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bstract

The development of a rapid, reproducible and simple method of extraction of the majority capsaicinoids (nordihydrocapsaicin, capsaicin,
ihydrocapsaicin, homocapsaicin and homodihydrocapsaicin) present in hot peppers by the employment of ultrasound-assisted extraction is
eported. The study has covered four possible solvents for the extraction (acetonitrile, methanol, ethanol and water), the optimum temperature for
xtraction (10–60 ◦C), the extraction time (2–25 min), the quantity of sample (0.2–2 g), and the volume of solvent (15–50 mL). Under the optimum
onditions of the method developed, methanol is employed as solvent, at a temperature of 50 ◦C and an extraction time of 10 min. The repeatability

nd reproducibility of the method (R.S.D. < 3%) have been determined. The capsaicinoids extracted have been analysed by HPLC with fluorescence
etection and using monolithic columns for the chromatographic separation. The method developed has been employed for the quantification of
he various capsaicinoids present in different varieties of hot peppers cultivated in Spain.

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

Capsaicinoids are the compounds responsible for the hot,
picy flavour presented by many varieties of peppers. Among
he many natural capsaicinoids found in hot chilli peppers,
wo compounds are predominant: capsaicin (trans-8-methyl-
-vanillyl-6-nonenamide) and dihydrocapsaicin (8-methyl-N-
anillylnonanamide) [1]; they represent around 90% of the total
apsaicinoids present in the hot spicy varieties of peppers. In
ddition to these two major capsaicinoids, other minor capsaici-
oids are found in hot peppers, including nordihydrocapsaicin,
orcapsaicin, homocapsaicin I and II, homodihydrocapsaicin I
nd II, nornorcapsaicin, nornornorcapsaicin, and nonivamide,
mong others [2,3]. The structural characteristic of capsaici-
oids that determines their spicy properties is associated with
he presence of an amide bond connecting a vanillyl ring and an
cyl chain [4].

Hot peppers are one of the most important species culti-

ated widely around the world. The properties of colour, aroma,
avour and pungency presented by these peppers account for

heir extensive usage. In addition to these culinary properties,

∗ Corresponding author. Tel.: +34 956 016775; fax: +34 956 016460.
E-mail address: miguel.palma@uca.es (M. Palma).
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apsaicinoids present many biological activities. Among these
ctivities, capsaicinoids act as powerful antioxidants [5], present
nti-mutagenic and anti-tumoral properties [6,7], function as
opical analgesics against pain [8], have anti-inflammatory
roperties [9] and stimulate the cardiovascular and respiratory
ystems [10].

Many different techniques have been employed for the
xtraction of capsaicinoids from pepper, such as macera-
ion [11], magnetic stirring [12], enzymatic extraction [13],
ltrasound-assisted extraction [14], Soxhlet [15], extraction
y supercritical fluids [16], extraction by pressurized liquids
17] and microwave-assisted extraction [18,19]. The conven-
ional extraction methods, like Soxhlet extraction, which have
een employed for decades, need long extraction times and
equire relatively large quantities of solvent [20]. Recent years
ave seen increasing demand for extraction techniques that
horten extraction times and reduce the consumption of organic
olvents. Among these more efficient extraction techniques
re ultrasound-assisted extraction (UAE), microwave-assisted
xtraction, supercritical fluid extraction and accelerated sol-
ent extraction. The UAE technique is particularly attractive

ecause of its simplicity and low equipment cost; it is based on
he employment of the energy derived from ultrasounds (sound
aves with frequencies higher than 20 kHz) to facilitate the

xtraction of analytes from the solid sample by the organic
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olvent, which is selected in function of the nature of the solutes
o be extracted [21]. This technique has been employed to extract
arious organic compounds from different matrices, including
henolics in cosmetic creams [22], chlorinated pesticides in bird
ivers [23], organic acids in grapes [24], phenolic compounds
rom strawberries [25] or isoflavones from soybeans [26].

