent of high-throughput screening approaches. The CL reaction is
f practical importance for detecting environmental pollutants or
electing catalysts. The extensive researches are ongoing.

. Conclusions

Compared with the SCPs, the HCMs showed a stronger CL
ntensity and a higher catalytic activity for CO oxidation, which
as attributed to the hollow microstructure. The good correlation
etween CL and activity indicates that the CL mode is a facile and
apid means for the detection of environmentally deleterious gases
nd the selection of excellent catalysts from thousands of materials.
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a b s t r a c t

The use of an unmodified native sheep wool packed minicolumn for the online preconcentration of Hg(II)
and methyl mercury species prior to the determination of mercury by atomic fluorescence spectrome-
try was investigated. Experimental conditions, such as pH, desorbing agents, volume of solution were
optimized. 0.5 M thioglycolic acid was found to be a successful eluting agent for both mercury species.
Breakthrough and total capacities were determined. The method is simple and rapidly applicable for the
determination of Hg(II) and methyl mercury in tap water. The accuracy of the method was examined by
the analysis of a peach leaves standard reference material. Recoveries of spiked mercury species in tap
water were 105.8% for Hg(II) and 98.8% for methyl mercury.
Preconcentration
Wool
Atomic fluorescence spectrometry
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. Introduction

Mercury is one of the most toxic elements and its toxi-
ity to human has been well established. The environmental
ehaviour of mercury is interesting and differs from those of other
oxic elements. Both inorganic and organic mercury compounds
i.e. methylmercury chloride [MeHg(I)], ethylmercury chloride,
imethylmercury and phenylmercury chloride) are toxic sub-
tances. MeHg(I) is the most toxic mercury species [1]. Various
nalytical techniques have been used for the determination of mer-
ury at low concentrations, but the most commonly used ones
re the cold-vapour technique coupled with atomic absorption
CV-AAS) [2,3], atomic fluorescence(CV-AFS) [4,5] and inductively
oupled plasma emission (CV-ICP-AES) [6,7] spectrofotometry
nd inductively coupled plasma mass spectrometry (ICP-MS) [8].
lthough, CV-AAS is the most used technique in the determina-

ion of traces of mercury, atomic fluorescence spectrometry (AFS)

llows a more sensitive determination of mercury than AAS [5].

Several authors have applied flow injection analysis (FIA)
ethodology to the determination of mercury using the cold-

apour technique in order to combine a high analysis rate with

∗ Corresponding author. Fax: +90 232 3888264.
E-mail address: emur.henden@ege.edu.tr (E. Henden).
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oth sensitivity and selectivity of the method itself [9]. FIA systems
llow inexpensive automation of chemical analysis [10]. Moreover,
t works in a closed system with a significant reduction of airborne
ontamination and a fairly high sampling frequency [6].

Since the toxicities and the behaviour of inorganic and organic
ercury species are different and all are highly toxic, determina-

ion of each species of mercury at trace level is of great importance.
reconcentration techiques are usually required in order to deter-
ine such low levels of mercury. Several online preconcentration
ethods have been reported. These include liquid–liquid [2] and

iquid–solid [11] extraction processes which have been performed
n the presence of various complexing agents. This is usually carried
ut with FIA of mercury using a minicolumn. Solid phase extraction
as several advantages over other techniques such as; it is rapid,
eproducible, high preconcentration factors can be attained and it
equires only small volumes of solvents [12,13]. The typical sor-
ents are obtained by immobilization of suitable organic agents
hrough physical or chemical binding to different solid surfaces
uch as organic polymeric resins [3,6,12,14–18], inorganic silica gel
19,20] and modified silica C18 [11,21]. The capabilities of three solid

helating reagents; 7-(4-ethyl-1-methyloctyl)-8-hydroxiquinoline
Kelex 100) adsorbed on Bondapack C18 (Kelex-100/C18), 8-
ydroxiquinoline immobilized on vinyl co-polymer Toyopearl gel
nd the commercial polystyrene/DVB ion exchange resin with
aired iminodiacetate groups (Chelex-100) were compared for the
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Table 1
Limits of detection of various preconcentration techniques

Preconcentration sorbent Instrument LOD Reference

SPE, 2-mercaptobenzothiazole loaded Bio-Beads SM-7 resin CV-AAS 10 ng l−1 [3]
SPE, polystyrene-divinylbenzene with 6-mercaptopurine CV-AAS 20 ng l−1 [12]
Chemically modified chloromethylated polystyrene-PAN (ion-exchanger) CV-AAS 2 ng l−1 [15]
Resin functionalized with a 1,2-bis(o-aminophenylthio)ethane moiety CV-AAS 90 ng l−1 [16]
2-(Methylthio)aniline-functionalized XAD-2 FAAS 28 ng l−1 [17]
Silica gel immobilized aliphatic amines 2-thiophenecarboxaldehydde Schiff’s bases AAS 4.75 ng l−1 [19]
Silica gel-2-mercaptobenzimidzol sorbent CV-AFS 0.07 ng l−1 [20]
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ilica C18 modified
-(4-Ethyl-1-methyloctyl)-8-hydroxiqinoline adsorbed on Bodapack C18
PA4 chelating resin
g(II)-imprinted thiol functionalized mesoporous sorbent

reconcentration of lead and mercury [22]. Dimethyl sulfoxide
mmobilized on alumina packed in a minicolumn was reported to
e highly efficient for mercury preconcentration [13].

A minicolumn packed with aminoisopropylmercaptan type
helating resin as solid phase-extractor was used for the separation
nd preconcentration of trace mercury prior to its measurement by
FAAS with palladium as a permanent modifier by Jiang et al. [23].
he solid phase extraction of Hg(II) and MeHg(I) using a chelating
esin containing nitrogen and sulphur donor sites of the 1,2-bis(o-
minophenylthio)ethane moiety that is selective for mercury has
een reported for preconcentration of mercury at ng ml−1 level
16].

A new method using a minicolumn packed with Hg(II)-
mprinted thiol-functionalized mesoporous sorbent has been
eveloped for the preconcentration of trace mercury prior to its
etermination using CV-ICP-OES by Zhefeng Fan [24].The limits
f detection reported using various preconcentation methods are
isted in Table 1.

A method for the rapid sequential determination of Hg(II) and
eHg(I) in natural waters at the ng l−1 level has been described by

ian and McLeod [4]. Trace enrichment and separation of mercury
pecies were achieved using a minicolumn of sulphydryl cotton
hich has a relatively high affinity for MeHg(I).

Maclaren and Milligan reported the use of wool and poly-
er/wool grafts as sorbents to remove heavy metal pollutants from

ndustrial effluents and to purify contaminated water supplies [25].
emoval of some metal ions (Ni2+, Cu2+, Zn2+, Hg2+, Pb2+) from
ater using native wool was studied by Balköse and Baltacioğlu

26].
Wool has many functional groups (such as carboxylate, amine,

mide, disulfide and thiol) which are potential binding sites for
etal cations [27]. Plowman reviewed the identification of wool

omponents and characterizations of wool keratin proteins by using
odern proteomic techniques [28].
Goulding and Henden in a preliminary study showed that ship
ool could be used for the preconcentration of mercury species
29], the basic problem was that it was not possible to recover the
orbed mercury quantitatively from wool using usual eluting agents
uch as EDTA, HCl and HNO3 solutions. However, thioglycolic acid

able 2
luorescence measurement conditions

elay time 5–10 s
ise time 25 s
nalysis time 0.5 min
emory time 40 s

arrier gas (argon) 0.55 l min−1

hield gas (argon) 0.1 l min−1

ryer gas (argon) 1.5 l min−1

lank and sample solution 7 ml min−1

nCl2 solution (3%) 3 ml min−1
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CV-AAS 0.25 ng l [21]
AAS 0.23 �g l−1 [22]
GFAAS 2 ng l−1 [23]
CV-ICP-OES 0.39 ng ml−1 [24]

TGA) solution was shown to be effective to recover mercury from
he wool column.

Although several compounds of mercury exist in water and food,
he dominant species are the Hg(II) ions and MeHg(I). Both mercury
pecies show adsorption affinity for the potential binding sites in
ool. Therefore, in this study, it was aimed to investigate the opti-
um conditions for the preconcentration of Hg(II) and MeHg(I)

sing unmodified native wool and apply it to the determination of
oth these mercury species using a flow injection online precon-
entration system coupled with AFS.

. Experimental

.1. Apparatus and operating conditions

The measuring apparatus was a PSA 10.004 atomic fluores-
ence spectrometer with a continuous-flow vapour generator. In
ow injection studies, a sample injection valve (Omnifit) was con-
ected to the sample line. In breakthrough studies, a variable speed
eristaltic pump (Eyela Tokyo Rikakikai Co. MP-3) was connected
o the sample line. The sample loop was 130 �l. The fluorescence

easurement conditions are listed in Table 2.
A domestic microwave oven (Vestel Model 550 W power) with a

5 ml microwave acid digestion bomb with PTFE sample cups (Parr
nstrument company No. 4782) was used for sample decomposi-
ion.

.2. Reagents

All reagents used were of analytical-reagent grade (from Merck).
uartz distilled water was used in the preparation of solutions
nd as the carrier solution. As reducing agent, 3% (w/v) stannous
hloride was prepared daily by dissolving 7.5 g of SnCl2·2H2O in
7.5 ml of concentrated hydrochloric acid and finally diluting to
50 ml with distilled water. Sulphamic acid (100 g l−1) solution
as prepared in water. Hg(II) solution (1000 mg l−1) was pre-
ared by dissolving 1.00 g of analytical-reagent grade mercury

n 10 ml concentrated nitric acid. 0.3 ml of 5% K2Cr2O7 solution
as added to prevent adsorption on the glassware. Finally nitric

cid was added as the final solution to be 10% in HNO3 and
iluted to 1 l with distilled water. A stock solution of MeHg(I)
1000 mg l−1 mercury) was obtained from Alfa Inorganics. All of
he more dilute mercury standard solutions were prepared by dilu-
ion with water and the final solutions contained 0.04 M HNO3.
.5 M thioglycolic acid (from Merck) (TGA), EDTA (from Merck),

hiourea (from BDH) were prepared and used as eluting solu-
ions. As oxidant bromide/bromate solution (0.5% KBr + 0.14% KBrO3
/v) was prepared by dissolving potassium bromide and potas-

ium bromate in distilled water. All glasswares were soaked in
0% nitric acid for at least 24 h prior to use to remove any mer-



1214 V.N. Tirtom et al. / Talanta 76 (2008) 1212–1217

ncent

c
w

2

c
e
r
1
i
c
2
t
7

2

w
u
r
c
w
i
u
w
u

2

r
u
v
p
w
t
a
p
s
a
T

m
(
m
a

2

(
b
a
i
8
w
a
h
e
f
f
p
E

3

w
b
h
w
t
b
a
i
c

a
s
o
e

M
o
d

3
m

Fig. 1. Scheme of online preco

ury and stop cross contamination and then rinsed with distilled
ater.

.3. Flow injection system descriptions

The flow injection system used is shown in Fig. 1. The system
onsists of a 4-line peristaltic pump of the measuring apparatus,
luent injection valve, wool packed minicolumn, oxidation and
eduction coils and gas–liquid separator. The connection tubing was
.5 mm i.d. PTFE. The preconcentration minicolumn was a PTFE tub-
ng, 5 cm × 3 mm i.d. packed with wool. The oxidation and reduction
oils were 1.5 mm i.d. PTFE tubing, the lengths were 60 cm and
5 cm, respectively. The flow rates of SnCl2 and Br−/BrO3

− solu-
ions were 3 ml min−1. Sample and carrier solutions flow rates were
ml min−1 if not otherwise mentioned.

.4. Preparation of wool column

In this study unmodified native sheep wool was used. After
ashing with Triton X-100, the wool was extracted with n-hexane
nder reflux for 8 h to remove oil contamination. Then, it was
insed with distilled water and dried at 60 ◦C in an oven. It was
ut into small pieces of about 1–2 mm length and then 0.050 g
ool was filled into a minicolumn (PTFE tubing, 5 cm × 3 mm

.d., wool packing length 1 cm) between two glasswool plugs
sing a plastic forceps for trace enrichment of mercury. Glass-
ool showed no adsorptive property for the mercury species
sed.

.5. Procedure for the determination of Hg(II) and MeHg(I)

For the determination of mercury(II) Br−/BrO3
− oxidizing

eagent line in Fig. 1 was removed and the preconcentration col-
mn was directly connected to the reduction column. A known
olume of sample or standard solution was passed through the wool
acked minicolumn at 7 ml min−1 rate. 130 �l 0.5 M TGA as eluent
as then injected using the injection valve to elute the Hg(II) from

he column. The carrier and reductant (SnCl2) streams were passed
t 3 ml min−1 rate into the reduction coil for mixing with the sam-

le solution. Here, the mercury(II) was reduced to the elemental
tate and separated from the solution in the gas–liquid separator
nd swept into the atomic fluorescence detector with argon gas.
he peak height of the fluorescence signal was monitored.

Organic mercury cannot be measured directly so the organic
ercury was first oxidized by bromide/bromate solution

3 ml min−1) in the oxidation coil as shown in Fig. 1 and the
ercury(II) ions formed were then reduced to the elemental state

s described for Hg(II) in the reduction coil and measured.

o
o
t
u
b
c
i
t

ration flow injection system.

.6. Procedure for the determination of mercury in peach leaves

0.200 g peach leaves sample was placed into the PTFE cups
45 ml) of the microwave closed vessel sample decomposition
omb. 3 ml of concentrated HNO3 and 1 ml of 35% H2O2 were added
nd the PTFE cups were closed. Decomposition was carried out
n the microwave oven using 40% power for 8 min, 60% power for
min and 80% power for 4 min. After cooling the cups the solutions
ere transferred into 50 ml beakers. 1 ml of 100 g l−1 sulphamic

cid solution was added on to each solution and the solutions were
eated at 50 ◦C for 30 min. 1 ml of 5% K2Cr2O7 was added on to the
ach solution after cooling. The solutions were quantitatively trans-
erred to 25 ml volumetric flasks and diluted to volume with water
or analysis. Alternatively, the peach leaves samples were decom-
osed in the same way, but addition of sulphamic acid was omitted.
ach decomposition was repeated three times.

. Results and discussion

In the initial studies native wool was used only after washing
ith Triton X-100. However, a very high blank signal was obtained

y AAS and AFS measurements. Thus, the refluxing step with n-
exane was included as described above. In this way, native wool
as cleaned up from all dirt, grease and contamination. Wool struc-

ure is not affected in hot hydrocarbons [25] and does not change
y heating at temperatures below 150 ◦C [30]. Wools of the Merino
nd Daglic sheeps were compared as mercury adsorbent. No signif-
cant difference was found in their adsorption efficiencies. White
olour Daglıc sheep wool was used in all studies.

Elution curves obtained with the flow injection systems by sep-
rate measurements for 28 ng Hg(II) and mercury as MeHg(I) are
hown in Fig. 2. Since the pump of the AFS used had a constant speed
f 7 ml min−1, the effect of the solution flow rate at the sorption and
lution peaks was not studied.

No significant difference was observed for the Hg(II) and
eHg(I) in single standards and in admixtures. Therefore, for the

ptimization and analytical performance studies for Hg(II) the oxi-
ation coil line was dismantled for saving purposes.

.1. Effect of eluent type and concentration on the desorption of
ercury from the wool column

In this study, the effect of eluent composition on the recovery
f mercury from the wool column was investigated. In order to
btain a calibration graph, 10–40 ng ml−1 mercury standard solu-
ions were injected into the empty minicolumn (without wool)

sing the sample injection valve. A calibration graph was obtained
y measuring the fluorescence signals. Then, the wool column was
onnected to the system and 30 ng ml−1 mercury solution was
njected using the same injection valve. The mercury collected in
he wool column was then eluted by injecting one of the eluent in
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Table 3
Desorption of Hg(II) and MeHg(I) by different eluents from the wool column

Eluent Recovery (%)

Hg(II) MeHg(I)

EDTA 0.01 M 31.0 40.3

HCl 1 M 19.1 20.0
2 M 30.6 35.2
4 Ma 24.7 20.5

HNO3 2 M 24.0 27.4
4 Ma 10.1 12.1

Thiourea 10% (m/v) 15.8 9.5

Thiourea (in 1 M HCl) 5% (m/v) 17.9 12.0
10% (m/v) 19.4 15.2

TGA 0.05 M 64.0 37.1
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0.1 M 81.8 88.3
0.5 M 100.1 99.5

a 4 M HCl and 4 M HNO3 caused denaturation of wool [29].

able 3. The signal was measured and the recoveries were calcu-
ated using the calibration graph.

Sorption of both mercury species on wool was found to be quan-
itative and fast. However, elutions with various reagents such as
DTA, thiourea, HCl and HNO3 were not complete. 4 M HCl and 4 M
NO3 caused denaturation of the wool. The results are shown in
able 3. Similar results were also reported earlier by Goulding and
enden [29].

If wool is to be used as a sorbent for mercury preconcentration in
ow injection studies, rapid quantitative desorption of the sorbed
ercury should be possible. However, only elution with TGA was

ound to be quantitative and rapid.
Effect of the TGA concentration on elution was, therefore, opti-

ized. It was found that 0.5 M TGA was optimal for elution of both
g(II) and MeHg(I) from the wool column at the experimental con-
itions used and, therefore, was used in the following experiments
s eluent.

In order to check the recovery (sorption efficiency × elution effi-

iency) 25 ml of 4.0 ng ml−1 Hg(II) was passed through the wool
olumn. The end of the sorption column was then directed to a 25 ml
olumetric flask and the mercury sorbed on the wool column was
luted by injecting 0.5 M TGA using the injecting valve. The solu-

Fig. 2. Elution peaks of mercury(II) and methyl mercury.

3

r
u
s
u
d

H
f
c
[
a
2

3

p
t
s
o
m

ig. 3. Effect of pH on sorption of 4.0 ng ml−1 Hg(II) (�) and 4.0 ng ml−1 MeHg(I) (�);
ollection time 1 min, sample flow rate 7.0 ml min−1, elution 130 �l of 0.5 M TGA.

ion was diluted to 25 ml with water and the mercury content of the
olution was measured using AFS without flow injection system. It
as found that the recovery was 100.1%. The same experiment was

epeated for MeHg(I) with inclusion of KBrO3/KBr oxidation step
nd the total recovery was found to be 99.8%.

.2. Effect of acid concentration on the sorption for Hg(II) and
eHg(I)

4.0 ng ml−1 Hg(II) and 4.0 ng ml−1 MeHg(I) solutions were
repared in 0.005–0.1 M HCl. Mercury in each solution was col-

ected for 1 min at a rate of 7 ml min−1. Signal intensity in
he 0.01–0.10 M HCl range did not change significantly. HCl
oncentration of 0.05 M was selected for the following experi-
ents.
The effect of HNO3 concentration on the signal intensity was also

tudied in the same acid concentration range. The results showed
hat the signal intensity did not change significantly in the nitric
cid concentration range of 0.01–0.10 M.

.3. Effect of pH on the sorption for Hg(II) and MeHg(I)

4.0 ng ml−1 Hg(II) and 4.0 ng ml−1 MeHg(I) solutions in the pH
ange 1–8 were prepared. After collecting mercury on the wool col-
mn, the sorbed mercury was eluted and measured. The pHs of the
olutions were adjusted in the pH range 1–3 using dilute HCl, 3–6
sing 0.1 M acetic acid/acetate buffers, and 6–8 using 0.1 M sodium
ihydrogen phosphate/disodium hydrogen phosphate buffers.

The results are shown in Fig. 3, which indicated that sorption of
g(II) and MeHg(I) on wool decreased above pH 2. It was observed

rom the graph of the variation of the concentrations of the mer-
ury(II) species with pH obtained using the visual Minteq program
31] (Fig. 4) that after pH 2 species Hg(II) decreases while Hg(OH)+

nd Hg(OH)2 increasing, which explains the weak sorption after pH
in Fig. 3.

.4. Effect of volume

7–56 ml solutions containing 28 ng Hg as Hg(II) or MeHg(I) were
assed through the wool column at 7 ml min−1 flow rate and then

he sorbed mercury was eluted with TGA and determined by mea-
uring the fluorescence signal. The results showed that the volume
f the solution in the range used had no significant effect on the
ercury signal.
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ig. 4. The graph obtained by using the visual Minteq programme for 4 ng ml−1

ercury (II) species in the pH range 1–8.

.5. Breakthrough and total capacities for Hg(II) and MeHg(I)

Breakthrough capacity studies were carried out by using the
resent pump with a speed of 7 ml min−1 and also in order to see
he effect of flow rate on the capacity using a lower speed peristaltic
ump (2 ml min−1).