The enhancement of extraction efficiency of organic com-
ounds by ultrasound is attributed to the phenomenon of
avitation produced in the solvent by the passage of an ultra-
onic wave. Cavitation bubbles are produced and compressed
uring the application of ultrasound. The increase in the pres-
ure and temperature caused by the compression leads to the
ollapse of the bubble. With the collapse of bubble, a resultant
shock wave” passes through the solvent enhancing the mixing
27].

Ultrasound also exerts a mechanical effect, allowing greater
enetration of solvent into the sample matrix, increasing the
ontact surface area between solid and liquid phase. This, cou-
led with the enhanced mass transfer and significant disruption
f cells, via cavitation bubble collapse, increases the release
f intracellular product into the bulk medium. The use of higher
emperatures in UAE can increase the efficiency of the extraction
rocess due to the increase in the number of cavitation bubbles
ormed [27–29].

Although studies have been published on the employment of
AE for the recovery of capsaicinoids from peppers [14], these
ot have evaluated the influence of the extraction variables nor
as a systematic study for the optimisation of the method been
arried out; therefore no specific protocol for the UAE of cap-
aicinoids in peppers has been produced. Thus, the object of the
ork reported here is to perform the optimisation of the vari-
us extraction parameters, particularly the appropriate solvent,
emperature, extraction time, quantity of sample, etc. It is also
ntended to utilise the method developed to quantify the capsai-
inoids present in several varieties of hot peppers cultivated in
pain.

. Experimental

.1. Chemical and reagents

The solvents utilised: ethanol (Panreac, Barcelona, Spain),
ethanol, acetonitrile and glacial acetic acid (Merck, Darm-

tadt, Germany), are of HPLC grade. The water was obtained
y a Milli-Q water purification system, from Millipore (Bed-
ord, MA, USA). The capsaicinoid standards: capsaicin (97%)
nd dihydrocapsaicin (90%), and the internal standard 2.5 dihy-
roxybenzaldehyde utilised were obtained from Sigma–Aldrich
Steinheim, Germany).

.2. Plant material

The hot Cayenne pepper (Capsicum frutescens L.) was

mployed for the development of the ultrasound-assisted extrac-
ion method. They were obtained from local markets. The
eppers were peeled, and the peduncle and seeds were sepa-
ated. Only the pericarp and the placenta of the pepper were

c
o
q
[

75 (2008) 1332–1337 1333

tudied. Both the pericarp and the placenta were triturated with
conventional beater, until a homogeneous sample was obtained

or the analysis. The triturated sample obtained was conserved
n a freezer at −20 ◦C until its analysis.

.3. Extraction procedure

The extraction of capsaicinoids originating from peppers by
eans of ultrasound was performed employing various different

xtraction conditions—solvents: methanol, ethanol, acetonitrile
nd water; percentage of water in methanol: 0–100%; tem-
erature: 10–60 ◦C; volume of solvent: 15–50 mL; quantity
f sample: 0.2–2 g; extraction time: 2–25 min. A volume of
.5 mL of internal standard was added to the extracts obtained
1300 ppm). The extracts were filtered through a 0.45 �m nylon
yringe filter (Millex-HN, Ireland) before the chromatographic
nalysis.

The extraction by ultrasound was performed in an ultrasonic
ath of 360 W (J.P. Selecta, Barcelona, Spain) coupled to a tem-
erature controller, which allowed the water in the bath to be
enewed.

.4. HPLC-fluorescence analysis

The HPLC-fluorescence analysis was carried out in a Dionex
hromatographic system (Sunnyvale, CA, USA), consisting of
n automated sample injector (ASI-100), pump (P680), ther-
ostated column compartment (TCC-100), a photodiode array

etector (PDA-100), a fluorescence detector (RF 2000), a uni-
ersal chromatography interface (UCI-50) and Chromeleon 6.60
oftware. Capsaicinoids were separated using a Chromolith
erformance PR-18e (100 mm × 4.6 mm) monolithic column
Merck).