10 ng ml−1 mercury as Hg(II) or MeHg(I) solutions were allowed
o pass through a column containing 0.0502 g wool for Hg(II) and
.0514 g wool for MeHg(I) adsorption at a flow rate of 2.0 ml min−1.
ercury was measured in every 2 ml portion of the eluate. No
ercury was detected in the effluents until 40.5 ml of the Hg(II)

olution as shown in Fig. 5. The breakthrough capacity was cal-
ulated as 8.07 �g g−1 Hg(II). The breakthrough capacity curve for
eHg(I) is also shown in Fig. 5. The MeHg(I) breakthrough vol-

me was 38 ml. The breakthrough capacity was calculated to be
.39 �g g−1 mercury as MeHg(I). Similar breakthrough capacities
or Hg(II) and MeHg(I) species were obtained using an AFS pump
ith a flow rate of 7 ml min−1. Therefore, this pump was used in

he following studies.
The breakthrough capacity of the wool column did not change

ignificantly by the amount of wool packing. When 0.080 g wool
as used in the column the breakthrough capacity was found as
.14 �g g−1 Hg(II).

In order to determine the total capacity of wool a batch method
as applied. Each two series of 50 ml of 10 �g ml−1 mercury as
g(II) or MeHg(I) solutions in 0.05 M HNO3 were placed in 100 ml

eakers containing 0.045 g wool. In order to correct sorption losses
f mercury by the beaker walls parallel experiments were carried
ut without using wool. All solutions were kept for 12 h while
lowly mixing with a magnetic stirrer. The concentrations of mer-

ig. 5. Breakthrough curve of the wool packed column for Hg(II) (�) and MeHg(I)
�). Flow rate, 2 ml min−1. 0.0502 g wool for Hg(II) and 0.0514 g wool for MeHg(I).
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ig. 6. Effect of sorption time on wool capacity for Hg(II) (�) and MeHg(I) (�) for
atch studies. 0.045 g wool was kept in 50 ml of 10 �g ml−1 mercury containing
olutions in 0.05 M HNO3.

ury in all solutions were measured. Any loss of mercury in the
olutions without wool was deducted from the sorbed mercury
mount by the wool in the capacity calculations. Total capacities
ere found to be 5.69 mg g−1 for Hg(II) and 5.28 mg g−1 mercury as
eHg(I) for batch method.
The effect of time on the wool capacity was studied under the

onditions used above for the total capacity determination and
apacity measurements were repeated with time. The results plot-
ed in Fig. 6 show that maximum sorption of the both mercury
pecies is reached in 3 h.

The capacities of the wool did not change significantly in 3
onths time of use, approximately after 600 experiments.
Breakthrough capacities in the column studies were found to

e about 1000 times lower than the total capacities found by the
atch method. This may be because wool contains several func-
ional groups as potential binding sites for mercury, and possibly
urface thiol groups which are known to show a very high affinity
o mercury species are the main effective binding sites in column
tudies. Because the sorption time in the column studies are very
hort (about 2 s with 2 ml min−1 flow rate).

.6. Analytical performance

The analytical performance parameters were evaluated under
he optimal experimental conditions. The calibration graph
btained using AFS without wool column was linear in the
ange used, 0.05–50.0 ng ml−1 Hg(II). The calibration graphs
btained using FIA system by collecting mercury in the wool
olumn for 1 min (7 ml solution) were linear in the range stud-
ed, 0.05–10 ng ml−1 Hg(II) and MeHg(I). The equations were
= 99.315x + 0.924 (R2 = 0.9944) for Hg(II) and y = 97.84x + 0.908

R2 = 0.999) for mercury as MeHg(I). The relative standard deviation
or six replicate measurements of 4.0 ng ml−1 mercury was 2.9% for
g(II) and 3.1% for MeHg(I). The limit of detection (3б above blank)
as 0.01 ng ml−1 mercury for Hg(II) or MeHg(I) under the experi-
ental conditions use. If the sorption time was increased to 8 min

56 ml solution) 0.0014 ng ml−1 mercury could be detected.

.7. Accuracy studies

The method for the determination of mercury was applied to
ap water samples with a hardness value of 300 mg l−1 CaCO3. The
amples were spiked with standard mercury solutions. The recov-
ry values obtained were 105.8% for Hg(II) and 98.8% for MeHg(I)

s shown in Table 4.

For the accuracy control of the method, NIST Standard Reference
aterial No. 1547 peach leaves, was also analyzed for total mercury.

each leaves samples were decomposed using a microwave oven
cid digestion bomb. The obtained results were in good agree-
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Table 4
Recoveries of added Hg(II) and methyl mercury from tap water with a hardness of 300 mg l−1 CaCO3

Hg(II) MeHg(I)

Added Found Recovery (%) Added Found Recovery (%)

Mercury concentration (ng ml−1) (n = 3)
0.00 1.04 ± 0.05 –
4.00 5.27 ± 0.01 105.8

Table 5
Analysis of standard reference material, Peach Leaves NIST 1547

Sample Method Found (�g g−1)

Peach Leaves Microwave oven digestion witha 0.033 ± 0.005
Peach Leaves Microwave oven digestion withb 0.040 ± 0.008
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ertified value 0.031 ± 0.007 (�g g−1).
a Sulphamic acid was used.
b Sulphamic acid was not used.

ent with the certified values when sulphamic acid was used
Table 5).

.8. Effect of diverse ions on mercury measurements

Interferences of various cations on the preconcentration and
etermination of mercury were examined by comparing the signal

ntensities of mercury in the presence and absence of interfering
ons.

For this purpose 4.0 ng ml−1 Hg(II) and 4.0 ng ml−1 mercury as
eHg(I) solutions with and without interfering ions (400 ng ml−1)
ere passed at 7.0 ml min−1 rate for 1 min through the wool column

nd then the collected mercury was eluted by injecting 0.5 M TGA.
he effects of the diverse ions are shown in Table 6. The results
how that the ions at the level studied did not affect significantly
he mercury signal.

TGA and EDTA as complexing agents were used to elute mercury
rom the wool column. Recovery of the elution with EDTA was only
0.3% (Table 3). In order to understand whether the low recovery
as due to uncompleted reduction of mercury in Hg-EDTA complex
y SnCl2, direct AFS measurements of the mercury in the presence
f 0.1 M EDTA was realized without using wool column. The simi-
ar experiments were repeated in order to determine any possible
ffect of TGA, which is used as eluent, on mercury signal. The signal
ntensities of 4.0 ng ml−1 mercury as Hg(II) or MeHg(I) were com-
ared in the presence and absence of these complexing agents. The
ignal intensities of mercury in the presence of EDTA and TGA were
8.9% and 99.5% for Hg(II), and 98.5% and 99.4% for MeHg(I), respec-

ively compared to the signals obtained in the absence of EDTA or
GA. Therefore, the effect of TGA and EDTA on the mercury signals
ere not significant.

able 6
nterference effects of diverse ions (400 ng ml−1) on the preconcentration and deter-

ination of Hg(II) and MeHg(I) (4.00 ng ml−1)

nterfering ion Recovery (%)

Hg(II) MeHg(I)

n2+ 99.6 98.2
i2+ 98.6 98.6
u2+ 98.8 98.9
e3+ 97.6 98.4
b2+ 99.4 99.4
a+ 100.2 99.9
a2+ 98.8 98.7
g2+ 98.9 99.6

[
[

[
[
[
[
[

[
[
[

[
[

[
[

[
[

0.00 0.27 ± 0.02 –
4.00 4.22 ± 0.02 98.8

. Conclusion

Use of wool as a preconcentration adsorbent has several advan-
ages, it is easily found and can be used at least for 3 months
or about 600 experiments without any significant change in its
apacity and sorption efficiency. The method described was suc-
essfully used for the preconcentration and determination of Hg(II)
nd MeHg(I) species. The elution rate of mercury species from the
ool column with TGA is fast, which makes the wool column appro-
riate for online studies. Quantitatively elution of mercury was not
ossible with the other usually used reagents. We would suggest
he use of TGA to solve the elution problem of mercury from also
he other sorbents. This is the first paper suggesting the use of TGA
or mercury elution.
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a b s t r a c t

This paper describes a fully automated online method for solid-phase extraction coupled with liquid chro-
matography and tandem mass spectrometry using atmospheric pressure ionization (LC-LC-APPI-MS/MS)
to simultaneously detect selected dissolved natural and synthetic hormones at concentrations as low as
5 ng/L from aqueous matrices. The method shows excellent performance for the direct analysis of water
and wastewater with respect to calibration curve linearity, analytic specificity, sensitivity, and carryover,
eywords:
strogens
rogestagens
utomated online extraction
astewater

as well as overall method accuracy and precision. With a runtime of 15 min, a minimum of 200 samples
were analyzed using a single online solid-phase extraction (SPE) column without noticeable differences
in system performance. Because of the ruggedness and simplicity of this system, generic methods can be
easily developed and applied for the high-throughput analysis of a wide variety of compounds without
the need to resort to laborious offline SPE sample preparation.
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. Introduction

Among the group of endocrine disrupting compounds, nat-
ral and synthetic estrogens are considered the most potent
strogenic compounds [1]. Even at concentrations as low as
ng/L, steroidal hormones can have endocrine-disrupting effects
n aquatic organisms, such as decreased fertility, feminization,
nd hermaphroditism [2–4]. Other recent studies have shown the
nfluence of these substances on the reproductive and immune
ystems of humans [5,6]. Special attention has been given to the
atural estrogens, estradiol and estrone, as well as to the syn-
hetic estrogen 17-alpha-ethinylestradiol, because of the strong
ndocrine-disrupting potency of these molecules (they are actually
esigned to be strongly estrogenic). There is no information avail-
ble in the literature on the potential adverse environmental effects

f the synthetic progestins (levonorgestrel, medroxyprogesterone,
nd norethindrone) used in various hormone therapies (contracep-
ion, the treatment of endometriosis and infertility, and hormone
eplacement therapy (HRT)) [7]. Drug consumption compilations

∗ Corresponding author at: Département de chimie, Université de Montréal, CP
128 Centre-ville, Montréal, QC, Canada H3C 3J7. Tel.: +1 514 343 6749; fax: +1 514
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stimate that 128 million birth control pills and 107 million hor-
one replacement therapy doses are consumed in the province of
uebec (7.7 million people) each year [8].

Human and animal excretion is considered the main source of
strogen and progestogen (natural and synthetic) occurrence in
quatic ecosystems [9,10]. Steroids, which are continually being dis-
harged into the environment, are also present at concentrations of
oxicological concern, and have now been shown to reach drinking
ater sources [11–19].

The potential effects to human health and the ecological impacts
f these natural and synthetic hormones are a growing concern,
nd have recently become the focus of scientific research [20–26].
t is crucial to be able to understand and predict the fate of these
ubstances in environmental ecosystems, and consequently to opti-
ize wastewater and drinking water processes, by establishing

heir occurrence using sensitive and reliable methods. However,
ecause of the low limits of detection (around 1 ng/L) correspond-

ng to the concentrations of these compounds known to affect
iving organisms, analyzing them remains a significant challenge,
nd labor-intensive analytical procedures (sample preparation and

olid-phase extraction) are usually needed to accurately measure
heir occurrence.

Several analytical methods have been developed for the detec-
ion and quantification of estrogens in environmental samples, all of
hich use essentially the same extraction and clean-up methods,



nta 76

b
c
t
v
t
p
a
i

t
d
t
s
S
t

t
r
r
a
h
a
t
f
o
u
M

L. Viglino et al. / Tala

ut different detection techniques (see reviews by [2,6]). A pre-
oncentration step in the extraction protocol is needed to reach
he required detection limits (LDs) for these analytes. Large sample
olumes (several liters) are required for offline solid-phase extrac-
ion (SPE), followed by solvent evaporation, the traditional sample
reparation method. Most of these procedures are time-consuming
nd error-prone, given the number of sample manipulations
nvolved.

To reduce sample preparation time and to analyze the samples at
he required concentration levels, there is considerable interest in
eveloping an online sample preparation procedure to overcome

he need for the time-consuming evaporation and reconstitution
teps typically used in offline sample preparation [27,28]. Online
PE methods preceding liquid chromatography have been proposed
o detect selected endocrine disruptors [29,30]. However, the dura-

t
m
b

Fig. 1. Molecular structures of selected natural a
(2008) 1088–1096 1089

ion of the extraction under these protocols is incompatible with
outine analysis, as they greatly limit sample throughput. More
ecently, an online SPE-LC application with derivatization for the
nalysis of three estrogens (estrone, estradiol, and ethylestradiol)
as been proposed using injection volumes which are more suit-
ble for high sample throughput and at the same time applicable
o routine analysis [31]. Environmental monitoring would benefit
rom further developments aimed at the simultaneous detection
f different classes of steroids, or other emerging contaminants,
sing a combination of online solid-phase extraction and tandem
S with high sample throughput.

The focus of the present work was to develop a method for

he simultaneous determination of selected dissolved natural hor-
ones and related synthetic compounds from aqueous matrices

ased on online SPE coupled with tandem mass spectrometry

nd synthetic estrogens and progestagens.
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ithout resorting to derivatization. The features of the proposed
ethod are: (1) to use a sample volume of 1 mL; (2) to fully

utomate the procedure by column-switching, thereby minimiz-
ng sample preparation and operator interaction (i.e. washing,
onditioning, enrichment); (3) to process at least 200 samples
ithout altering the performance of the preconcentration column

which would be impossible using standard online SPE with large
ample volumes); and (4) to apply atmospheric pressure pho-
oionization as the ionization source for steroid detection with
he LC-MS/MS system to reduce background signals and provide
igh sensitivity for steroids (bypassing the need for derivatiza-
ion).

The eight compounds, representing the three different classes
f steroids that were investigated are shown in Fig. 1. The method
as validated in two types of water: surface water containing

ow concentrations of hormones in a diluted organic matrix, and
astewater containing higher concentrations of hormones in a
ore complex matrix which can influence the performance of
he analytical method [32,33]. Performance was evaluated by esti-
ating linearity, accuracy, precision, and DL. Finally, results on

nvironmental samples from drinking water intakes and wastew-
ter plants are presented to illustrate the strengths and limitations
f the proposed method.

2
b
a

Fig. 2. Schematic diagram of the
(2008) 1088–1096

. Experimental

.1. Chemicals

All natural and synthetic estrogen and progestogen standards
ere obtained from Sigma–Aldrich (St. Louis, MO, USA). The inter-
al standard [13C2]-estradiol was obtained from ACP Chemical Inc.
Montreal, QC, Canada). Individual stock solutions of 500 �g/mL for
ll compounds were prepared in HPLC-grade methanol and kept at
20 ◦C. Standard solutions containing all compounds were mixed
nd diluted with methanol, and working solutions of all compounds
nd calibration concentrations were prepared by appropriate dilu-
ion of the stock solutions in the waters studied.

All the solvents (trace analysis grade), as well as the 0.1% formic
cid water and the LC-grade water were purchased from Baker (QC,
anada).

.2. Sampling
Sampling was undertaken in the Montreal (QC) area in October
007. Water samples were collected in precleaned 250-mL glass
ottles and stored at 4 ◦C immediately after sampling. Raw sewage
nd treated wastewater effluent were collected at the Montreal

tandem LC-MS/MS system.
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Table 1
MS gradient for hormone separation at 200 �l/min.

STEP Total time (min) A (%) B (%) Valve 2 position

0 2.4 60 40 Load
1 3.0 60 40 Inject
2
3
4
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rban Community sewage treatment plant which represents the
argest primary physico-chemical treatment plant of the Ameri-
as (nominal capacity of 2,500,000 m3/day). Treatment processes
t this primary plant include grit removal, screening, and chem-
cally assisted settling [34]. Samples from drinking water intakes
ocated in the Mille-Iles and St. Lawrence Rivers were also analyzed.
hese two waters vary widely in terms of chemistry and poten-
ial contamination by wastewater and combined sewer overflow
ischarges.

.3. Sample preparation

Prior to analysis, water samples were filtered using 0.45-�m
ore size, mixed cellulose membranes (Millipore, MA, USA) and
hen acidified with a 1% formic acid solution to pH 2.4 to achieve
ompatibility with the initial mobile phase conditions. Analysis was
arried out within 24 h of sampling in order to avoid the need to
dd chemical preservatives and to minimize potential degradation
nd transformation of the analytes.

.4. Instrumentation

The system consisting of tandem liquid chromatography cou-
led with tandem mass spectrometry (LC/LC-MS/MS) was made
p of a Thermo HPLC system (a high-flow Surveyor LC Pump
lus, a low-flow Surveyor MS Pump, a thermostated column com-
artment, two 6-port switching valves (Rheodyne LLC, Rohnert
ark, CA, USA), a Surveyor autosampler (Thermo Fisher Scientific,
altham, MA, USA), and a TSQ Quantum Ultra AM Mass Spec-

rometer (Thermo Fisher Scientific, Waltham, MA, USA) with an
PI source. A schematic diagram of the tandem setup is shown in
ig. 2.

.5. Online procedure

The online procedure consists of a divert valve on the mass
pectrometer which is programmed by the data system to con-
rol the loading and elution of the two LC columns. In the load
osition (STEP 1), 1 mL of the acidified water sample was injected

nto a 1-mL loop using a Surveyor autosampler modified to use
1000-�L Peek loop (Upchurch Scientific Inc., Oak Harbor, WA,
SA), and then the sample was loaded onto the trapping column a
ypersil GOLDTM C18 online SPE cartridge 12 �m, 20 mm × 2.1 mm

.d. (Thermo Fisher Scientific, Waltham, MA, USA) by the Surveyor
C-Pump (STEP 2). The columns were preconditioned using water
cidified with 0.1% formic acid and delivered by the LC pump,
hich loads the sample and simultaneously directs to waste the
atrix that is not retained during the extraction process. After

.4 min (STEP 3), the valve is switched to the inject position and
he analytes are then backflushed onto a 3-�m Hypersil GOLD
olumn, 50 mm × 2.1 mm i.d. (Thermo Fisher Scientific, Waltham,
A, USA) preceded by a guard column (5 �m, 2 mm × 2 mm i.d.)

f the same packing material from the same manufacturer. A
inary gradient consisting of 0.1% formic acid (v/v) in water (A)
nd 100% methanol (B) at a flow rate of 200 �l/min was pro-
ided by a SurveyorTM MS Pump Plus (Thermo Fisher Scientific,
altham, MA, USA) to separate the analytes (Table 1). The ana-

ytical column was kept at 40 ◦C. After 11 min, the switching valve
as returned to the loading position 100% methanol being used
or a thorough cleanup of the extraction and analytical columns to
educe analyte carryover and potential interference. Before pro-
essing the next sample, the cartridge was reconditioned with
ater acidified with 0.1% formic acid. The total cycle time was

5 min.

a
s
a

4.4 0 100 Inject
1.2 0 100 Load
4.0 60 40 Load

.6. Mass spectrometry

Mass spectrometry was performed using a TSQ Quantum Ultra
M Mass Spectrometer (Thermo Fisher Scientific, Waltham, MA,
SA). Techniques used for the optimization of the mass spectrom-
ter parameters occurred in three separate steps: (1) determination
f the best ionization source and polarity; (2) optimization of
he compound-dependent parameters; and (3) optimization of the
ource-dependent parameters. To determine the best ionization for
ach hormone, all compounds were tested using electrospray ion-
zation (ESI), atmospheric pressure chemical ionization (APCI), and
tmospheric pressure photoionization (APPI) using flow injection
ith a carrier stream of 0.1% formic acid/MeOH (50:50, v/v). The

ull-scan mass spectra and the MS–MS spectra of the selected com-
ounds were obtained from the infusion of 5 �g/mL standards of
ach compound at a flow-rate of 200 �L/min using both negative
nd positive ion polarity for ESI. For the APCI and APPI sources, each
nalyte was prepared at a concentration of 10 �g/mL in methanol
nd infused at 20 �l/min into a flow of 500 �L/min for APCI and
00 �L/min for APPI (various fluxes were tested). In the APPI experi-
ent, the photoionization lamp was a Cathodeon Ltd. 10 eV krypton

ischarge lamp model PKS 100 (Thermo Fisher Scientific, Waltham,
A, USA). The highest intensity was selected for further study.
ptimization of the compound-dependent parameters, such as the
ollision energy and tube lens for individual analytes, was adjusted
y syringe pump infusion, as described above. Mass spectrometer
arameters were also optimized by continuous infusion of stan-
ards in order to find the best method for detecting all compounds
ith the best possible signal for the compounds of interest. Quanti-

ative analysis was performed using selected reaction-monitoring
ode (SRM) for the detection of transitions at their respective m/z

atios. Instrument control and data acquisition were performed
ith the Xcalibur software (rev. 2.0 SP2, Thermo Fisher Scientific).