The chromatographic separation was performed with extracts
f the hot Cayenne pepper (C. frutescens L.). The wavelengths
mployed for the detection were 278 nm (excitation) and 310 nm
emission).

The method of chromatographic separation utilised a gradient
f two solvents: acidified water (0.1% acetic acid, solvent A)
nd acidified methanol (0.1% acetic acid, solvent B), working
t a flowrate of 6 mL/min. The gradient method utilised is the
ollowing: 0 min, 10% B; 2 min, 50% B; 4 min, 50% B; 4.5 min,
5% B; 5.5 min, 55% B; 6 min, 60% B; 7 min, 60% B; 9 min,
0% B; 10 min, 100% B; 15 min, 100% B. The temperature
f the column was held constant at 30 ◦C. The chromatogram
btained by utilising this separation method is represented in
ig. 1.

.5. Calibration

Using the method developed, calibration curves were pre-
ared for capsaicin and dihydrocapsaicin, which are the two

apsaicinoid standards commercially available. The results
btained are presented in Table 1. The limits of detection and
uantification were calculated using the ALAMIN software
30].
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employ methanol as solvent for the development of the extrac-
tion method, since this solvent is more compatible with the
solvents employed in the chromatographic method.
ig. 1. Chromatogram of separation of the capsaicinoids extracted from hot C
-C: homocapsaicin and h-DHC: homodihydrocapsaicin.

. Results and discussion

.1. Selection of the solvent

The selection of the most appropriate solvent for extracting
he analytes of interest from the matrix of the sample is a basic
tep in the development of any method of extraction. First, the
ffectiveness of the ultrasound-assisted extraction is going to
epend on the extraction solvent’s capacity for absorbing and
ransmitting the energy of the ultrasounds. Second, the capsai-
inoids should be soluble in the solvent that is employed for the
xtraction.

The four solvents that have been studied for extracting cap-
aicinoids from the matrix of the sample are methanol, ethanol,
cetonitrile and water. Methanol [11,14], ethanol [13,17], and
cetonitrile [12,31] are solvents that are normally employed
or the extraction of capsaicinoids in various extraction tech-
iques, such as Soxhlet extraction, maceration, and extraction
y magnetic stirring. Water is not a good solvent for extract-
ng capsaicinoids, but it has been observed that sometimes the
ddition of small percentages of water to the extraction solvent
elps to increase the effectiveness of extraction of the analytes
f interest from the sample [26].

The extractions have been performed with a quantity of trit-
rated hot Cayenne pepper of about 1 g of the sample, in 25 mL

f solvent, at a temperature of 50 ◦C for an extraction period of
0 min. All the assays were performed in triplicate.

able 1
nalytical properties (n = 3) of the calibration curve of capsaicin and
ihydrocapsaicin

Capsaicin DHC

quation y = 112,901x + 187 y = 151,770x + 4589
2 0.9995 0.9995
D (mg/L) 0.008 0.011
Q (mg/L) 0.028 0.036 F

d

e pepper. n-DHC: nordihydrocapsaicin, C: capsaicin, DHC: dihydrocapsaicin,

Relative recoveries were calculated by calculating the rela-
ive area to the area found for each compound in the extraction
howing the highest amount. The relative areas of the different
apsaicinoids extracted with the four solvents studied, in the
xtraction conditions previously described, are represented in
ig. 2.