.7. Evaluation of the matrix effect

The matrix effect was evaluated because MS signal suppression
r enhancement effects have been widely reported in the literature
hen complex matrices are analyzed [35]. The MS/MS response

btained from standard solutions in Milli-Q water (Milli-Q) was
ompared to those measured in surface water (SW) or sewage treat-
ent plant (STP) samples with the same analyte concentrations

SW or STP). The absolute matrix effect is the ratio SW/MilliQ × 100.
value of 100% indicates that there is no absolute matrix effect.

here is signal enhancement if the value is greater than 100% and
ignal suppression if the value is less than 100%. Matrix effects were
valuated at 20, 50, and 100 ng/L in surface water and wastewater
ffluents in quadruplicate (n = 4).

.8. Extraction recovery
Method recoveries were evaluated in the online SPE extraction
nd analysis of 1 mL of spiked (20, 50, and 100 ng/L) surface water
amples. The extraction efficiencies were calculated from the peak
reas obtained from the online analysis (n = 5) of the water samples
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s percentages of the peak areas obtained from the direct injec-
ion (25 �L) without the enrichment column of equivalent amounts
f the standard mixtures. For estriol, the extraction efficiencies at
0 and 50 ng/L levels were not measured due to its method DL of
0 ng/L (see MDL section).

.9. Linearity and precision of the method

To test the linearity of the calibration curve of each compound,
five-point calibration (n = 3) was performed with concentrations

anging between the DL and 100 ng/L, using the online analysis of
nvestigated water samples spiked with a standard mixture of the
nalytes and using a linear regression analysis.

Repeatability (intra-day precision expressed as a % relative stan-
ard deviation) was evaluated by injecting the same spiked river
ater (Mille-Iles River) at 100 ng/L, once in every workday. Repro-
ucibility (inter-day precision) was calculated by extracting a river
ample (Mille Iles River) spiked at 100 ng/L freshly prepared every
ay for 4 days.

.10. Method detection limit

The DL of the method (MDL) was determined as suggested by
32]. Seven replicate solutions of all compounds, with concen-
rations ranging from two to five times the estimated DL, were
ubjected to the analytical protocol. Standard deviations (S.D.s)
ere calculated from the replicates, and the DL from the equation:
L = 3.707 S.D.

.11. Quantification and quality assurance

For quantification, the internal standard was added (50 ng/L for
urface water and 70 ng/L for waste water) and standard addition
alibration was constructed on the basis of five points from limit
f detection (DL) to 100 ng/L for surface waters, and from the DL
o 300 ng/L for the sewage treatment plant samples. Calibration
urves were built with the response ratio (area of the analyte stan-
ard divided by area of the internal standard) as a function of the
nalyte concentration.

Environmental samples were analyzed in triplicate. Thus, the
alues shown in the results and discussion section represent the
ean of the triplicate measurements (mean ± S.D.). Quality assur-

nce was performed by measuring an extracted calibration curve
t the beginning and the end of every sequence, and quantifying
he same fortified sample (200 ng/L) in every sequence.

. Results and discussion

.1. Mass spectrometry optimization

Preliminary experiments were performed with the three API
ources under the conditions described earlier in order to detect all
ormones with the SRM mode and with the most sensitivity. Pre-

iminary results showed a good sensitivity for all hormones, using
oth APCI and APPI, but with a higher signal response with the APPI
ource. Consequently, APPI was preferred. Moreover, as mentioned
y other authors, for some estrogens [36] the signal-to-noise ratio
etected with the APPI source in our experiments was better than
hat found using the APCI source for all hormones. Also, the inten-

ity of the second or third transitions is higher with the APPI source
han with the APCI source (i.e. estrone, transitions #1, #2, and #3
ere 8.55, 4.97, and 4.74E+06 in APCI and 3.43, 2.24, and 1.83E+07

n APPI, respectively), which eased the confirmation step for the
ltra-trace analysis of those hormones.

o
w
m
p
i

(2008) 1088–1096

Although some workers have demonstrated that the addition
f a dopant (toluene or acetone) can greatly increase the ion-
zation yield of the target compound [37,38], in our setup, the
PPI experiments with a dopant (toluene and acetone) showed no

mprovement of sensitivity for the selected hormones. As a result,
e decided to use direct APPI without any dopant.

Under the APPI positive mode condition, progesterone and
strone were seen as proton adducts [M+H]+, whereas estradiol,
striol, and 17-alpha-ethinylestradiol as the dehydrated fragment
ons [M+H−H2O]+. These results are in agreement with other
ublished studies [38]. Norethindrone, medroxyprogesterone, and

evonorgestrel were also detected as proton adducts [M+H]+, and
hese were the most sensitive transitions. To the best of our knowl-
dge, this is the first report on the environmental analysis of such
ynthetic progestogens with the APPI source, apart from one report
n levonorgestrel [39].

The source-dependent parameters were as follows: vaporizer
emperature (450 ◦C); sheath gas pressure (35 arbitrary units);
uxiliary gas pressure (15 arbitrary units); skimmer offset (6 V);
apillary temperature (350 ◦C); collision pressure (1.5 mtorr); and
can time of 0.1 s scan−1; and the compound-dependent parame-
ers presented in Table 2. The 15-min run time for the analysis was
ivided into three segments, during which only a select group of
ompounds was monitored to obtain the best sensitivity for each
ompound included in one segment [33].

In order to use this method to identify the analyte in aque-
us samples, two transitions providing the best sensitivity were
elected for the combination of precursor and product ions in the
RM mode study (Table 2). The first is used to quantify the analyte
nd the second for validation [40]. Identification of the analytes
as also confirmed by the LC retention time, which should agree
ith the retention time (±2%) for a reference standard of the same

ompound analyzed under the same conditions [41].

.2. Online procedure optimization

The optimization of some parameters is essential in the devel-
pment of an online procedure: sample volume, cartridge sorbent,
nd loading flow rate. In this work, given that the online setup
as configured to allow the injection of 1 mL, tests to determine

he best online method were performed with a sample volume
xed at 1 mL. Two flow rates (0.5 and 1 mL/min) were investigated,
nd the results showed no statistical difference between the two
esponses (p < 0.05; one-way ANOVA with SPSS 13 software (SPSS
nc., Chicago, IL)); a 1 mL/min rate was selected for further study.
nother adjusted parameter for online extraction is the type of sor-
ent used for binding the selected analytes. One limitation of an
nline enrichment SPE-LC system is that the precolumn contains
small amount of sorbent, and therefore the retention capacity

ould possibly be exceeded by non-selective materials, including
he alkyl-bonded silica and apolar copolymers already used for
nline enrichment [42,43]. To test for the sorption and elution of
he nonpolar or low-polar compounds, such as the selected hor-

ones, two suitable materials for hormone extraction were tested:
1) alkyl-bonded silica, Hypersyl Gold C18 (12 �m, 20 mm × 2.1 mm
.d.; Thermo Fisher Scientific, Waltham, MA, USA) and copolymers
2) STRATA-X cartridges (surface-modified styrene divinylbenzene
olymer; 25 �m, 20 mm × 2.0 mm i.d., Phenomenex, Torrance, CA,
SA). STRATA-X has already been used in many offline SPE appli-
ations for a large range of substances [44]. However, during the

ptimization experiments, the elution of the selected hormones
ith the STRATA-X cartridge was difficult, suggesting that the hor-
ones were strongly retained in the cartridge, especially the less

olar ones (i.e. progesterone, medroxyprogesterone). When load-
ng the doped sample (100 ng/L), chromatograms with low peak
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Table 2
Mass spectrometry optimized parameters for all selected compounds

Compound Retention time (min) Precursor ion (m/z) Product ion (m/z) CE (V) Product ion (m/z) CE (V) Tube lens

Segment-1
Estriol 6.42 271.15 253.2 11 133.06 22 72

Segment-2
Estradiol 7.55 255.17 159.2 18 133.09 15 74
17-�-Ethinylestradiol 7.56 279.15 133.2 21 159.05 20 76
Estrone 7.61 271.16 253.2 11 159.06 21 72
Norethindrone 7.61 299.16 109.08 25 91.08 41 71
Levonorgestrel 7.89 313.18 245.16 22 91.10 44 77

Segment-3
123.06 24 97.09 23 82
109.2 26 97.09 22 85
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APPI), ionization mode (positive, negative), or different source
designs for the equipment [35,47,48]. Thus, this phenomenon was
investigated in light of the interference observed during method
development (sample cleanup procedures). Results (mean ± R.S.D.)
Medroxyprogesterone 8.01 345.21
Progesterone 8.18 315.2

reas for progesterone and medroxyprogesterone were observed.
fter loading, the analytical column was analyzed for residual
atrix or selected compounds (carryover investigations) using the

ame gradient method with a blank sample. The chromatogram
howed evidence of carryover, and even peaks, for both hormones,
ndicating a strong sorption of hormones onto the STRATA-X col-
mn. The differences observed may be attributed to differences

n the retention mechanisms. STRATA-X has a higher surface area
800 m2/g), which allows for more �–� interactions. This increases
he need for a stronger solvent than methanol to elute the ana-
ytes. It also translates into a longer desorption time (>30 min)
nder isocratic conditions (100% MeOH), which is not compatible
ith high sample throughput. HypersilGold was also tested with

he same experiments, showing a balance between the sorption
nd desorption of the investigated compounds. Thus, Hypersil-
old was selected to be the most appropriate for our purposes
ere and all further studies were based on the use of this sor-
ent.

.3. Sample cleanup procedure

The presence of organic substances in the environmental water
amples may cause some interference and complicate quantifi-
ation. A preconcentration of the matrix components for online
xtraction is an important factor [45]. A washing step is often
equired after sample loading in order to remove impurities [46].
n this study, the presence of a large peak due to the interfer-
nce compounds located prior to the estriol and estrone peaks
ere observed, and made the quantification of these hormones
ifficult, and even impossible. Various tests showed that this inter-
erence was nearly eliminated when the precolumn was washed
ith the organic phase MeOH after sample loading. However, exces-

ive washing with a high percentage of organic solvent could lead
o analyte losses. In order to reduce or eliminate these impurities
ithout decreasing the signal for the hormones, several washing

onditions were investigated. The impact of increasing concentra-
ions of organic phase MeOH were investigated on surface water,
nd on raw sewage samples spiked at 100 ng/L with selected hor-
ones (n = 3). Results (mean ± S.D.) showed that the addition of

0% methanol improves the response of selected hormones (Fig. 3).
onsequently, a washing step with 20% MeOH was included in the
nal online procedure.
.4. Matrix effect evaluation

APPI is not generally considered to be susceptible to matrix sup-
ression when compared to other ionization sources (ESI, APCI).
owever, it has been demonstrated that the occurrence of ion

F
(
T
t

ig. 3. Influence of the methanol percentage in the washing step on analyte response
atios (mean ± S.D.). Error bar lengths represent the standard deviations of triplicate
easurements.

uppression might differ between ionization techniques (ESI, APC,
ig. 4. Matrix effect for all hormones in surface and wastewater samples at 20 ng/L
SW20 and STP20), 50 ng/L (SW50 and STP50), and 100 ng/L (SW100 and STP100).
he results are the mean of quadruplicate spikes, and the error bar lengths represent
he relative standard deviations.
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Fig. 5. Recovery percentages obtained for the various target hormones in the repli-
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Fig. 6. Injection of three sample volumes (1, 2, and 3 mL) using surface and wastew-
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ate (n = 5) online SPE-LC-MSMS analysis of spiked (20, 50, 100 ng/L) surface water
R20, R50 and R100). The results constitute the mean of five replicate spikes, and
he error bar lengths represent the relative standard deviations.

how values ranging from 85 to 103% in surface water, and from 75
o 95% in sewage water samples (Fig. 4). Signal suppression has
een defined as (100 − (SW/MilliQ × 100)) and represents loss of
ignal due to ion suppression [49]. In this study, signal suppres-
ion remained below 25% (100% − 75% = 25%). Hence, 25% of the
xpected signal will be lost due to ion suppression, confirming that
he cleanup procedure is essential and effective for the detection
f the selected hormones. Moreover, in order to take into account
atrix effects in the analyte quantification, the standard addition

alibration was used [33].

.5. Extraction recovery, linearity and precision of the method

As shown in Fig. 5, good recoveries (mean ± R.S.D.) were
btained, and ranged from 92 to 110%, except for estriol at 85%.
hese results indicate an efficient retention for all selected hor-
ones.
The calibration curve showed good linearity with correlation

oefficients (r2) above 0.990, except for estrone, with a slightly
ower value (mean ± S.D.) at 0.985 (Table 3). Good linearity was
lso observed for wastewater samples, with values similar to

hose found in surface water samples (data not shown). Moreover,
eproducibility ranged from 2 to 9% and 4 to 11% for intra- and inter-
recisions respectively (% R.S.D.), indicating a good precision of the
ethod (Table 3).

f
I
o
t

able 3
alidation parameters including linearity (R2), repeatability, reproducibility, and method

ompound Surface water (Milles Iles River)

R2 Repeatability
(%)

striol 0.991 5
stradiol 0.994 3
7-Alfa-Ethinylestradiol 0.989 5
strone 0.985 9
orthindrone 0.989 4
evonorgestrel 0.990 2
edroxyprogesterone 0.992 3

rogesterone 0.991 6

a MDL3mL: method detection limit for a volume injection of 3 mL.
ter samples spiked at: (a) 10 ng/L and (b) 50 ng/L, with target analytes (n = 4). Bars
epresent the mean of quadruplicate measurements and the length of the error bars
he standard deviations.

.6. Method Detection Limit (MDL)

The detection limit of the method (MDL) was also determined.
s shown in Table 3, the MDL range varies between 2 and 10 ng/L,
xcept for estriol (50 ng/L) (Table 3).

As mentioned earlier, one of the analytical challenges in quanti-

ying hormones in environmental samples is their very low levels.
n our study here, the current online SPE setup allows the injection
f a maximum sample volume of 1 mL. Although the objective of
his study was to develop a suitable online method for high sam-

detection limit (MDL, ng/L) for volume injections of 1 and 3 mL

Reproducibility MDL MDLa
3mL

(%) (ng/L) (ng/L)

9 50 25
8 3 0.9

11 7 2.7
10 10 3.2
8 7 2.7
7 5 1.8
4 2 0.6
6 3 1.0
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Table 4
Occurrence of the selected compounds in surface waters (Mille Iles and St. Lawrence Rivers), raw sewage (north and south collectors) and wastewater treatment plant effluent
from the Montreal STP

River Montreal STP

Compound (ng/L) Mille Iles St Lawrence North collector South collector Effluent

Estriol n.d. n.d. 243 ± 24 230 ± 13 Trace
Estradiol 9 ± 3 8 ± 4 125 ± 4 120 ± 6 90 ± 4
17-�-ethinylestradiol n.d. n.d. 75 ± 3 90 ± 4 n.d.
Estrone n.d. n.d. Trace Trace n.d.
Norethindrone n.d. n.d. 205 ± 3 70 ± 4 53 ± 3
L
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evonorgestrel n.d. n.d.
edroxyprogesterone Trace n.d.

rogesterone 3 n.d.

.d. stands for not detected; trace refers to cases where a peak was observed, but it

le throughput in routine analysis with a sample volume fixed at
mL, this volume could easily be increased by repeating the load-

ng injections. In this context, three sample volumes (1, 2, and 3 mL)
ere tested using surface and wastewater samples spiked at 10 and
0 ng/L (n = 4). Fig. 6a and b show a linear response of all selected
ormone signals to increasing injection volumes, suggesting the
ossibility of improving the DLs for applications where detection

evels are low (i.e. surface or drinking water). Thus, the MDL was
lso determined for an injection volume of 3 mL, as with the pre-
ious procedure. Table 3 presents the MDL for an injection volume
f 3 mL. This also confirms that the maximum retention capacity of
he loading column was not reached under the proposed setup.

.6.1. Environmental applications
The proposed method was then applied to the detection of the

elected hormones in several water samples. All hormones were
etected in the raw sewage of the MUC wastewater treatment
lant (North and South sewer collectors), whereas only estradiol,
orethindrone, and levonorgestrel were detected in the corre-
ponding effluents at quantifiable concentrations (90 ± 4, 53 ± 3,
nd 30 ± 6 ng/L) and estriol at trace levels (Table 4). For natural
strogens and progesterone, no differences in composition and con-
entrations were observed between the two collectors. The highest
alues were found for estriol and estradiol, with concentrations
anging from 120 ± 6 to 243 ± 24 ng/L (Table 4), while estrone and
rogesterone were detected at trace levels. Synthetic hormones
ere present at similar levels in the raw sewage from both collec-

ors, except for norethindrone since concentrations were 205 ± 3
nd 70 ± 4 ng/L in the North and South sewage collectors respec-
ively (Table 4). Levonorgestrel levels reached concentrations of up
o 100 ng/L, whereas medroxyprogesterone was detected at trace
evels and even below our DLs in the South collector (Table 4).
evels found in this study are in agreement with those published
y other authors regarding the presence of both natural and syn-
hetic estrogens and progestogens in wastewater treatment plants
n Canada in the nanogram per liter range [13,27,50]. Temporal vari-
bility of estrogenic compounds in effluents and surface waters has
een observed; suggesting that the actual maximum concentra-
ions in the waste water and source waters tested could be higher
han those displayed in Table 4 [51]. In addition, other studies have
hown that estrone concentrations may be higher than estradiol
oncentrations, reflecting the oxidation of 17�-estradiol to estrone
hat may occur during collection and sewage treatment [50,52].
n this study, almost no estrone was detected, either in the raw
r the treated wastewater samples. The absence of oxidation of

7�-estradiol to estrone in the collectors probably reflects the rel-
tively short residence time at the plant (<2 h) and the wastewater
emperature (∼16 ◦C) which is not conducive to biodegradation.
rab samples were timed to correspond approximately to the
eak morning urine flow reaching the wastewater treatment plant.

A

D

150 ± 7 170 ± 4 30 ± 6
5 ± 3 n.d. n.d.
Trace n.d. n.d.

lose to the MDL.

he absence of transformation into estrone by primary treatment
s not surprising in the absence of a biological process, minimal
olids retention times, and low temperature. However, the observed
emovals of estriol by the plant exceed those reported usually for
rimary treatment [50].

According to [53], hormone levels found in the effluent sam-
les are sufficient to induce an estrogenic activity, suggesting a
otential concern for the aquatic ecosystem receiving this efflu-
nt. The concentrations of the various hormones will depend on
onsumption rates [8] and transformations rates, which will be
ompound-specific.

Only estradiol was detected at quantifiable concentrations in
oth source waters, whereas progesterone and medroxyproges-
erone were found at trace levels in the Mille Iles River (Table 4).
stradiol concentrations observed in this study in surface water are
f potential concern because they are close to the range where some
tudies have shown disruption of the sexual characteristics of wild
sh populations [54]. For example, at concentrations of ≥1 ng/L,
perm fertility was significantly reduced in male rainbow trout
Oncorhynchus mykiss) after an exposure time of 50 days. Also, the
xposure of fathead minnows (Pimephales promelas) to 0.1 ng/L of
stradiol induced vitellogenesis after an exposure time of 3 weeks.
his led to a concentration-dependent increase in the mean num-
er of spawned eggs at 0.1–1 ng/L, while at higher concentrations

t decreased the number of spawned eggs [55].

. Conclusion

This proposed method for online SPE and LC combined with
he APPI-MS/MS method seems to be suitable for the rapid screen-
ng of some natural and synthetic hormones in both surface water
nd wastewater samples with DLs in the low ng/L range. The low
njection volume (1 mL) used in this method makes it easy to
utomate, and considerably reduces its total run time (15 min.,
ncluding preconcentration, clean up, elution, and detection). How-
ver, this volume could be easily increased to reach the better DLs
hat might be needed to preclude the adverse endocrine-disrupting
ffects of many of those hormones, giving the method flexibility.
he reproducibility and repeatability of the method are improved
y automation, thereby minimizing human errors during sample
reparation and transfer.

The relative estrogenicity of synthetic progestagens is not well
stablished [33], but, given that 30 to 50 ng/L of levonogestrel and
orethindrone were found in the WWTP effluents, the potential

mpact of their presence will need to be better evaluated.
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a b s t r a c t

Performance of several time-of-flight (TOF) type ion mobility spectrometers (IMS) was compared in a
joint measurement campaign and their mobility scales were adjusted based on the measurements. A
standard reference compound 2,6-di-tert butylpyridine (2,6-DtBP) was used to create a single peak ion
mobility distribution with a known mobility value. The effective length of the drift tube of each device,
considered here as an instrument constant, was determined based on the measurements. Sequentially,
two multi-peaked test compounds, DMMP and DIMP, were used to verify the performance of the adjust-
ment procedure in a wider mobility scale. By determining the effective drift tube lengths using 2,6-DtBP,
agreement between the devices was achieved. The determination of effective drift tube lengths according
2,6-DtBP
Reference compound
I

to standard reference compound was found to be a good method for instrument inter-comparison. The
comparison procedure, its benefits and shortcomings as well as dependency on accuracy of literature
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. Introduction

Ion mobility spectrometry (IMS) is a rapid analytical technique
o detect and identify gas phase compounds [1]. IMS was devel-
ped in 1970s [2] and since then, the most widespread applications
ased on ion mobility have been the chemical warfare detectors
nd airport security [1,3]. A number of other applications have
een published, e.g. from the field of atmospheric studies [4,5],
nvironmental analysis [6] and health care [7]. The IMS-device
onstruction can be divided into two major categories. Aspiration
ondensers [8–11] sample the ions and separate them by mobil-
ty in an electric field perpendicular to the gas flow, by practical
onfiguration of electrometer strips or sampling slits on the side
all of the mobility analyzer. Usually a term DMA (differential

obility analyzer) is used in this context (e.g. [12–14]). However,
ost of the instruments rely on the time-of-flight (TOF) method

1–7,15,16].
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the results.
© 2008 Elsevier B.V. All rights reserved.

In the TOF-method the drift time of an ion swarm under influ-
nce of weak electric field is measured and the mobility of an ion
an be determined according to

= l

Etd
, (1)

here K is the electrical mobility of an ion, E is the electric field, l
s the length of the drift region and td is the drift time of the ion.
he mobility K is commonly normalized to standard conditions to
acilitate comparison between different measurements according
o

0 = K
T0

T

p

p0
, (2)

here T is the gas temperature and p is the pressure.
Normalization of the mobility value removes the effect of pres-

ure and reduces the effect of temperature on the ion mobility.

he normalization procedure, however, does not remove the effect
f cluster formation nor does it remove the effects of internal
arameters such as changes in the drift tube length caused by
eat expansion, or inhomogeneities of the electric field [15,16].
onditions, for one, affect on the nature of ions and hence the
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Fig. 1. The measurement setup. Sample introduction is imple

on mobility. With decreasing temperature larger clusters are
eing formed (e.g. [17,18]). The degree of hydration depends on
emperature and prevailing moisture concentration (e.g. [17]). Fur-
hermore there are other kinds of defects that arise from real
ffects in the non-ideal instruments, e.g. diffusion of the ions in
he drift chamber and electronic response time of the detector,
hich usually tend to skew the instrument function and lower the

nstrument resolution. One fundamental issue is the determina-
ion of the zero point of the time-of-flight discussed by Spangler
19].

Instrument testing, comparison measurements, etc. require an
fficient method to be utilized to obtain reliable results on the per-
ormance of the device. In IMS, either internal or external references
an be used. In the case of an internal reference, a known gaseous
ompound, forming well-defined ions, is injected together with
he sample ions. External reference, on the contrary, is measured
ndependently. Sample introduction in IMS applications can be
mplemented by ionizing evaporated compounds or using electro-
pray. Electrospray technique is used, e.g. in the case of non-volatile
ompounds such as tetraheptyl ammonium bromide (THABr) [12]
nd other tetra-alkyl halides [12,20], PAMAM-dendrimers [21] or
arge protein molecules [22]. The technique utilizing non-volatile
iquid compounds in an ESI-source is actually widely used for aspi-
ation type of IMS-instruments, reaching down to mobility values
uch as 0.1 cm2/Vs, or even 0.01 cm2/Vs, but non-volatile com-
ounds from electrospray may also be analyzed in the high mobility
ange of 1.0–2.5 cm2/Vs, conventionally covered in gas phase IMS
tudies (e.g. [20]).

All in all, a good reference compound, resulting in known ions
ither from an ionized gaseous compound or from an ESI-unit,
hould satisfy a variety of properties such as minor dependency on
emperature and humidity, minor tendency to form clusters and
trong ion signal close to the mobility values of the compounds of
nterest [15,23]. Compared to other IMS techniques, due to good

esolution of TOF the spectrum formed by the reference peak can
e verified with high accuracy. For commercial IMS-devices based
n time-of-flight technique the resolving power is in the scale of
0–60 [24]. However, even higher values have been obtained with
ustom-made devices (e.g. [25]).

n
(
s

t

d using either diffusion method (a) or injection method (b).

Some of the chemicals suggested as standards for positive ion
ode ion mobility spectrometry were reviewed by Eiceman et al.

15], who concluded the 2,6-di-tert butylpyridine (2,6-DtBP) to be
he best candidate, and, instead of using Eqs. (1) and (2) to deter-

ine the reduced mobility, they calculated the mobility values with
he help of reference compound based only on time-of-flight of a
ompound under interest according to

K(unknown)
K(standard)

= K0(unknown)
K0(standard)

= td(standard)
td(unknown)

(3)

As a parallel method for the use of Eq. (3) in instrument compari-
on, the reference compound can also be used to adjust the mobility
cale of the test instrument by determining a crucial parameter
or it, such as ‘effective drift tube length’ or some another related
uantity.

The aim of this study is to explore a suitable procedure to adjust
he mobility scales and to perform inter-comparison between
ifferent IMS-devices. For this a standard reference compound
,6-di-tert butylpyridine discussed earlier is used. This gaseous
ompound is assumed to produce well defined ions with known
educed mobility value of 1.42 cm2/Vs, which is an estimation
rom the Fig. 4 in Eiceman et al. [15]. To further test the dif-
erent procedures in inter-comparison of different devices, two
ifferent compounds, dimethylmethylphosphonate (DMMP) and
i-iso-propyl methyl phosphonate (DIMP) are chosen as test com-
ounds. The chosen compounds provide relatively wide coverage
f mobilities.

. Experimental

.1. Chemicals and sample introduction

Chemicals used in this study were 2,6-di-tert butylpyridine
Sigma–Aldrich, Steinheim, Germany), dimethylmethylphospho-

ate (Fluka, Switzerland) and di-iso-propyl methyl phosphonate
Alfa-Aesar Johnson Matthey Company, Germany). Pentane (Lab-
can, Ireland) was used for dilution.

The diffusion tube method was used for 2,6-DtBP and the injec-
ion method for DMMP and DIMP. In the diffusion tube method a
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Fig. 2. Reduced mobility spectra of 2,6-DtBP for all three instruments in the com-
parison, derived by the nominal tube length (dashed line) and by the effective drift
tube length (solid line). In the case of RAID 1 the effective drift tube length given
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spectrum to be used in results. The IMS1/MS was operated in a dual-

F
h
(
v

y the manufacturer is used as a nominal drift tube length. The literature value for
,6-DtBP (1.42 cm2/Vs) is marked with gray vertical line. The y-axis is normalized to
ighest signal value.

mall amount of liquid sample compound was placed into a con-
ainer. This container was placed into a gas washing bottle. When
he sample flow was guided through the gas washing bottle, a
teady concentration was achieved. In the injection method, the
lass syringe was filled with the liquid phase sample. The sam-
le was then injected through a septum into the sample flow.

n cases of DMMP and DIMP the dilution of 0.1% in pentane
as used and the injection was performed using 100 �l syringe
Hamilton Bonaduz AG, Switzerland) operated with syringe pump
Cole-Parmer Instrument Company, Vernon Hills, USA). The sample
ntroduction methods are illustrated in Fig. 1. The concentration
as adjusted so that both protonated monomer and proton bound

g
t
o
b

ig. 3. Mobility spectra of DMMP (a–b) and DIMP (c–d). Measurements with low vapor co
ave been calculated using the nominal drift tube length (dashed lines) and the effectiv
solid lines). In the case of RAID 1 the effective drift tube length given by the manufactur
alue.
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imer peaks were possible to identify from the measurement spec-
ra, and kept constant through out the measurements.

.2. Ion mobility spectrometers

For the measurements, three different IMS-devices all based on
ime-of-flight method were used. One of the devices was a commer-
ial ion mobility spectrometer (RAID 1, Brüker Daltonics GmbH)
nd two were custom-made IMS-devices, available at University
f Helsinki, developed in cooperation with Moscow Engineering
hysics Institute (State University). The first one of those (IMS1/MS),
as mounted in front of a commercial API 300 triple quadrupole
ass spectrometer (Sciex Applied Biosystems, Canada). Mass spec-

rometer was operated in selected ion monitoring (SIM) mode (m/z
92 for 2,6-DtBP, m/z 125 and 249 for DMMP, m/z 181 and 361 for
IMP). The voltages in IMS1/MS were supplied by self-made power

ource which was connected to the PC through a serial COM port.
he IMS1/MS instrument has been described with details by Sysoev
t al. [26]. The second device, an identical ion mobility spectrometer
IMS2) equipped with Faraday cup detector operated as a stand-
lone unit. The resolving power of the RAID 1 was in the range
f 20–30, while for the custom-made instruments (IMS1/MS and
MS2) it was in the range of 50–70 for all compounds measured in
his study.

For data acquisition of RAID 1 a Brüker IMS NT 3.0 software was
sed. A spectrum was obtained every 5 s after accumulation of four

ndividual spectra (approximately 30 ms each). In data processing
median of six sequential spectra was formed to produce a final
ate mode [26]. Delay time was scanned in 50 �s increments with
he dwell time of 1 s. Maximum separation time was 50 ms. Gate
pening times for both gates were 0.3 ms. The data was collected
y Analyst 1.4.2 software (Sciex Applied Biosystems, Canada) and

ncentration above and with high vapor concentration below. Mobility distributions
e drift tube length corresponding to the reference value 1.42 cm2/Vs for 2,6-DtBP
er is used as a nominal drift tube length. The y-axis is normalized to highest signal
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Table 1
Operation parameters of RAID 1, IMS1/MS and IMS2 during the measurements

RAID 1 IMS1/MS IMS2

Drift gas Air Air Air
Gas flow 0.4 l/min 1 l/min 1.7 l/min
Pressure Ambient Ambient Ambient
Ionization method 63Ni (15 mCi) Corona Corona
Drift voltage 1465.4 V 3508 V 3517 V
Drift tube length 5.76 cma 13.3 cm 13.85 cm
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Fig. 4. (a–c) Comparisons of measured and adjusted mobility values of 2,6-DtBP,
D
I
f
l

3

c
a reduced mobility value for each compound is calculated from the
lectric field 254 V/cm 264 V/cm 254 V/cm
ulse width 0.3 ms 0.3 ms 0.3 ms

a Effective drift tube length given by the manufacturer.

reated in MS Excel. The IMS1 was controlled by self-made software
esigned in LabVIEW (National Instruments, Austin, US). The IMS2
as operated in single gate mode [25]. The first gate opening time
as 0.3 ms. The second ion gate was kept open at all times. Mobility
istributions were recorded for 50 ms with repetition rate of 20 Hz.
2000 transients were combined to obtain the analytical signal.
ith the IMS2 data collection and treatment was done using a self-
ade LabVIEW program. The operation parameters of the devices

re listed in the Table 1.

.3. Measurement setup

The measurement setup is presented in Fig. 1. In order to exclude
ll the external parameters possibly effecting on the measurements
nd the actual comparison of the devices, the measurements were
erformed in a joint campaign at a same laboratory. To synchronize
he operating conditions, all the devices sampled from the same gas
ine simultaneously. The electric field strength of all three devices
as adjusted to be close to each other. Ion pulse width of 0.3 ms
as used in every device. The measurements were carried out in
pen cell conditions thus, the membrane normally used in the sam-
le introduction system of RAID 1, was removed. In order to allow
lose electric fields in all three TOF-instruments, both IMS1/MS and
MS2 operated at reduced drift voltages (3508 V for IMS1/MS, and
517 V for IMS2 instead normal operating drift voltage of 5040 V),
hough decrease of drift voltage resulted on significant decrease of
esolving power reaching 100 at normal operation conditions for
oth instruments.

Purified and dried (RH <1%) pressurized air was used as a carrier
nd drift gas. The carrier gas was divided into a sample and dilution
ows. Gas flows were controlled with mass flow controller (Tele-
yne Hastings Instruments, Hampton, US) and rotameters (Kytölä

nstruments, Muurame, Finland). Teflon tubing was used to connect
he parts.

The instruments were not heated. The laboratory room was
ir conditioned, so that the temperature during measurements
as constant ∼25 ◦C. This temperature was used when calculating

educed mobilities for IMS1/MS and IMS2. Both of these devices are
onstructed so that the electronics will not heat up the drift tube
ubstantially. Additionally, during the measurements, the temper-
ture of in- and outgoing gas lines were measured and verified to
e in line with the room temperature. For RAID 1, temperature was
ontrolled using internal thermo sensor inside the drift tube wall.

Pressure was monitored at the SMEAR III station of University of
elsinki, 51 m above sea level. The pressure varied between 1001
nd 1012 mbar during the measurements. Pressure values used in
alculations were obtained by determining the mean pressure value

rom the time period of the measurements. This value was used
or calculating the reduced mobility of IMS1/MS and IMS2 mea-
urements. For RAID 1 a pressure value measured by the device
utomatically was used.

o
t
s
o

MMP and DIMP measured by each instrument pair (a) RAID 1-IMS1/MS; (b) RAID 1-
MS2; (c) IMS1/MS-IMS2. White diamonds have been derived using nominal values
or drift tube length and the black diamonds have been obtained using effective tube
ength that corresponds the 2,6-DtBP mobility 1.42 cm2/Vs.

. Results and discussion

In principle, the reduced mobility values for this study could be
alculated using three different procedures. In traditional method,
riginal measured value using Eqs. (1) and (2) and physical parame-
ers for each instrument, listed in Table 1. This procedure will give a
traightforward result for the ion mobilities measured. In the sec-
nd procedure, suggested by Eiceman et al. [15], Eq. (3) is used.
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here, the mobility value for a reference compound is used to obtain
obilites for the test compounds, and only the drift times of the ref-

rence and the test compounds in the same conditions are needed.
his method gives straightforward values for reduced mobilities
ut does not provide any additional information about the actual

nstrument. The third method is to use also the known reduced
obility value for a reference compound, but tune the instrument

arameters such as those presented in Table 1 according to that. In
ractice, this method assumes that some of the values in Table 1
ay not actually be the real effective parameters of the device,

ut rather parameters based on the physical construction of the
evice. For instance, the electric field may not be fully homogeneous
hroughout the whole drift tube, and so the field strength derived
rom measured voltage and measured drift tube length, may not
ive a fully correct result. Therefore it is more practical to come
p with an ‘effective’ value either for the field strength or the drift
ube length. A feasible value for drift tube length is needed, e.g. in
erosol measurements, where the mobility distribution is derived
rom time-of-flight spectrum by help of instrument functions (e.g.
14]).

Here, the effective drift tube length to be used as an instrument
onstant of each device is determined. First, the actual mobility
alue in measurement conditions is calculated and reduced to nor-
al conditions according to Eqs. (1) and (2). This reduced mobility

s then compared with the literature value thus, the effective drift
ube length can be determined. Then, the effective drift tube length
s used as a solid parameter to derive the mobilities for the test com-
ound ions. From this analysis we obtain both an effective drift tube

ength for each instrument in the inter-comparison, plus the mobil-
ty values for the test compounds. This method is dependent only
n the value used as a reduced mobility of the reference compound
nd therefore it should be known with great accuracy. Here, the
educed mobility of 2,6-DtBP (1.42 cm2/Vs) given by Eiceman et al.
15] is used. The derived effective drift tube length values for RAID
, IMS1/MS and IMS2 are 5.764, 12.900 and 13.621 cm, respectively.
n the case of commercial RAID 1, though, one should recognize that
he value for the drift tube length in Table 1 is the one given by the

anufacturer. The actual physical drift tube length of RAID 1 was
ot available.

In Fig. 2 in addition to the actual measured mobility distribu-
ions, also the adjusted distributions are shown as solid lines. Thus,
ig. 2 illustrates the shifting of the mobility distribution when the
ominal drift tube length is replaced with effective drift tube length

n case of reference compound 2,6-di-tert butylpyridine. For RAID 1
hese two distributions are in practice the same, while the calibra-

ion had to be made based on the effective drift tube length given
y the manufacturer instead of actual physical length of the drift
ube. In the case of IMS1/MS and IMS2 the results of the calibra-
ion is more clearly seen. The further measurement spectra of the
est compounds are shown in Fig. 3(a–d). From the measurement

t
D
[
t

able 2
educed mobility values obtained in this study using effective drift tube length and Eicem

,6-DtBP DMMP1 DMMP2 DIMP1 DIMP2

.42 1.74–1.80 1.38–1.39 1.48–1.53 1.08

.42 1.76–1.80 1.39 1.49–1.53 1.08–1.09

.42 1.80 1.39

1.42 1.09
1.82 1.45 1.54–1.55 1.13
1.63–1.81 1.42

ubscripts 1 and 2 refer to protonated monomer and proton bound dimer, respectively.
a The reduced mobility values have been obtained by determining the reduced mobili
obility peak from the spectra with low and high concentrations, the mobility value show
76 (2008) 1218–1223

esults it can be seen, how adjustment procedure works in prac-
ice. The reduced mobility of the proton bound dimer peaks for
oth test compounds were in extremely good agreement between
ll the three devices after the adjustment. The peak formed by pro-
onated monomers, however, showed some variation between the
evices.

The final comparisons of the reduced mobility values for the
est compounds, obtained by each instrument using their effective
rift tube lengths, are shown in Fig. 4(a–c). These figures illus-
rate that consistence between the instruments can be achieved
hen the adjustment procedure is used. When RAID 1 is compared

o IMS1/MS and IMS2, indeed the strongest variation in mobil-
ty is seen for protonated monomers of the test compounds used
ere (DMMP and DIMP). But as we compare IMS1/MS and IMS2,
ariation in the protonated monomer values is no longer notice-
ble. Thus, by adjusting the length of the drift tubes consistency
etween IMS1/MS and IMS2 were achieved through out the mea-
urement range. In Table 2 the reduced mobility values achieved
fter adjustment procedure are compared with both the reduced
obility values obtained using Eq. (3) and also with some litera-

ure values. When calculating the reduced mobility values using
q. (3), we have used 2,6-DtBP as a standard mobility (1.42 cm2/Vs)
nd corresponding drift times of each instrument as a standard
rift times. Values obtained based on effective drift tube length
orrespond naturally to ones obtained using the method suggested
y Eiceman et al. (Eq. (3)). Comparison of mobility values consist
lways some factors of uncertainties and hence literature values
hould be considered as indicative values. Here, the literature val-
es seem to correspond to the measured values after adjustment
ithin acceptable variation.

Close examination of the spectral characteristics reveal some
ifferences between the devices. For one, the reaction ion peak

s slightly faster for RAID 1 than for IMS2, and the overall shape
f the spectra produced by the test compounds DMMP and DIMP
ave minor differences. Also the reduced mobility values differ
lightly between the devices, especially in the case of proto-
ated monomers. The actual reduced mobility of the protonated
onomer of DMMP is dependent on water vapor concentration

15,27]. Thus, the most probable cause for the different mobility
alues for the protonated monomers is different humidity inside
he drift tubes. Other minor differences in the reduced mobilities
nd in the spectral characteristics are most probably caused by dif-
erent construction of the devices, minor internal contaminations,
nd due to the fact that different ionization techniques [28,29] can
ive slightly different reduced mobility values.
The most sensitive parameter in this calibration method is
he value used for the reference compound, in this case for 2,6-
tBP. At present, only one literature value by Eiceman et al.

15] is available. 2,6-DtBP is shown to have a minor tempera-
ure dependency in the scale of −10 to 250 ◦C [15,18]. This is

an et al. [15] methods, and also corresponding literature values in cm2/Vs

Reference

This study, effective drift tube length methoda

This study, Eiceman et al. [15] method (Eq. (3))
[15] ∼95 ◦C (2,6-DtBP and DMMP2), ∼37 ◦C (DMMP1), air, moisture 2.9 mg/m3,
values are estimations from graphical data
[30] 100 ◦C, air
[31] Parameters not reported
[27] Room temperature, air, water vapor concentration 6 ppm, 5 × 102 ppm and
2 × 102 ppm, values are estimations from graphical data

ty corresponding to maximum intensity value. When it was possible to detect the
n here is the average from these two.
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n good agreement with experiments showing a high entropy
hange with hydration or dimerisation of 2,6-DtBP, due to the
oss of rotational freedom of both the water molecule and the
ert-butyl groups [32]. However, experimental ion mobility data
n humidity behavior is not that well reported. Also measure-
ent data with other carrier gases than air are lacking at present.

ased on this study, 2,6-DtBP is well suited for reference com-
ound in order to adjust the mobility scales. Before reaching the
eneral approved status as an ion mobility reference compound,
ore measurement data and studies on 2,6-DtBP are needed

n addition only to IMS methods based on time-of-flight tech-
ique.

. Conclusion

The mobility scales of three different IMS-devices, all based on
ime-of-flight technique, have been adjusted. The data required for
he adjustment, was obtained in a joint measurement campaign. By
qualizing the operational parameters, a comparable measurement
etup was successfully created. The use of 2,6-DtBP as a standard
ompound enabled us to compare the devices by readjusting the
obility scale. 2,6-DtBP was well suited to a reference compound

n our experience. By using DMMP and DIMP as a test compounds
ider range in mobility scale was investigated, which confirmed

he agreement between the instruments. The reduced mobility val-
es also corresponded to the values available in the literature.

Adjustment of the mobility scale is seen as an effective
ethod when comparing different IMS-devices. Naturally, differ-

nt conditions can still generate difference between the mobility
istributions. Thus, the effect of conditions must be recognized.
ased on this study, the use of 2,6-DtBP as a standard reference
ompound for IMS applications suggested by Eiceman et al. [15] is
upported. For instrument comparison the determination of effec-
ive drift tube lengths using 2,6-DtBP as a reference compound is
uggested. The obtained value can be then verified by measure-
ents of other known compounds.
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Atmospheric Research (2008), doi:10.1016/j.atmos.res.2007.12.003.
19] G.E. Spangler, Anal. Chem. 65 (1993) 3010.
20] J. Viidanoja, A. Sysoev, A. Adamov, T. Kotiaho, Rapid Commun. Mass Spectrom.

19 (2005) 3051.
21] M. Imanaka, Y. Okada, K. Ehara, K. Takeuchi, J. Aerosol. Sci. 37 (2006)

1643.
22] S.L. Kaufman, J.W. Skogen, F.D. Dorman, F. Zarrin, Anal. Chem. 68 (1996) 1895.
23] Z. Karpas, Anal. Chem. 61 (1989) 684.
24] K. Cottingham, Anal. Chem. 75 (2003) 435A.
25] J. Laakia, T. Mauriala, A. Adamov, J. Viidanoja, V. Teplov, R.A. Ketola, R. Kostianen,

A. Sysoev, T. Kotiaho, ISIMS2007, Mikkeli, Finland (2007).
26] A. Sysoev, A. Adamov, J. Viidanoja, R.A. Ketola, R. Kostiainen, T. Kotiaho, Rapid

Commun. Mass Spectrom. 18 (2004) 3131.
27] R.G. Ewing, G.A. Eiceman, C.S. Harden, J.A. Stone, Int. J. Mass Spectrom. 255–256

(2006) 76.
28] H. Borsdorf, E.G. Nazarov, G.A. Eiceman, J. Am. Soc. Mass Spectrom. 13 (2002)

1078.

29] H. Borsdorf, E.G. Nazarov, G.A. Eiceman, Int. J. Mass Spectrom. 232 (2004)

117.
30] G.A. Eiceman, Y.-F. Wang, L. Garcia-Gonzalez, C.S. Harden, D.B. Shoff, Anal. Chim.

Acta 306 (1995) 21.
31] P. Rearden, P.B. Harrington, Anal. Chim. Acta 545 (2005) 13.
32] M. Meot-Ner, L.W. Sieck, J. Am. Chem. Soc. 105 (1983) 2956.



Talanta 76 (2008) 1177–1182

Contents lists available at ScienceDirect

Talanta

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

A novel analytical approach for investigation of anthracene
adsorption onto mangrove leaves

Ping Wanga, Ke-Zhao Dub, Ya-Xian Zhub, Yong Zhanga,∗

a State Key Laboratory of Marine Environmental Science, Xiamen University, Xiamen 361005, P. R. China
b Department of Chemistry, Xiamen University, Xiamen 361005, P. R. China

a r t i c l e i n f o

Article history:
Received 22 February 2008
Received in revised form 13 May 2008
Accepted 14 May 2008
Available online 21 May 2008

Keywords:
Solid surface fluorimetry
Anthracene
Adsorption
Mangrove leaves

a b s t r a c t

A solid surface fluorimetry approach was established for direct determination of anthracene (An) adsorbed
onto fresh mangrove leaves. The experimental results showed that the linear dynamic ranges for deter-
mination of An adsorbed onto Avicennia marina (Am), Bruguiera gymnorrhiza (Bg), Kandelia candel (Kc) and
Rhizophors stylosa (Rs) leaves varied from 0.92 to 8.71, 0.089 to 0.70, 0.063 to 5.61 and 0.11 to 1.82 �g g−1,
with detection limits of 5.77, 1.79, 4.29 and 1.42 ng g−1, respectively, and with a relative standard deviation
less than 10% (n = 5). The experimental recovery results for adsorbed An on Am, Bg, Kc and Rs leaves were
among 79.2–85.9, 75.1–102.3, 70.2–93.8 and 73.1–110.8%, respectively. Using the established method,
we investigated the effects of exposure time of An and the different quantity of leaf-wax among the four
species of mangrove on the amount of An adsorbed. Under the same experimental conditions, the adsorp-
tion of An on the upper and lower sides of the same mangrove leaf, and at different regions on the upper
side of the same mangrove leaf were also studied. The results demonstrated that the leaves of different

mangrove species contained different quantities of leaf-wax, and with the same exposure conditions to
An, the quantity of leaf-wax among the four species showed a significant positive correlation with the
amount of An adsorbed onto the leaves.
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. Introduction

Vegetation plays a key role in the environmental fate of many
rganic chemicals, from pesticides applied to plants to the air-
egetation exchange and global cycling of atmospheric organic
ontaminants [1]. Polycyclic aromatic hydrocarbons (PAHs) are
idely distributed organic contaminants of great environmental

oncern, which are known to be teratogenic, carcinogenic and
utagenic [2]. There are many routes by which PAHs from diverse

ources reach the environment, such as incomplete combustion
f fossil fuels, waste incineration, vehicle exhausts, industrial pro-
esses, urban runoff, petroleum spillage and atmospheric fallout
3]. The persistence of PAHs in the environment poses a potential

hreat to human health through bioaccumulation and biomagnifi-
ation via food chains [4].

There are mainly two pathways through which PAHs enter into
egetation. One way is by partitioning from contaminated soil to
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he roots, the other one is from the atmosphere by gas-phase and
article-phase deposition onto the waxy cuticle of the leaves or
y uptake through the stomata [5]. Uptake from the atmosphere
hrough plant leaf is the predominant pathway of accumulation for
AHs that have low water solubilities, low Henry’s law constants,
nd high Kow values [3,6,7].

In the last few decades, research on the environmental behavior
f PAHs in many different vegetation types has been consider-
bly increased and has also led to some good conclusions [8–11].
owever, the behavior of PAHs in some special ecological envi-

onments still needs to be further studied. Mangrove ecosystems,
mportant intertidal estuarine wetlands along the coastlines of
ropical and subtropical regions, have been considered waste-
ands and widely used as sites where effluents are discharged,
olid wastes are dumped, in addition to the dry and wet deposits
rom the atmosphere, including anthropogenic contamination by
AHs [12]. The unique features of mangrove ecosystems such as
igh primary productivity, abundant detritus, rich organic carbon

nd anoxic/reduced conditions make them a target for the uptake
nd preservation of PAHs from anthropogenic inputs [13]. PAHs
ay also be transported to estuarine waters when accumulated

y mangroves and concentrated in exported leaf debris, which is
n important food source for higher organisms in estuarine food
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hains. Mangrove wetland, as a buffer in the estuary, therefore acts
s a sink and source of organic pollutants in the coastline ecosystem.
hus, mangrove uptake and storage is a potential key component
n the global cycling of persistent organic pollutants, especially
he PAHs. Because of their special ecological functions, mangrove
etlands have become a very important research area [14]. How-

ver, the published research on PAHs in mangrove wetlands has
ainly focused on analysis of the concentrations of individual PAH

ompounds and total PAHs (�PAHs) in the sediment or water;
etermination of the distribution and proportion of PAHs in differ-
nt tissues of many mangrove species; evaluation of the possible
ources of PAHs in the wetland; and microcosm studies concerning
he removal of PAHs from surface- or bottom-contaminated sed-
ments [12,15,16]. As a result, research centered on the mangrove
lant as a core of the wetland whose leaves could adsorb the PAHs
irectly is rarely involved, although it has been reported that leaves
re the most important pathways through which atmospheric PAHs
nter vegetation. Therefore, it is necessary to develop a rapid, accu-
ate method to determine the quantity of PAHs adsorbed onto
angrove leaves, which, to some extent, can monitor pollution by

irborne PAHs.
Traditional research methods for the determination of PAHs

n leaves are time-consuming, arduous, and need a large amount
f organic solvent with separation and extraction procedures
hich might cause secondary pollution problems. In addition,

he traditional methods utilizing the entirely destructive chemical
xtraction techniques could destroy the originally existing forms
nd eliminate the spatial distribution of PAHs in the leaves. Thus,
esults derived from these traditional methods only reflect the total
oncentration of PAHs in the whole leaf and it is difficult for them
o be used to understand comprehensively the distribution of PAHs
n different leaf tissues.

PAHs are suitable for study by luminescence due to their high
ative fluorescence quantum yield [17]. In this work, anthracene
An) represents certain properties of persistent organic pollutants,
otably their hydrophobicity, lipophilicity, and semivolatility and it
as selected as a model PAH compound to establish an in situ solid

urface fluorimetry (SSF) method for studying the An adsorbed
nto the mangrove leaves. The mangrove leaves were immersed
nto An–acetone solutions directly in order to roughly simulate the
epositions of An from the atmosphere and ignored the deposition
ime, the processing of An and its transportation to the inner leaf
issues.

. Experimental

.1. Apparatus and reagents

All the spectra were obtained on a Cary Eclipse fluorescence
pectrophotometer (Varian, USA) equipped with a 150-W Xenon
ash lamp. The spectrofluorimeter was controlled by Cary Eclipse
oftware for acquiring and processing the spectral data. Fluores-
ence measurements were performed using a laboratory-made
olid substrate holder. The SSF spectra were obtained with the
ollowing instrumental parameters: excitation and emission slits
ere both set at 5 nm; scan speed was 120 nm min−1; PMT volt-

ge was 600 V; and an ultrasonic cleaning device (Model KQ3200,
ower 150 W, frequency 40 kHz) was also used to extract the An
dsorbed onto the mangrove leaves and the leaf-wax on the leaf
urface.
The stock solution of An (Aldrich, purity > 99%, USA) was pre-
ared by dissolving the solutes in acetone in a brown volumetric
ask, and it was stored at 4 ◦C in the dark to avoid possible pho-
odegradation. Working solutions of An were prepared by dilution
f the stock solution in acetone before use.

I
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m
[
u

(2008) 1177–1182

.2. Sample collection

Leaves from four mangrove species (Am, Bg, Kc and Rs) were
ollected from Xiamen Yundang Lake in China (longitude: 24◦29′3′′;
atitude: 118◦5′59′′; altitude: 0 m above sea level). Leaves of each
pecies were divided into three groups (each group contained four
eaves), and each group was sealed into a plastic bag and taken
ack to the laboratory as soon as possible. In addition, 10 old and
0 young leaves from each species were also collected and taken
ack to the laboratory for measuring the amounts of leaf-wax.

.3. Experimental methods

The mangrove leaves from the four species were carefully rinsed
ith distilled water to remove surface silt. After air-drying, the

our sets of leaves were contaminated by immersing each four leaf-
ample into a set concentration of An–acetone solution at room
emperature. After set intervals of exposure to An, the mangrove
eaves were taken out from the acetone solutions and air dried. Then
he mangrove leaves were placed into the solid substrate holder to
etermine the relative SSF intensities of An adsorption onto their
urfaces directly. The detection excitation and emission wavelength
ere set at 253 and 405 nm, respectively. Determination of the

mount of An adsorbed involved the four mangrove leaves of each
pecies from each of the 72 locations, that is 72 measurements were
ade for each species. The value of relative SSF intensity presented

epresented the average behavior shown by the adsorbed An at
ifferent locations in each of the mangrove species.

In order to quantify the actual An adsorption onto the leaves
f each species, after determination of the SSF intensities, the An
dsorbed was extracted by dichloromethane (100 ml) in a bran-
on ultrasonic water bath for 5 min. Then the An–dichloromethane
xtracted solutions from the leaves of each mangrove species were
easured using fluorimetry and quantified using standard cali-

ration curve for An–dichloromethane solutions. The quantity of
n adsorbed (�g g−1) on the leaves of each mangrove species was
btained.

To further investigate the factors influencing An adsorbed on
he leaves of the four species, the wax content of the various

angrove leaves was quantified. The samples of the four species,
hich included 10 old and 10 young leaves, were immersed into
ichloromethane (150 ml) in 400 ml beakers. The beakers were
ealed using aluminum foil and then the mangrove leaf wax was
xtracted in a branson ultrasonic water bath for 10 min. After this,
he mangrove leaves were removed from the dichloromethane
olution and the extraction solution was allowed to evaporate in
gentle flow of high-purity nitrogen gas to remove the solvent.

he solid leaf-wax left in the beakers was weighed, and finally the
ax content of each species was obtained (mg g−1).

. Results and discussion

.1. Fluorescence excitation and emission spectra of An

There are two different modes to detect SSF signals: one is the
ront-reflection mode, where the excitation light source and detec-
or are at the same side, which is generally adapted for an opaque
olid matrix like a plant leaf. The other is the transmission mode,
here the excitation light source and detector are on the different

ides, which is generally adapted to a transparent solid matrix [18].

n this work, the front-reflection mode was selected. It is reported
hat leaf autofluorescence is the main interference in the SSF deter-

ination of the fluorescence signal when using in vivo plant leaves
19]. Therefore, the excitation and emission spectra of both the
ncontaminated and An-contaminated species of mangrove leaves
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o
leaves, a recovery experiment should be performed. However, the
traditional recovery formula only suits homogeneous systems and,
so far, there is no recovery formula applicable to the solid surface
substrate of mangrove leaves. Therefore, a revised recovery for-
Fig. 1. SSF excitation (A: �em = 405 nm) and emission (B: �ex = 253 nm) spectra o

ere investigated, and the experimental results of Am are shown
n Fig. 1. As can be seen in this figure, the excitation spectra of
n (with �em = 405 nm) adsorbed on Am leaves showed a single
eak at 253 nm, while the emission spectra of An adsorbed (with
ex = 253 nm) showed three peaks at 382, 405 and 426 nm, with
he maximum at 405 nm. Compared with the standard aqueous An
olution spectra, the shape of the An-SSF excitation and emission
pectra were almost accordant, but with about a 4-nm redshift for
xcitation and emission spectra. Also from Fig. 1, it is clear that the
utofluorescence of the uncontaminated Am leaf was very weak,
hich would not interfere with the detection of An adsorbed onto

he leaf surface by SSF. This was true of the autofluorescence of the
ther three species of uncontaminated mangrove leaves, since sim-
lar SSF excitation and emission spectra were obtained for the other
hree species of An-contaminated mangrove leaves, and only their
elative fluorescence intensities were different.

During the contamination process of acetone immersion of
angrove leaves, some of the chlorophyll in the mangrove leaves
as extracted and dissolved in the immersion solution. How-

ver, further experimental results demonstrated that the extracted
hlorophyll did not affect the determination by SSF of the An
dsorbed. In the next experiment related to the quantity of An
dsorbed on each mangrove species leaf surfaces, a certain amount
f the wax on the mangrove leaves might also have been extracted
y the dichloromethane and dissolved into the extraction solutions.
owever, based on further experimental validations, the dissolved

eaf-wax did not affect An determination in the extraction solution.
Therefore, it can be concluded from the experimental results

hat SSF is a simple, fast and easy-operation method for determi-
ation of An adsorbed onto mangrove leaves, without the necessity

or sample pretreatment with a great amount of organic solvent. It
ight also be a suitable method which could be developed for direct

n situ determination of PAHs adsorbed onto mangrove leaves.

.2. Merits in the determination by SSF of An adsorbed

It is reported that the adsorption of PAHs on leaves has a close
elationship with the physical–chemical properties of vegetation
nd the concentration of the PAHs [20]. For this study, the leaves of
our typical mangrove species were selected together with An, rep-
esenting a model PAH compound. With the same exposure time,

he adsorption of An on different species of mangrove leaves was
nvestigated. Fig. 2 shows the relationship between the quantity
f An adsorbed onto the leaves of the four mangrove species and
heir relative SSF intensities, at the same exposure time of 90 min.
t was also demonstrated that, under the same experimental con-

F
l
w

dsorbed on Am leaves: (1) uncontaminated leaf and (2) An-contaminated leaf.

itions, the leaves of the four mangrove species showed different
apacities to adsorb An. Within a certain range, the SSF intensity
f the An adsorbed on the upper side of leaves from the four man-
rove species increased linearly with increments in the exposure
uantity of An. The calibration equations, linear ranges, correlation
oefficients and detection limits of leaves from the four mangrove
pecies are shown in Table 1. It is reported that whether the surface
f the substrate was rough or not influences the detection of rela-
ive SSF signals [21–23]. This might be one of the reasons why the
SF intensities of different mangrove leaves shown in Fig. 2 were
ifferent from each other despite the same quantity of An being
dsorbed. For this reason, the mangrove leaves should always be
ept smooth during the course of the measurements. Another fac-
or which might influence the detection of SSF signals was the size
f the An-fluorescence dots on the mangrove leaves. If the sizes
f the fluorescence dots were so small as to be outside the detec-
ion limit of the instrument, they would not be detected. Further
tudies are needed to investigate the possible reasons which might
nfluence the detection of SSF signals.

.3. Recovery experiment

In order to understand more about the adsorption of An onto the
eaves of the four mangrove species, and to ensure the feasibility
f this SSF method for direct determination of An onto mangrove
ig. 2. Dependence of relative SSF intensity on An adsorbed on the upper side of
eaves from four mangrove species when the exposure time of An–acetone solution
as 90 min. The error bars represent the standard deviation of 72 measurements.
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Table 1
Performance data for the leaves of the four mangrove species

An adsorbed on substrates Calibration equation Linear range (�g g−1) Correlation coefficient Detection limit (ng g−1)a

Am yb = 0.026xc + 7.42 0.92–8.71 0.9449 5.77
Bg y = 0.084x + 1.85 0.089–0.70 0.9769 1.79
Rs y = 0.106x + 25.56 0.11–1.82 0.9508 1.42
Kc y = 0.035x + 45.93 0.063–5.61 0.9612 4.29
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a qL = 3SB/m (‘SB’ means standard deviation of uncontaminated mangrove leaves;
b Relative SSF intensity.
c The quantity of adsorbed An (ng g−1) on mangrove leaves.

ula was adapted to the new system, but without violating the
rinciples. The process was as follows: a prepared clean mangrove

eaf was exposed to an An–acetone solution at a concentration of
1 with an exposure time of 90 min. The quantity of An adsorbed,
arked as M1 (ng g−1), was measured using the established method
entioned above, then another leaf of the same species and which
as similar to the first one was selected to be exposed to an
n–acetone solution at a concentration of C2 (C2 = 2C1), with the
ame exposure time, and the same method was used to determine
he quantity of An adsorbed, marked as M2 (ng g−1). The recovery
f the exposure experiment (P) can be calculated using the follow-
ng formula: P = ((M2 − M1)/M1) × 100%. The recovery results for An
dsorbed onto leaves of the four mangrove species are shown in
able 2, and it is clear that the recoveries for four species were
etween 70.2 and 110.8%.

Although we attempted to select similar leaves of the same
angrove, such as similar maturity, similar size and so on, these

wo mangrove leaves were not the same and differences certainly
xisted. For example, the quantity of leaf-wax, which was consid-
red as one of the important factors governing the capacity for PAH
ptake, was generally different among similar mangrove leaves of
he same species. This might be one of the reasons why most of
he recoveries for the four mangrove species were below 100%, and
urther studies are therefore needed.

.4. Effect of exposure time on SSF intensity of An

Plant leaves are covered by a nonliving lipid surface structure
alled the cuticle, which acts as a barrier against water loss and
athogen invasion [24]. The cuticle consists of a biopolymer frame-
ork encrusted by and interspersed with soluble leaf-wax, which

s a unit is a formidable barrier to diffusion into the leaf [25]. PAHs

re believed to enter the plant primarily via the cuticle because of
heir high solubilities in lipid [26]. Leaves with a high wax con-
ent generally have a high PAH concentration in their tissues, and

ost of the variation in PAH concentration among different kinds

able 2
he experimental recovery results for An adsorbed on the leaves of the four man-
rove species

nalyte C1 (mol L−1) M1 (ng g−1) C2 (mol L−1) M2 (ng g−1) Recovery (%)

m 1 × 10−5 454.2 2 × 10−5 831.6 83.1
1 × 10−4 1792.3 2 × 10−4 3211.8 79.2
2 × 10−4 3211.8 4 × 10−4 5970.7 85.9

g 1 × 10−5 23.1 2 × 10−5 40.4 75.1
1 × 10−4 99.3 2 × 10−4 200.9 102.3
2 × 10−4 200.9 4 × 10−4 362.8 80.6

s 1 × 10−5 9.5 2 × 10−5 16.4 73.1
1 × 10−4 58.4 2 × 10−4 123.1 110.8
2 × 10−4 135.5 4 × 10−4 249.7 84.3

c 1 × 10−5 62.7 2 × 10−5 121.5 93.8
1 × 10−4 585.5 2 × 10−4 1094.3 86.9
2 × 10−4 1094.3 4 × 10−4 1862.5 70.2

s
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u

F
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eans slope of the calibration equation).

f leaves can be attributed to varying amounts of wax [11]. There is
uch leaf-wax in the cuticle of mangrove leaves, which can strongly

dsorb the lipophilic PAHs. Therefore, in the same exposure concen-
ration of An–acetone solutions (5 × 10−3 mol L−1), the capacities
or the leaves of the four mangrove species to adsorb PAHs were
nvestigated. In the range 30–150 min, the effect of exposure time
n the quantity of An adsorbed was determined at 30 min intervals.
he experimental results showed that in the same exposure time
he capacities of different mangrove species were different. There
re mainly two “compartments” where leaves take up PAHs: one
s the cuticle “compartment”, which quickly reaches equilibrium in
AH uptake; and the other is the inner “compartment” of the leaf
hich can take several weeks to reach equilibrium [27]. Therefore,

n high concentrations of An, the An adsorbed onto the mangrove
eaves reached equilibrium quickly (several tens of minutes) and,
s the exposure time grew, the second inner “compartment” might
lay a role, and some of the An adsorbed onto the leaf surface might
nter into the inner “compartment” of the mangrove leaves. From
ig. 3, we can see that in the range of 30–90 min the relative SSF
ntensity of Bg was basically unchanged, the equilibration time of
s and Kc were both at 90 min, while Am reached the maximum
elative SSF intensity at 120 min. Therefore, 90 min was selected
s the best exposure time for the experiments. In order to further
llustrate the result shown in Fig. 3, the leaf-wax content of old and
oung mangrove leaves of the four species were determined [28],
nd the results for Am, Bg, Kc and Rs leaves were 5.050–13.636,
.618–8.821, 2.637–9.997 and 2.597–9.005 mg g−1, respectively. It
as demonstrated that for the same mangrove species the older

he leaf was, the more the leaf-wax it contained. The mean values
f leaf-wax content of the four mangrove species were in the order
m > Kc > Rs > Bg, which was identical to the order of the maximum
elative SSF intensities measured for the four species. Under the

ame exposure concentration of the An–acetone solution, the Am
eaf took the longest time to reach adsorption equilibrium, which

ight be because of its high leaf-wax content. When evaluating the
ptake and accumulation of organic pollutants in different species,

ig. 3. Effects of exposure time on relative SSF intensity of An adsorbed on the upper
ide of leaves from four mangrove species with exposure to An–acetone solution
oncentration of 5 × 10−3 mol L−1. The error bars represent the standard deviation
f 72 measurements.
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he quality of the leaf-wax should also be focused on, in addition to
onsidering the quantity of leaf-wax [29]. The experimental results
lso showed that the color of the leaf-wax of the leaves of the four
angrove species was different. However, the differences of leaf-
ax quality among different species which might influence the
ptake of PAHs are still not clear.

With an increment in exposure time, the relative SSF intensities
f the leaves of the four mangrove species increased before the
quilibration time and decreased after the equilibration time. This
ould be explained by the fact that, when An accumulation on the
angrove leaf surface achieved a certain level, with the passage of

ime, the An on the leaf surface might penetrate into the inner leaf
issues [30]. Because the SSF method could only detect fluorescence
ignals on the surface of the mangrove leaves, this might be one of
he reasons why the relative SSF intensities for the adsorbed An
ecreased as time progressed. However, more studies are needed
o confirm this.

.5. Effect of upper and lower surfaces and different regions of the
angrove leaf on the SSF intensity of the An adsorbed

On the whole, there are two pathways by which PAHs enter into
eaves: one is via the waxy cuticle, the other is via the stomata. In
he case of a plant with a very permeable cuticle, the importance
f the stomatal pathway is predicted to be reduced almost to zero
31]. Riederer and Schreiber show how the relative importance of
he stomatal pathway increases as the permeability of the cuti-
le decreases [25]. In order to investigate the pathways by which
n entered into the mangrove leaves, we examined the relative
SF intensities on the upper and lower sides of the leaves of four
n-contaminated mangrove species under different An exposure
oncentration. The results (Fig. 4) show that at any exposure con-
entration, the relative SSF intensities of the upper side of the Am
eaf were much stronger than those of the lower side, which has

any stomata. Because the mangrove leaves have a large quantity
f leaf-wax on both sides of the leaves [32], the stomatal pathway
s also important for mangrove leaves. The relative SSF intensi-
ies of the upper and lower sides of the An-contaminated leaves
f the other three mangrove species were similar to that of Am, and
he relative SSF intensities of both sides were different. Further-

ore, it is reported that the forms of leaf-wax on different sides of
he same mangrove leaf are different [32], which might influence

he adsorption of An on different sides of a single mangrove leaf.
n addition, the Am leaf has salt glands on both sides of the leaf
urface, and on the lower side, there are many wrinkle-shaped tri-
homes at the top of which are protuberances, which might make
he lower side of the Am leaf surface much coarser and so influ-

ig. 4. Comparison of the relative SSF intensities on the upper and lower sides of
n-contaminated Am leaves when the exposure time of An–acetone solution was
0 min. The error bars represent the standard deviation of 24 measurements.
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ig. 5. Changes of relative SSF intensities of the adsorbed An in different regions of
he upper side of Am leaves when the exposure time of An–acetone solution was
0 min. The error bars represent the standard deviation of 24 measurements.

nce the intensity of SSF signals. All these factors might influence
he adsorption or detection of An on mangrove leaf surfaces and all
f them should be studied more in the future. Wild et al note that
PAH (phenanthrene) distributed on the edges of spinach leaves
as a systematically higher concentration than that on the center
f the same leaves [33]. In order to further investigate the distribu-
ion of An adsorbed onto the mangrove leaf surface, the relative SSF
ntensities in different regions of the upper surface of the same An-
ontaminated mangrove leaves were measured. Fig. 5 shows the
hanges of SSF intensities in different regions of the upper surface
f the Am leaf, in relation to changes in the exposure concentration
f An–acetone solutions. The relative SSF intensities in different
egions of the same leaf differed from each other at all the exposure
oncentrations of An. These experimental results might provide
s with more important information concerning how PAHs vary
nd are distributed on mangrove leaves. The differences of relative
SF intensities in different leaf regions also existed in the other
hree mangrove species, and only the relative intensities of dif-
erent regions were different. However, the regularity with which
n uptake capacities varied in different regions of the same man-
rove leaf was not clear, and so further experimental verification is
eeded.

. Conclusions

From the above experimental results, it could be concluded that
etermination of An adsorbed onto four kinds of mangrove leaves
y SSF was confirmed to be an easy operation, simple and rapid
ethod. This method had its own distinct advantages that could

irectly reflect the adsorption of An onto mangrove leaves, without
ny sample pretreatment that involving a large amount of organic
olvent. Thus, the established SSF method has a great potential to
e developed as an in situ technique for determination of An or
ther PAHs adsorbed onto plant’s leaves (including mangrove) and
istinguish the distribution of An or other PAHs on different regions
f the same leaf.

However, much more studied need to be carried out in the near
uture. For example, PAHs usually existed in a mixture or multi-
omponent in real environment. Firstly, synchronous solid surface
uorimetry might be a good way to be used for determination of
ulti-component PAHs simultaneously. Secondly, the concentra-
ions of multi-component of PAHs existed in real environment are
ery low, thus portable laser induced time resolved fluorimetry
Gurtingen Laser Fluorvision, Germany) could be used to develop
ew methods for simultaneously determination of PAHs in a mix-
ure on plant leaves, through its distinction of PAHs’ different life
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ime. Thirdly, based on primary information provided by SSF, air-
o-leaf transfer and within-leaf movement of An or other PAHs
ould be further studied by two-photon laser confocal scanning
icroscopy (TPLCSM) which has already been succssfully used to
onitor the air-to-leaf transfer, within-leaf movement and distri-

ution of phenanthrene in maize and spinach [33].
It could be prospected that with the development of the men-

ioned methods, it will be helpful for us to understand more the
nvironmental behavior of PAHs in real environment, and it will
lso provide us a new way to study on mechanism of phytoremedia-
ion of PAHs in mangrove wetland or other contaminated mediums,
ptimize phytoremediation strategies for both PAHs contaminated
oil and air cleanup in the near future.
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a b s t r a c t

Simple and sensitive methods for the determination of glycogen are desirable. This study was to establish
the determination of glycogen based on the enhancement of the light-scattering intensity of gold nanopar-
ticles (AuNPs) at nanogram per milliliter levels. Glycogen enhancement was independent of temperature
ccepted 18 May 2008
vailable online 27 May 2008

eywords:
lycogen
old nanoparticle

and was highest at pH 7. The enhancement was linear from 10 to 800 ng mL−1 with a 2 ng mL−1 detection
limit (3 S/N). The standard deviation of the slope for 5 consecutive calibration runs was within 5%. Analy-
sis of three artificial samples with varied glycogen concentrations had 98–102% recovery. Selected amino
acids, glucose, lactose, BSA and trichloroacetic acid all showed minor effects on glycogen enhancement
demonstrating the potential for glycogen determination in complex samples.
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. Introduction

Carbohydrates, one of the four major classes of biomolecules
proteins, nucleic acids, lipids and carbohydrates) have played
mportant roles in biological processes such as cellular recogni-
ion, transmission of information, immunity and tumorigenesis [1].
olysaccharides and glycoconjugates were not studied intensively
ntil the 1990s when their biological functions were recognized.
lycogen is the major storage form of polysaccharides in animal
ells. This polymer has an average molecular weight of several
illion with ˛(1 → 4)-linked glucose subunits and ˛(1 → 6)-linked

ranching [1]. The tissue glycogen content often provides informa-
ion for diagnosis of disease including glycogen storage diseases,
sophageal cancer and cervical cancer as well as general health.

Carbohydrates are a category of molecules that have in the
olecular structure only the hydroxyl as an easy to derivatize

roup. Glycogen content in tissues is usually assayed by micropho-
ometry following periodic acid-schiff (PAS) staining [2–8]. In this

ethod, the periodic acid causes oxidative cleavage of each of the

, 2-glycol linkages of glycogen to form aldehydes, which are then
tained with Schiff’s reagent. This primary stain method has been
sed for the histological quantification of muscle glycogen in frozen
issue sections [3,6]. Iodine-binding spectrophotometric assay has

∗ Corresponding author. Tel.: +86 10 62761187; fax: +86 10 62751708.
E-mail addresses: lina@pku.edu.cn (N. Li), likean@pku.edu.cn (K. Li).
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lso been used to determine glycogen in solution [9]. Many factors
ncluding, temperature, iodine concentration and coexisting sub-
tances can affect the signal, thus the application can be limited
y its lower sensitivity and specificity. Enzymatic assay methods
ave been used with the measurement of the glucose released

rom hydrolyzed glycans as an indirect method of determination
10–12]. The glucose produced from hydrolysis of glycogen by amy-
oglucosidase was then assayed by glucose oxidase methods. The
nzymatic method is sensitive but time consuming and expensive.
ecause the hydrolysis process can be applied to any polysaccha-
ide, the amount of glucose determined might come from more
han one resource other than glycogen [13]. Thus selectivity could
e a problem. Near infrared [14], dual isotope technique [15], fluo-
escence cytometry [16], HPLC with refractive index detection [17]
nd cytometry [18] have also been used for glycogen analyses. A
ioassay for glycogen in biological phosphorus removal systems
as developed by Brdjanovic et al. [19]. The glycogen concentration
f the sludge was determined indirectly via measuring the maximal
otal acetate uptake by the activated sludge in anaerobic batch tests
o avoid interference from glucose and other carbohydrates. These
pproaches had many advantages, including good sensitivity and
electivity, but the methods are often time consuming and labor
ntensive. Other approaches with higher sensitivity and selectivity

ave been sought to manage better the diverse specimens often
vailable for analysis in limited quantities.

Light-scattering has been widely applied to study the aggre-
ation, size, shape and distribution of particles in solution. When
he excitation wavelength is close to the absorption bands, greatly
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Fig. 1. TEM images of AuNPs (left) and

nhanced Rayleigh light-scattering signals could be expected,
hich was called resonance light-scattering (RLS). The plasmons of
uNPs are electron density waves, which propagate along the sur-

ace of a typically a metal conductor [20]. The oscillating electrons
adiate light with the same frequency of the incident electromag-
etic radiation [21], which is the optical characteristic of metal
anoparticles. This process is often referred to as plasmon light-
cattering or resonance light-scattering [22,23]. Since 1995 when
asternack and Collings recommended resonance light-scattering
ith a conventional fluorescence spectrophotometer, RLS has been
sed in many biomedical and pharmaceutical analyses [24–27].

In glycan and gold nanoparticles (AuNPs) studies, oligosaccha-
ide conjugated AuNPs were prepared as a biominetic model for
tudy of biomolecular interactions [28,29]. A colorimetric bioassay
as developed for Cholera toxin based on a specifically synthesized

actose derivative that was self-assembled onto 16 nm diameter
uNPs [30]. Aslan et al. described a new approach for colorimet-
ic assay of glucose with Con A-aggregated dextran-coated gold
olloids [31]. The glycogen light-scattering characteristics were dis-
overed in our early studies that demonstrated glycogen could be
easured at concentrations as low as 0.8 �g mL−1 [32]. In our cur-

ent studies, we found that glycogen at the nanogram level could
nhance RLS of AuNPs near plasmon absorption wavelength as well
s make the plasmon absorption shift to longer wavelength. The
urpose of this study was to explore the application of RLS of AuNPs
o glycogen and glycoconjugate sensing. The AuNPs resonance
ight-scattering method may provide an approach to avoid the
nzymatic methods and labeling techniques for glycogen analysis.

. Experimental

.1. Reagents and instrumentations

HAuCl4·4H2O (AR) was purchased from Shenyang Research
nstitute of Nonferrous Metals (China) and trisodium citrate (AR)
rom Beijing Chemical Plant (China). Glycogen (type II, from oysters)

as purchased from Sigma and albumin bovine V (BSA, 98%) was
urchased from Amresco. Amino acids (BR) and trichloroacetic acid
TCA, AR) were purchased from Sinopharm Chemical Reagent Bei-
ing Co. Ltd. (China). Glucose (AR)was from Sino-Pharm Co.(China)
nd lactose (AR) was from Shanghai Chemical Reagent Co. (China).

3

5

Ps with 500 ng mL−1 glycogen (right).

or all experiments, deionized water was filtrated with 0.45 �m
icroporous filter membrane.
Transmission Electronic Microscopy (TEM) was performed with

itachi H9000-NAR (Japan). TEM was used to determine the size
nd mono-dispersity of the resulted nanoparticle solutions. The
esonance light-scattering spectra were obtained by synchronous
cans on Hitachi F-4500 fluorescence spectrometer (Japan) and the
V–visible absorption spectra were recorded on Hitachi UV-3010
bsorption spectrophotometer (Japan).

.2. Preparation of AuNPs

AuNPs were synthesized by the citrate reduction of HAuCl4 [33].
ll glassware was cleaned in aqua regia (3 parts HCl, 1 part HNO3),
insed with filtered, deionized water, and oven dried prior to use.
ne hundred and eight milliliters 0.011% HAuCl4 aqueous solution
as brought to a reflux with stirring. Then 20 mL 38.8 mmol L−1

risodium citrate solution was added quickly. The resulted dark red
olution was kept refluxing for 15 min, cooled to room temperature,
nd subsequently filtered through 0.45 �m membrane. The AuNPs
btained were typically 20 nm in diameter (Fig. 1.) and exhibited
characteristic plasmon band centered at about 520 nm (Fig. 2A).
he AuNPs molar concentration was calculated to be 0.98 nmol L−1

34].

.3. Acquisition of RLS and plasmon absorption spectra

A measured volume of glycogen was mixed with 2.5 mL AuNPs.
he mixture was diluted to 5 mL with filtered, deionized water and
omogenized by vortexing. After 15 min at room temperature, the
LS spectra were obtained on F-4500 fluorescence spectrometer by
canning simultaneously the excitation and emission monochro-
ators at �� = 0 nm from 200 to 800 nm and plasmon absorption

pectra were measured on UV-3010 spectrophotometer from 400
o 700 nm.

. Results and discussion
.1. Plasmon absorption and resonance light-scattering

AuNPs with particle size at 20 nm have plasmon absorption at
20 nm (Fig. 2A) and a RLS peak at 552 nm (Fig. 2B). The addition
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F uNPs in the presence of glycogen with concentrations of 0, 10, 20, 50, 100, 200, 400, 600,
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ig. 2. Plasmon absorption (A) and resonance light-scattering (B) of 0.49 nmol L−1 A
nd 800 ng mL−1.

f 800 ng mL−1 glycogen made plasmon absorption move from 523
o 532 nm in the final solution, suggesting an increased dielectric
onstant in the environment surrounding the gold particle [35]. The
ed shift of plasmon absorption wavelength was sensitive to and
orrelated with glycogen concentration change (Fig. 2A). In addition
o the red shift of plasmon absorption, peak broadening was also
bserved, showing again electric field changes surrounding gold
article surface.

The addition of glycogen increased the RLS intensity in a lin-
ar manner (r2 = 0.999) with concentration of glycogen up to
00 ng mL−1 (Fig. 2B). When glycogen concentration was greater
han 800 ng mL−1, the RLS intensity increase rate slowed down and
tarted to decrease thereafter.

.2. Optimization of conditions for determination of glycogen

For AuNPs, both plasmon absorption and scattering spec-
ra did not change as pH changed (Fig. 3). The formation of
uNPs–glycogen complexes altered the scattering intensity with
aximum intensity at pH 7–8. An observable plasmon absorption

ed shift occurred pH 7.

The RLS intensity of both AuNPs and AuNPs–glycogen were not

ensitive to temperature change (<6%) in 25–50 ◦C, thus simplifying
xperimental procedures.

The amount of sodium citrate added to the synthesis solution
ltered AuNPs particle size, and the RLS intensity of AuNPs. More

ig. 3. The pH dependence of the RLS intensity of 0.49 nmol L−1 AuNPs (�) and
.49 nmol L−1 AuNPs with 500 ng mL−1 glycogen (�).

s
c
r
s

F
u
(

ig. 4. The RLS intensity of AuNPs and AuNPs with 500 ng mL−1 glycogen with varied
itrate concentrations used for AuNPs synthesis (0.01% HAuCl4).
odium citrate resulted in more intensively enhanced RLS, espe-
ially in the presence of glycogen (Fig. 4). More sodium citrate also
esulted in plasmon absorption red shift from 522 to 532 nm as the
odium citrate increased from 10 to 30 mL (Fig. 5).

ig. 5. The plasmon absorption spectra of AuNPs in varied citrate concentrations
sed for synthesis. Volume of 38.8 mmol L−1 trisodium citrate solution: (1) 10 mL,
2) 15 mL, (3) 20 mL, and (4) 30 mL.
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Table 1
Effect of potential interfering substances on RLS of AuNPs–glycogen systema

Foreign substance interference Intensity ± S.D. Change %

Glycogen 5930 ± 254 –
Ala 5715 ± 516 −3.6
Phe 5894 ± 73 −0.6
Lys 6223 ± 133 4.9
Asp 6233 ± 51 5.1
Ser 5804 ± 182 −2.1
Cys 5010 ± 140 −15.5
Lactose 5901 ± 160 −0.5
Glucose 5797 ± 102 −2.2
BSA 5930 ± 83 0.0
TCA 6015 ± 124 1.4

a
w
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Fig. 6. The RLS intensity of glycogen with varied amounts of AuNPs.

The amount of AuNPs added to the detection solution affected
he sensitivity and range of linearity (Fig. 6). Sensitivity and linear-
ty was improved when more AuNPs was used in the test system.
n this study, 2.5 mL AuNPs was selected for all tests.

The intensity of RLS started increasing with the addition of
lycogen with AuNPs. The reaction rate was glycogen concentra-
ion dependant. Higher glycogen concentrations needed more time
o reach their maximum. Once the maximum was reached, the

ixture was stable for several hours (Fig. 7).
Most of the six tested amino acids, glucose and lactose did not

ignificantly affect the light-scattering intensity of glycogen–AuNPs
ystem (<5%). Cysteine at 1 mg mL−1 was the most significant with
5% reduction of the RLS intensity that was probably due to the
nteraction between the thiol group and AuNPs. At comparable
lycogen concentrations, BSA did not change the RLS intensity of
lycogen–AuNPs complex. Trichloroacetic acid that was used for
he precipitation of proteins in sample preparation had a very minor
ffect on the RLS intensity of glycogen–AuNPs system (Table 1).
.3. Analytical parameters

As stated above, the linearity increased with amount of AuNPs
sed in the determination. For 2.5 mL AuNPs (∼20 nm), the cali-
ration curve was linear with glycogen up to 800 ng mL−1 with the

ig. 7. The time dependence of RLS intensity of AuNPs with varied glycogen con-
entrations: (1) 100 ng mL−1, (2) 200 ng mL−1, (3) 400 ng mL−1, (4) 600 ng mL−1, and
5) 800 ng mL−1 (T = 25 ◦C).

3

b
t
g
f
g
o

T
R

G

a [AuNPs] = 0.49 nmol L−1 and [glycogen] = 500 ng mL−1; the concentrations of
mino acids were 1 mg mL−1, lactose was 1 mg mL−1, glucose was 10 mg mL−1, BSA
as 500 ng mL−1 and TCA was 0.1% (w/w).

imit of detection of 2 ng mL−1. The calibration curve was repeated
times with the standard deviation at 5% for slope and 4% for the

ntercept, demonstrating that the method repeatability was accept-
ble.

.4. Artificial sample test

Recovery of glycogen from artificial samples was tested to show
ccuracy of this method (Table 2). Artificial samples were com-
osed of glycogen (0.5%, 1% and 2%, w/w), BSA (20%, w/w), amino
cids (1 mg mL−1), glucose (10 mg mL−1), and lactose (1 mg mL−1).
ne gram of above artificial sample was diluted to 10 mL. Two
illiliters of the diluted sample was then mixed with 2 mL 10% TCA.

he mixture was centrifuged at 9000 rpm for 10 min. Fifty micro-
iters supernatant was then diluted to 10 mL with water. 0.5 mL of
he diluted supernatant was then mixed with 2.5 mL AuNPs. The

ixture was diluted to 5 mL before RLS measurement.
Since proteins are usually present in greater concentrations than

lycogen, separation of the proteins is required before analysis. BSA
as used in the artificial sample as an example to evaluate effect of

CA protein precipitation. The recovery when the BSA to glycogen
ass ratio was in the range of 10–40 was very good.

.5. Mechanism for light-scattering enhancement

It has been reported [21,36–40] that the aggregation and assem-
ly process could induce enhanced light-scattering. In our study,

he RLS enhancement was induced from aggregation of AuNPs with
lycogen as shown with TEM (Fig. 1). The about 20 nm AuNPs used
or determination was well suspended without contacting glyco-
en. When the AuNPs were mixed with glycogen, aggregation was
bserved.

able 2
ecovery of glycogen from artificial samples

lycogen, added (%) Sample no. Glycogen, found (%) Recovery (S.D., %)

0.5

1 0.49

98.5 (1.0)
2 0.49
3 0.50
4 0.49

1.0

1 0.98

101.0 (2.6)
2 1.00
3 1.02
4 1.04

2.0

1 2.00

102.0 (3.3)
2 2.11
3 1.97
4 2.08
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The optical properties of plasmon-resonant nanoparticles can
e well described by the usual dipolar Rayleigh approximation,

n which all characteristics of the light absorption and scattering
re determined by the electrostatic polarizability calculated with
he optical dielectric permittivity [41]. The enhancement of AuNPs
esonance light-scattering by glycogen can also be described by
ayleigh approximation because the RLS wavelength is well beyond
he particle size of AuNPs. Introducing glycogen to AuNPs system

ight alter dielectric constant surrounding surface of the AuNPs
s indicated by red shifted and broadened plasmon absorption
Fig. 2A). Other than dielectric constant which affects scatter-
ng cross-section parameters, the light-scattering intensity also
ncreased with particle size [21,42]. When glycogen was in a con-
entration range where enhanced light-scattering was observed,
lycogen might basically aggregated with AuNPs to yield a “bigger
article” in a loose binding manner [43], which then increased the
cattering intensity.

. Conclusion

The light-scattering technique combined with AuNPs probes has
een shown to be a promising method for glycogen analysis with
linear range of 10–800 ng mL−1 with 2 ng mL−1 detection limit.

ested amino acids, glucose, lactose, BSA and trichloroacetic acid
ere found to have no effect on the RLS signal at comparable and

ubstantially higher glycogen concentrations. This non-enzymatic
pproach to glycogen analysis was a simple and low cost method.
ith 5 consecutive determinations, the relative standard deviation

f calibration curves was within 5%. Recovery of glycogen from 3
rtificial samples was 98–102% demonstrating the potential for the
etermination of glycogen in complex mixtures.

More work will be done to show the potential applications of
his method for the determination of glycogen status in carbohy-
rate storage process and related diseases such as muscle glycogen
epletion in sports and glycogen storage disorders.
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a b s t r a c t

Metal complexes of Fe(III) such as Fe(III) ethylene diamine tetraacetic acid (FeETDA) have been observed
to be effective molluscicides. The mechanism of toxicity of FeEDTA complex on molluscs is not clear and
it is also not known if Fe(III) in the form FeEDTA is absorbed more effectively by snails than simple iron
salts. Snails were fed with molluscicide pellets containing the FeEDTA complex and also with pellets con-
taining FePO4 after 3–4 days the hearts, kidneys and dart sacs removed and analysed for Fe(III) content.
Hydrophilic interaction liquid chromatography (HILIC) coupled with Fourier transform electrospray ion-
isation mass spectrometry (FT-ESIMS) was used to analyse the sample extracts. The method had a very
wide linear range from 2 to 10,000 ng mL−1, intra- and inter-day precisions of ca. ±0.5% were observed for

−1

HILIC chromatography
Fourier transform mass spectrometry

the analysis of extracts from snail tissues spiked with Fe(III). The limit of detection was of 0.5 ng mL for
a 20 �L injection. The levels of Fe(III) in tissues from snails fed Fe EDTA pellets were 10–100 times higher
than the levels in snails fed FePO4 pellets. The analysis of Cu, Zn, Ca and Mn could also be carried out using

dure.

1

b
p
g
a
w
t
l
a
t
i
o
m
w
p
s
i
F
e

u
c
v
f
L
N
w

c
v
f
u
p
u
m
p
1

0
d

the same analytical proce

. Introduction

Iron(III) phosphate containing pellets are used as molluscicides
ut relatively little is known about the mechanism of action of these
ellets although iron has been observed to be deposited in digestive
land and body wall of the mollusc [1]. It has been reported that the
bility of metals to act as molluscicides was improved when they
ere formulated as organic complexes [2] and in 1995 a patent was

aken out on the use of ferric EDTA and related complexes as mol-
uscicides [3]. Recently, it has been observed that earthworms are
lso very sensitive to molluscicides based on FePO4 [4]. The aim of
he current study was to develop a method for the determination of
ron in the organs of Helix aspera as a model for what may occur in
ther molluscs. A number of studies have been conducted to deter-
ine whether or not the uptake of iron via the gut is more effective
hen the iron is administered as a complex such as FeEDTA com-
ared with administration of a simple salt such as FeSO4. In one

tudy [5], it was found that iron was accumulated to a lesser extent
n liver and spleen of rat when FeEDTA was administered than when
eSO4 was administered but other organs were not examined. Zhu
t al. [6] found that the penetration of iron through Caco-2 cells,

∗ Corresponding author. Tel.: +44 1415482651; fax: +44 1415522562.
E-mail address: d.g.watson@strath.ac.uk (D.G. Watson).
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sed as a model for the cells of the gut, was less effective in the
ase of Fe(III)EDTA compared with FeSO4 and FeCl3. However, an in
ivo study by the same group found that NaFeEDTA produced dif-
erent tissue distributions of iron compared to FeSO4 in the rat [7].
evels of iron in the kidney were 83% higher when rats were fed
aFeEDTA and levels in the liver were 53% lower when compared
ith feeding FeSO4.

Among a large number of chelating reagents for formation of
omplexes with metals, particularly iron, EDTA is considered to be
ery effective. EDTA can normally be represented as H4Y, in the
ully protonated form because of four acidic groups. The pKa val-
es of four corresponding hydrogens are pKa1 = 1.99, pKa2 = 2.67,
Ka3 = 6.16, and pKa4 = 10.26 [8]. The hexadentate ligand has an
nusual chelating power with metals forming 1:1 complexes with
any metals. Of all the important metals, Fe3+ has the highest com-

lexation stability constant (log K of 25.1), followed by Cu (log K
8.8), Zn (log K 16.3), Co2+ (log K 16.2) and so on [9]. In aqueous solu-
ion EDTA and Fe(III) forms an octahedral complex [FeY]− exhibiting
negative charge.

The determination of Fe(III) as its FeEDTA complex has been

arried out by a number of researchers. Owens et al. [10] studied
DTA complexes by capillary electrophoresis (CE) with UV detec-
ion. Complexes of various metal ions were formed prior to analysis
ncluding Fe3+, Ca2+, Co2+, Cu2+, Zn2+, Cd2+, and Pb2+. The authors
eached a detection limit of [FeY]− at 4 �g mL−1. Blatny et al. [11]
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tudied metal ions in water with CE; EDTA was added to water
o form a complex which was then detected at 254 nm. The limit
f detection for Fe was 13 ng mL−1. Sillanpää et al. [12] performed
on pair HPLC to measure EDTA complexes with ferric ions. They
sed a buffer solution containing the ion-pairing agent cetrimide
s the mobile phase. The complex was detected at 260 nm and
he limit detection was 0.5 �g mL−1. A similar ion pair method
as used by Lucena et al. with tetrabutylammonium chloride as

on pair reagent and UV detection at 280 nm [13]. Chen et al. [14]
eveloped an analysis of [FeY]− by CE coupled with electrospray

onization-mass spectrometry. The authors reached a detection of
imit at 4 ng mL−1 for [FeY]− in the negative ion mode. Quintana and
eemtsma [15] used liquid chromatography coupled with ESI-MS
o detect the EDTA–Fe(III) complex. They added the volatile ion-
airing reagent tributylamine to the mobile phase. A phenyl–hexyl
olumn was used and the detection of limit was 1 ng mL−1 with a
0 �L injection volume. Álavarez-Fernández et al. used an ESI-time
f flight method to determine a number of Fe(III) chelates used in
ertilisers in various agricultural matrices. The used reverse phase
hromatography in the negative ion mode, high sensitivity was
chieved through the use of 57Fe-labelled internal standards and
he LOQ for Fe(III) EDTA achieved was 328 pmol/mL (114.1 ng/mL)
16]. Inductively coupled plasma-mass spectrometry (ICP-MS) has
een also used to determine Fe. Yeh and Jiang [17] use ICP-MS to
peciate V, Cr and Fe with CE separation, the limit of detection was
0 ng mL−1 for [FeY]−. Xuan et al. [18] introduced a ZIC–hydrophilic
nteraction liquid chromatography (HILIC) column to separate and
dentify the different phytosiderophores of the mugineic acid fam-
ly as their metal complexes. Various metals (Zn, Cu, Ni, and Fe)

ere added to 2′-deoxymugincic acid (DMA) and nicotinamine to
orm complexes. They used a mobile phase consisting of NH4AC
nd CH3CN at pH 7.3. When authors checked the stability of the
omplexes during separations using EDTA, they found EDTA–Fe(III)
eaks [FeY]− at 21.7 min with m/z 344.0. However, they had not
hown chromatograms or validate the method.

In the current work a HILIC chromatography method interfaced
ith Fourier transform electrospray ionisation mass spectrome-

ry (FT-ESIMS) was developed for the determination of uptake of
ron(III) into tissues of the snail following feeding of a commercially
vailable molluscicide based on iron(III).

. Experimental

.1. Chemicals and materials

All chemicals used were analytical grade. EDTA disodium salt
ihydrate, EDDS trisodium salt solution, iron chloride hexahydrate
ere purchased from Sigma–Aldrich. HPLC grade acetonitrile and

ormic acid were from VWR International, UK. For all eluents and
tandards preparations, sample preparations, deionised water was
rovided by a water purification system (Milli-Q system, Millipore).
nails (H. aspera) were purchased from Blades Biological Systems
Kent, UK). Ferramol slug pellets (W. Neudorff, Germany) were pur-
hased locally. Iron(III) phosphate pellets (1%, w/w) were provided
y Lonza Ltd. and contained iron(III) phosphate without addition
f EDTA.

.2. Microscopy
All snails were dissected under a stereo-binocular microscope
rom Brunel, UK with magnification power objectives 4× and an
yepiece 10×. A micro-dissection tool kit was used for dissecting
he snails. The dissected tissue was homogenised using a hand held
omogenizer (LabGen 7B, USA).

a
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3
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(2008) 1165–1169

.3. Standards and sample preparation

FeEDTA: FeCl3·6H2O (ca. 77.7 mg; MW = 270.3 g mol−1) and
10H14O8N2Na2·2H2O (ca. 106.9 mg; MW = 372.2 g mol−1) were
eighed out and both dissolved in 100 mL of water in the same

olumetric flask, thus preparing solution A with FeEDTA (referred
o hereafter as the FeEDTA complex standard) at a concentration
f 1 mg mL−1. Solution A was diluted 1000× with acetonitrile/0.1%
v/v) formic acid (70:30) producing a stock solution of FeEDTA com-
lex standard at a concentration of 1 �g mL−1. From this solution
alibration series was prepared with 2, 10, 50, 200, 500, 1000, 5000
nd 10,000 ng mL−1 of FeEDTA.

.4. Feeding and dissection of snails

The snails were fed manually with pellets which contained
ither FePO4 or commercial pellets containing FeEDTA and kept
n an aquarium. Once they had died (after 3 days), dissections

ere carried under the microscope. Firstly, the outer shells were
emoved by breaking bits of shell away with forceps taking care
ot to damage the soft tissue. Pieces of the shell and any other sur-

ace contamination was removed by washing the body in water (3×
.5 L). The mantle skirt was located and cut away; another cut was
ade transversely from the pneumostome to the left side of the
antle along the posterior edge of skirt. The body was cut posteri-

rly along the left side of the mantle to the posterior end of the lung.
hus, the mantle was laid aside and the atrium, aorta, ventricle and
idney were removed from the lung roof. The dart sac in the body
avity was also removed. The kidney, heart and dart sac were placed
nto 5 mL vials and extracted with either 1 mL of 0.1% (v/v) formic
cid in water in order to determine FeEDTA in the tissues after feed-
ng with FeEDTA pellets or 1 mL of 0.1% (v/v) formic acid in water
ontaining 10 �g mL−1 of EDTA where total iron in the tissues was
ompared between snails fef on FeEDTA pellets, FePO4 pellets and a
ontrol group not fed on pellets. The tissue was then homogenised
ith a hand held homogeniser. A drop of 1% (v/v) Triton solution
as added to the vials and the samples were left sonicate for 1 h at
0 ◦C. Acetonitrile (1.5 mL) was then added to each vial and all vials
ere vortexed for 5 min. The solutions were filtered using a syringe
lter and transferred to HPLC autosampler vials.

.5. Caco-2 assay system

Caco-2 cells (HTB-37) were obtained from the ATCC. Permeabil-
ty studies were carried out using the BIOCOAT HTS Caco-2 assay
ystem purchased from Becton Dickinson Labware Europe. This sys-
em provides an in vitro intestinal model for the transport of drugs
nd natural compounds consisting of a fibrillar collagen coated
4-well insert plate and a Multiwell feeder tray for culturing cell
onolayers; combined with basal seeding medium, Entero-STIM
serum free medium containing butyric acid to induce cell dif-

erentiation and MITO + serum extender containing the hormones,
rowth factors and metabolites required for serum free cell culture.

A suspension of Caco-2 cells at a density of 4 × 105 cells/mL
as prepared in basal medium supplemented with MITO + serum

xtender, 500 �L of which was pipetted into each of the 24 colla-
en inserts to give a seeding density of 2 × 105 cells per insert. A
olume of the same medium (35 mL) was pipetted into the Mul-
iwell feeder tray and the system was incubated at 37 ◦C, 5% CO2
nd 100% humidity for 24 h The medium was then removed from

he feeder tray and from each insert taking care not to damage the
ell monolayer. 500 �L of Entero-STIM medium supplemented with
ITO + serum extender was added to the interior of each insert and

5 mL of the same medium was added to the feeder tray. The sys-
em was then incubated under the conditions previously described
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and R.S.D. values were similar for day 1 and day 2.

The linearity of the method was obtained for the concentration
range 2–10,000 ng mL−1. The calibration curves of the peak area as
function of concentration were linear, with a correlation coefficient
L. Zheng et al. / Tala

or 48 h to allow formation of the differentiated enterocyte-like
onolayer. The Multiwell insert plate was removed from the feeder

ray and placed on a 24 well plate. The Entero-STIM medium was
arefully removed from each insert and the cell monolayers were
ashed with PBS. Prior to permeability testing Caco-2 monolayer

ntegrity was confirmed by means of Lucifer yellow rejection. Rejec-
ion values of 98.9% were obtained which indicated well-formed
ell monolayers. Permeability of EDTA and FePO4 made up in PBS
pH 7.4) was tested at concentrations of 10, 50 and 100 �M in dupli-
ate. The test solutions were added in a volume of 300 �L to the
nside of the inserts and 1000 �L PBS was added to each well of
he receiving 24-well plate. The test plate was incubated at 37 ◦C,
% CO2, 100% humidity for 120 min, with intermittent shaking at
0 rpm. The insert plate was then removed, and the solutions in
he receiving 24-well plate were analysed by LC–MS to determine
ercentage permeability.

.6. Statistics

One-way and two-way ANOVA with replication was performed
n the results obtained for the analysis of iron(III) as FeEDTA in the
nail organs.

.7. LC/MS instrumentation

The HPLC system consisted of Finnigan Surveyor MS Pump
lus; an online Finnigan Surveyor degasser; Finnigan Surveyor
S Autosampler Plus; Finnigan Surveyor PDA Plus detector

Thermo Finnigan, MA, USA). A ZIC–HILIC column was used
50 mm × 4.6 mm, 5 �m) purchased from HiChrom Ltd., Reading,
K. It was fitted with a ZIC–HILIC guard column (20 mm × 2.1 mm,
�m) from the same supplier. The determination of EDTA–Fe(III)
as carried out using a mixture of 0.1% (v/v) formic acid in water
ith acetonitrile (30:70) as the mobile phase at room tempera-

ure. The run time was 18 min with a flow rate of 0.5 mL min−1

nd an injection volume of 10 �L. For the separation of other metal
DTA complexes, the eluent was changed to 0.1% (v/v) formic acid in
ater:CH3CN (40:60) and parameters remained the same. The FT-

SIMS instrument was a Finnigan LTQ Orbitrap (Thermo Finnigan,
A, USA) operated in the negative ion mode. The capillary spray

oltage was set to 4.5 kV. The temperature of the heated capillary
as maintained at 250 ◦C. Nitrogen gas flow was kept at a flow rate
f 41 and auxiliary gas at 28, the tube lens voltage was −100 V. The
can range was set to 100–800 amu at the beginning when confir-
ation of the peaks of [FeY]−, then set to scan the narrow range of

43–345 amu to monitor FeEDTA.

. Results and discussion

.1. Method validation

The measurements of the EDTA–Fe(III) complex were optimised
n several steps. The various LC conditions and mass spectrometer
onditions were optimised and the mass spectrometer was tuned to
he molecular ion for the EDTA complex using standard solutions at
concentration of 1 �g mL−1. The ZIC–HILIC column is particularly
ffective type of HILIC column based on a Zwitterionic stationary
hase; it gives very stable chromatography when used with simple
queous modifiers such as 0.1% formic acid. The mass spectrum of
he [FeY]− is shown in Fig. 1. The spectrum shows the three major

ons. The peak m/z 344.00 (343.9931) is from the [FeY]− and the
ower spectrum shows the MS2 obtained at normalised collision
nergy of 35 V. The peaks m/z 299.9931, m/z 256.0435 correspond
o successive losses of the carboxylate group starting from the par-
nt ion [FeY]−. These fragmentations confirmed the ion at m/z 344.0

F
i

Fig. 1. A representative mass spectrum of FeEDTA obtained in negative ESI mode.

o be due to the [FeY]−. The specificity of the LC–MS method was
emonstrated to be free from interference by running an EDTA
olution blank which can be compared with the peak for FeEDTA
btained at the LOD (Fig. 2).

The intra-day instrument precision of the method was evaluated
sing two concentrations of the FeEDTA complex standard which
as spiked into homogenised snail tissue. Nine consecutive runs
ere carried out. The relative standard deviation (R.S.D.) values

btained are shown in Table 1 and in both cases were ca. ±0.5%.
The inter-day precision was evaluated on day 1 and day 2

ith spiked solution concentrations of at 12.5 ng mL−1 and at
000 ng mL−1. Six injections were carried on each day. The means
ig. 2. (A) Selected ion chromatogram of a 0.5 ng/mL [FeY]− standard solution (20 �L
njection). (B) Reagent blank EDTA in water.
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Table 1
Inter- and intra-day precision for FeEDTA solution spiked into samples of
homogenised snail tissue filtered then analysed by FT-ESIMS

[FeY]− = 12.5 [FeY]− = 5000 ng/mL

Inter-day variation
Mean 3,48,145 99,281,296
S.D. 2,216 4,91,096
R.S.D. (%) 0.636 0.495

Intra-day variation
Day 1

Mean 347759.3 9,92,48,153
S.D. 2048.5 548116.7
R.S.D. (%) 0.589 0.557

Day 2
Mean 347807.5 9,92,54,116
S.D. 1984.4 6,03,225
R.S.D. (%) 0.571 0.608

Table 2
Calibration curve statistics for slope, intercept and R2 (n = 3) for calibration in the
range 2–10,000 ng mL−1

No. Slope (K) Intercept (B) R2

1 16,697 92,555 0.9988
2 16,726 78,522 0.9990
3 17,889 85,554 0.9998
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Table 4
Extraction recovery studies for Fe(III)

Nominal Concentration of FeEDTA (ng mL−1) Recovery of FeEDTA (%)

10 96.1
20 96.2
35 96.0
175 96.1

Mean 96.1

R.S.D. 0.08
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3–4 pellets on three occasions over 3 days since they continued
to eat the pellets and suffered no apparent ill effects. In addition
the organs were removed from unfed snails, drowned in deionised
water as a control. In this experiment the total iron in the tissues
was measured by extracting the organs with deionised water con-

Table 5
ean 17,104 85,544 0.9992

.S.D. 3.976 8.202 0.053

f 0.9998. Because the samples were determined during several
onths, the calibration curves were prepared freshly each time.

he R.S.D. values of the line slopes (K), intercept (B) and correla-
ion coefficient R2 shown in Table 2 indicate good precision for the
inearity over the time period.

The observed detection limit was about 0.5 ng mL−1 for a 20 �L
njection volume (S/N = 3) (Fig. 2). Once the method had been val-
dated the Ferramol slug pellets were analysed for their FeEDTA
ontent and it was found to be 1.08% (w/w) ±0.42% R.S.D. (n = 3).
lthough the active ingredient in the pellets according to the label
laim is FePO4 it is obvious, because of the high stability constant for
eEDTA, that this complex will form as soon as the pellets become
et since the pellets obviously also contain EDTA.

.2. Studies on Caco-2 cells

Caco-2 cells provide a model for the gut absorption. The perme-
bility of the FeEDTA complex standard was tested on Caco-2 cells.
he data in Table 3 indicates that the FeEDTA complex is absorbed
ntact through a Caco-2 cell monolayer.

.3. Iron extraction recovery from snail tissues
Aliquots of Fe(III) phosphate solution equivalent to 10, 20, 35,
nd 175 ng mL−1 of FeEDTA were added to 1 mL aliquots of solution
ontaining homogenised snail tissue and EDTA was added into the
olution which was heated at 40 ◦C and sonicated for 1 h. As indi-

able 3
he permeability of FeEDTA complex through Caco-2 cell monolayers, the complex
olution was dissolved in PBS at pH 7.4 and applied to the surface of the monolayer

eed solution level (mM) FeEDTA (ng mL−1)

100 430
50 210
10 130

S
s
w

N

1
2
3
4
5

p

p
f

e(III) was spiked into snail tissue, EDTA was then added and the solution was filtered
nd then analysed, in comparison with an unextracted FeEDTA standard at the same
oncentration.

ated in Table 4 the recoveries were around 96%. This demonstrated
hat the free Fe(III) could be recovered from the snail tissues as its
eEDTA complex reproducibly.

.4. Iron and FeEDTA absorption in snails

The snails were fed on lettuce and carrots until they were
emoved to a separate tank for feeding with pellets. They were
ither fed with FePO4 (1% w/w) pellets or the commercial pellets,
hich contained FePO4 (1%, w/w) according to the label claim along
ith a quantity of EDTA which was not specified on the label. Five

nails at a time were transferred to a separate tank and commer-
ial FeEDTA or FePO4 only pellets were introduced into the tank
or feeding. After 3 days the snails were removed from the tanks
nd dissected immediately to acquire the hearts, kidneys and dart
acs. Table 5 shows that the quantities of FeEDTA in heart and kid-
ey after feeding with the commercial slug pellets are significantly
igher than the control group with p value below 0.05. In this exper-

ment extraction was carried out with 0.1% formic acid alone thus
here did appear to be contamination of the kidneys in the control
roup with FeEDTA since no FeEDTA had been fed to this group.
hen dissecting the dead snails, we observed that debris from

he pellets adhered to the body and shells of the snails. Thus, it
as hard to eliminate the possibility that the FeEDTA might be

bsorbed via the skin or contaminate the organs and also the instru-
ents during dissection. Although the snails were rinsed with 0.5 L

f deionised water three times the sticky pellets were not easily
emoved. Finally, the snails were fed manually with pellets soft-
ned with deionised water until they stopped eating. The snails fed
n the FeEDTA pellets were fed 4–5 pellets and died 3 days after
his single feeding. The snails fed on the FePO4 pellets were fed
tatistical evaluation of the results on feeding FeEDTA pellets to H. aspera (snails
tayed in the tank together with the pellets) in comparison with H. aspera which
ere not fed pellets

o. Kidney Heart (ng/organ)

Feed Control Feed Control

34,786 6 4365 0
66,702 394 3654 0
9,381 151 5623 0
23,596 234 2168 0
4,587 1132 1260 0

-Value 0.035 0.002

-Value given for 95% confidence. In this case extraction was carried out with 0.1%
ormic acid.
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Table 6
Results of FeEDTA distribution in organs from feedings to three groups of snails:
control (no pellets fed); FePO4 (pellets containing FePO4 alone); FeEDTA (pellets
containing FePO4 with EDTA)

Feed groupa Heart Kidney Dart sac (ng/mg)

Control group 0.117 ± 0.219 0.014 ± 0.021 0.028 ± 0.053
FePO4 41.352 ± 18.080 0.685 ± 0.679 0.982 ± 1.345
Fe EDTA 409.834 ± 196.370 327.131 ± 139.151 144.439 ± 103.975
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n this case 0.1% (v/v) formic acid in water containing 10 �g mL−1 of EDTA was used
o extract all the samples thus determining total iron in the tissues.

a n = 5, � =X± S.D.

aining EDTA. Table 6 shows the iron accumulated in snail organs
fter manual feeding with FePO4 pellets (1%, w/w), FeEDTA pellets
1%, w/w) and after feeding just with a normal diet.

Negligible amounts of iron were found in the snails which had
ot been fed with pellets and very large differences in iron accu-
ulation in the organs were observed between the snails fed FePO4

ellets and those fed FeEDTA pellets. Snails fed with the 1% (w/w)
ePO4 did not suffer any ill or toxic effects and could be maintained
n this diet indefinitely. Thus, it would appear that the presence
f EDTA in the formulation along with iron(III) is necessary for the
bsorption of toxic levels of iron. Very high levels of iron were found
n hearts and kidney when snails were fed with FeEDTA compared

ith much lower levels in snails fed with FePO4, as indicated in
able 6. Two-way ANOVA with replication (n = 5) was performed
n the results. A 95% confidence interval was applied to deter-
ine if the variance was statistically significant. From the data in

able 7 the type of feeding had a significant effect (with p < 0.001)
hich means the feedings significantly influence the uptake of Fe or

eEDTA. The snails’ organs were differently distributed with com-
lex the significance of which is revealed by p = 0.01. Interactions
etween the type of feedings and organs were not found to be sig-
ificant (p = 0.06) which means the effect of one factor feedings is

ndependent of the organs. This indicates that the different feedings
o not affect the distribution of iron. In addition, considering the
eEDTA and FePO4 feeding only, the former significantly increased
he absorption of Fe or FeEDTA in snails.

It was found by previous workers that Fe(III) in the form of
eEDTA did not pass through a Caco-2 monolayer any better than
e(III) as simple iron salts [6]. As seen from the data in Table 6 the
e(III) was not evenly distributed between heart, kidney and the
eproductive system. The hearts always had the highest levels of
ron, with lower amounts in the kidney and the smallest amount in
eproductive system. Interestingly, the heart and kidneys are both
ocated in the lung cavity and quite adjacent with each other, while
he dart sac is close to the stomach in the body cavity. Accumula-
ion of FeEDTA in the kidney reflects the observations of Zhu and

iller with respect to rat kidney [7]. The exact mechanism of iron
oxicity in the snails is not known but given that the natural lev-

ls of iron in snail tissue appear to be very low and that snails use
opper to carry oxygen in their haemolymph rather than iron, they
ay be very sensitive to the presence of iron in their tissues. Since

he FeEDTA is present at very high concentrations in the tissues it

able 7
he two way ANOVA with replication (n = 5) on the accumulation of Fe(III)/FeEDTA
n organs after three feedings to H. aspera

ource of variation SS d.f. MS F p-Value F crit

rgans 2091.43 2 1045.71 5.14 0.01 3.26
eedings 21808.98 2 10904.49 53.6 <0.001 3.26
nteraction 2940.83 4 735.20 2.11 0.06 2.63

ithin 7321.04 36 203.36

Total 34162.28 44
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ig. 3. TIC of Cu, Mn, Zn, Ca after complexation with EDTA run ZIC–HILIC column
ith 0.1% (v/v) formic acid in water:CH3CN (40:60).

ay be that, under physiological conditions, where the stability of
he FeEDTA complex could change, essential metals such as copper
ould become complexed by the EDTA.

It was not possible to use the LC–MS method to distinguish
etween iron(II) and iron(III), in theory the iron(II) EDTA complex
hould be doubly charged but there was no evidence of this when
he iron(II) EDTA complex was analysed. It may be that iron(II)
ecomes oxidised to iron(III) during the electrospray process. In
ddition in theory the FT-MS system should be able to measure a
ifference in mass of one electron but again it was not possible to
onfidently distinguish between iron(II) EDTA and iron(III) EDTA on
he basis of mass when the two complexes were mixed. In fact it

ight have been expected that in order to maintain a single nega-
ive charge the iron(II)EDTA complex would have carried an extra
roton and thus would have had a m/z value of 345. The LC–MS anal-
sis of other metals was also observed to be possible and the EDTA
omplexes of Cu2+, Zn2+, Ca2+ and Mn2+ could be determined by
he current method. Fig. 3 shows extracted ion chromatograms for
hese complexes which give good peak shapes apart from the Cu2+

omplex. Thus, method could provide a sensitive general method
or metal determination.
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16] A. Álvarez-Fernández, I. Orera, J. Abadı́a, A. Abadı́a, J. Am. Soc., Mass Spectrom.

18 (2007) 37–47.
17] C.-F. Yeh, S.-J. Jiang, J. Chromatogr. A 1029 (2004) 255.
18] Y. Xuan, E.B. Scheuermann, A.R. Meda, H. Hayen, N. von Wirén, G. Weber, J.

Chromatogr. A 1136 (2006) 73.


	[first_author]_Calendar-of-forthcoming-meetings_2008.pdf
	[first_author]_Conference-Announcement_2008.pdf
	[first_author]_Editorial-Board_2008.pdf
	Al-Ghouti_Determination-of-motor-gasoline-adulteration-using-FTIR-spectroscopy-and-multivariate-calibration_2008.pdf
	Amin_Utility-of-solid-phase-spectrophotometry-for-determination-of-dissolved-iron(II)-and-iron(III)-using-2,3-dichloro-6-(3-carboxy-2-hydroxy-1-naphthylazo)quinoxaline_2008.pdf
	Bansal_Development-and-validation-of-reversed-phase-liquid-chromatographic-method-utilizing-ultraviolet-detection-for-quantification-of-irinotecan-(CPT-11)-and-its-active-metabolite,-SN-38,-in-rat-plasma-and-bile-samples.pdf
	Becker_Analysis-of-metal-binding-proteins-separated-by-non-denaturating-gel-electrophoresis-using-matrix-assisted-laser-desorptionionization-mass-spectrometry-(MALDI-MS)-and-laser-ablation-inductively-coupled-plasma-mass.pdf
	Bezerra_Response-surface-methodology-(RSM)-as-a-tool-for-optimization-in-analytical-chemistry_2008.pdf
	Carvalho_An-expeditious-method-for-the-determination-of-organochlorine-pesticides-residues-in-estuarine-sediments-using-microwave-assisted-pre-extraction-and-automated-headspace-solid-phase-microextraction-coupled-to-gas.pdf
	Chen_Electrochemiluminescence-detection-of-dichlorvos-pesticide-in-luminol-CTAB-medium_2008.pdf
	Cheng_The-promotion-effect-of-titania-nanoparticles-on-the-direct-electrochemistry-of-lactate-dehydrogenase-sol-gel-modified-gold-electrode_2008.pdf
	Dias_Molecularly-imprinted-polymer-as-a-solid-phase-extractor-in-flow-analysis_2008.pdf
	Donati_Determination-of-Cd-in-urine-by-cloud-point-extraction-tungsten-coil-atomic-absorption-spectrometry_2008.pdf
	Frentiu_Preliminary-investigation-of-a-medium-power-argon-radiofrequency-capacitively-coupled-plasma-as-atomization-cell-in-atomic-fluorescence-spectrometry-of-cadmium_2008.pdf
	Fuke_Evaluation-of-Co-Polyaniline-nanocomposite-thin-films-as-humidity-sensor_2008.pdf
	Gonzalez-Martin_Detection-and-quantification-of-additives-(urea,-biuret-and-poultry-litter)-in-alfalfas-by-nir-spectroscopy-with-fibre-optic-probe_2008.pdf
	Guillaume_A-novel-chiral-column-for-the-HPLC-separation-of-a-series-of-dansyl-amino-and-arylalkanoic-acids_2008.pdf
	Haberska_Activity-of-lactoperoxidase-when-adsorbed-on-protein-layers_2008.pdf
	Hakim_Synthesis-of-chitosan-based-resins-modified-with-tris(2-aminoethyl)amine-moiety-and-its-application-to-collectionconcentration-and-determination-of-trace-mercury-by-inductively-coupled-plasma-atomic-emission-spectr.pdf
	He_FSiNPs-mediated-improved-double-immunofluorescence-staining-for-gastric-cancer-cells-imaging_2008.pdf
	Jafari_Direct-determination-of-ammoniacal-nitrogen-in-water-samples-using-corona-discharge-ion-mobility-spectrometry_2008.pdf
	Jeyakumar_Simultaneous-determination-of-trace-amounts-of-borate,-chloride-and-fluoride-in-nuclear-fuels-employing-ion-chromatography-(IC)-after-their-extraction-by-pyrohydrolysis_2008.pdf
	Jin_The-application-of-CdTe@SiO2-particles-in-immunoassay_2008.pdf
	Kafi_Brewster-angle-microscopic-study-of-mixed-lipid-protein-monolayer-at-the-air-water-interface-and-its-application-in-biosensing_2008.pdf
	Kim_Encapsulation-of-tris(4,7-diphenyl-1,10-phenanthroline)ruthenium(II)-complex-linked-with-dendrons-in-sol-gels-Stable-optical-sensing-membranes-for-dissolved-oxygen_2008.pdf
	Knittel_Functional-group-analysis-on-oxidized-surfaces-of-synthetic-textile-polymers_2008.pdf
	Korkut_An-amperometric-biosensor-based-on-multiwalled-carbon-nanotube-poly(pyrrole)-horseradish-peroxidase-nanobiocomposite-film-for-determination-of-phenol-derivatives_2008.pdf
	Kumar_Electroanalytical-determination-of-acetaminophen-using-nano-TiO2polymer-coated-electrode-in-the-presence-of-dopamine_2008.pdf
	Luz_Electrocatalysis-of-reduced-l-glutathione-oxidation-by-iron(III)-tetra-(N-methyl-4-pyridyl)-porphyrin-(FeT4MPyP)-adsorbed-on-multi-walled-carbon-nanotubes_2008.pdf
	Mamani_Use-of-experimental-design-and-effective-mobility-calculations-to-develop-a-method-for-the-determination-of-antimicrobials-by-capillary-electrophoresis_2008.pdf
	Manisankar_Electroanalysis-of-some-common-pesticides-using-conducting-polymermultiwalled-carbon-nanotubes-modified-glassy-carbon-electrode_2008.pdf
	Marengo_Optimisation-of-sensitivity-in-the-multi-elemental-determination-of-83-isotopes-by-ICP-MS-as-a-function-of-21-instrumental-operative-conditions-by-modified-simplex,-principal-component-analysis-and-partial-least-.pdf
	Molina_Immuno-column-for-on-line-quantification-of-human-serum-IgG-antibodies-to-Helicobacter-pylori-in-human-serum-samples_2008.pdf
	Nikolopoulos_Leaf-anatomy-affects-the-extraction-of-photosynthetic-pigments-by-DMSO_2008.pdf
	Okutucu_Optimization-of-serotonin-imprinted-polymers-and-recognition-study-from-platelet-rich-plasma_2008.pdf
	Puton_Ion-mobility-spectrometers-with-doped-gases_2008.pdf
	Rajkumar_Analysis-of-recognition-of-fructose-by-imprinted-polymers_2008.pdf
	Saad_Sorption-profile-and-chromatographic-separation-of-uranium-(VI)-ions-from-aqueous-solutions-onto-date-pits-solid-sorbent_2008.pdf
	Schiavo_Direct-determination-of-Cd,-Cu-and-Pb-in-wines-and-grape-juices-by-thermospray-flame-furnace-atomic-absorption-spectrometry_2008.pdf
	Schmidt_A-systematic-study-on-extraction-of-total-arsenic-from-down-scaled-sample-sizes-of-plant-tissues-and-implications-for-arsenic-species-analysis_2008.pdf
	Sirichai_Rapid-analysis-of-clenbuterol,-salbutamol,-procaterol,-and-fenoterol-in-pharmaceuticals-and-human-urine-by-capillary-electrophoresis_2008.pdf
	Su_HPLC-determination-of-sulfamethazine-in-milk-using-surface-imprinted-silica-synthesized-with-iniferter-technique_2008.pdf
	Sun_Ag-island-film-enhanced-rare-earth-co-luminescence-effect-of-Tb-Gd-protein-sodium-dodecyl-benzene-sulfonate-system-and-sensitive-detection-of-protein_2008.pdf
	Teng_Facile-synthesis-of-hollow-Co3O4-microspheres-and-its-use-as-a-rapid-responsive-CL-sensor-of-combustible-gases_2008.pdf
	Tirtom_Application-of-a-wool-column-for-flow-injection-online-preconcentration-of-inorganic-mercury(II)-and-methyl-mercury-species-prior-to-atomic-fluorescence-measurement_2008.pdf
	Viglino_Analysis-of-natural-and-synthetic-estrogenic-endocrine-disruptors-in-environmental-waters-using-online-preconcentration-coupled-with-LC-APPI-MSMS_2008.pdf
	Viitanen_Adjusting-mobility-scales-of-ion-mobility-spectrometers-using-2,6-DtBP-as-a-reference-compound_2008.pdf
	Wang_A-novel-analytical-approach-for-investigation-of-anthracene-adsorption-onto-mangrove-leaves_2008.pdf
	Xiang_Selective-enhancement-of-resonance-light-scattering-of-gold-nanoparticles-by-glycogen_2008.pdf
	Zheng_The-determination-of-iron-as-its-EDTA-complex-in-Helix-aspera-by-hydrophilic-interaction-liquid-chromatography-coupled-to-Fourier-transform-electrospray-ionisation-mass-spectrometry_2008.pdf