In the light of Fig. 2, it can be observed that both methanol
nd ethanol extract similar quantities of capsaicinoids; no sig-
ificant differences (p > 0.05) are observed in the recoveries
btained with these two solvents, in the extraction conditions
tudied. Acetonitrile is a fairly efficacious solvent for extract-
ng the capsaicinoids present in samples of hot peppers, but
s less efficacious than ethanol and methanol, and in these
xtraction conditions it gives recoveries of only about 80% of
hose obtained with methanol and ethanol. It was decided to
ig. 2. Relative recoveries of capsaicinoids from hot Cayenne pepper employing
ifferent pure solvents.
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Table 2
Relative recovery of capsaicinoids extracted from hot Cayenne pepper employ-
ing as solvents different mixtures of methanol and water (0, 10, 25, 50 and 100%
of water)

Solvent n-DHC C DHC h-C h-DHC

0% methanol 5.71 4.20 0.21 0 0
50% methanol 71.66 71.00 67.46 65.01 63.10
75% methanol 79.34 79.52 79.36 79.37 79.19
9
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00% methanol 100 100 100 100 100

In Fig. 2 it can also be observed that water, which is a very
olar solvent, has a poor capacity of extraction of capsaicinoids.
his reduced effectiveness is accentuated in the case of the less
olar capsaicinoids such as dihydrocapsaicin, homocapsaicin
nd homodihydrocapsaicin, where it extracts a lower percentage
f these capsaicinoids than of the other more polar capsaicinoids
ike nordihydrocapsaicin and capsaicin.

On the other hand, in many instances, it has been shown that
he addition of differing percentages of water to other extraction
olvents improves their extractant properties. For this reason, our
tudy has included the addition of particular percentages of water
0, 10, 25, 50 and 100%) to methanol, as the optimum solvent
or extraction, to evaluate how the properties of extraction of this
olvent are modified. The extraction conditions were the same
s those employed for the selection of the optimum extraction
olvent. Similarly, all the assays were performed in triplicate.

The relative recoveries of capsaicinoids extracted from hot
ayenne pepper employing as solvents different mixtures of
ethanol and water (0, 10, 25, 50 and 100% of water) are

epresented in Table 2.
It was found that the addition of varying quantities of water

o the methanol did not produce any improvement in extract-
ng the capsaicinoids present in the fresh samples of peppers.
n addition of water, such as 10% of water in the methanol, in

hese extraction conditions, has the effect of reducing the recov-
ries obtained to around 87% of those obtained with undiluted
ethanol. Higher percentages of water, such as 25%, reduce

ven further the recoveries obtained, to around 79% of those
ith undiluted methanol; and the recoveries obtained continue

o decline in line with increases in the percentage of water added
o the methanol. Therefore, the development of the method was
ontinued based on employing undiluted methanol as the extrac-
ion solvent.

.2. Extraction temperature

Temperature is a fundamental parameter in extracting
ompounds. Generally speaking, the higher the extraction tem-
erature, the higher the velocity and the efficacy of the extraction
rocess. However some degradation processes can occur at high
emperature, then lower recoveries can be obtained. In this study

he aim was to evaluate temperatures ranging from 10 to 60 ◦C
10, 20, 30, 40, 50 and 60 ◦C). It was not proposed to perform
xtractions at higher temperatures because 64.7 ◦C is the boiling
oint of methanol, working at atmospheric pressure.

t
o
H
e

ig. 3. Relative area of the capsaicinoids extracted at the different temperatures
f the assay.

The following were the extraction conditions employed
n this study—extraction solvent: methanol; extraction time:
0 min; volume of solvent: 25 mL; quantity of sample: approx-
mately 1 g. All the assays have been carried out in triplicate.

The relative area of the capsaicinoids extracted at the different
emperatures of the assay is represented in Fig. 3.

From Fig. 3 it can be observed that, in these extraction con-
itions, the highest recoveries are obtained at 40 and 50 ◦C,
lthough the differences are not significant (p > 0.05) between 30
nd 60 ◦C. At temperatures lower than 30 ◦C, the method is not
ble to extract the same quantity of capsaicinoids as are extracted
t higher temperatures, probably because the extraction kinetics
ake place more slowly the lower the temperature.

The optimum temperature can be considered to be between
0 and 60 ◦C, at this range of temperatures no degradation of
apsaicinoids is observed, in the extraction conditions studied.
or later experiments, 50 ◦C was used as extraction temperature.

.3. Extraction time

Until saturation, by increasing the extraction time, the quan-
ity of analytes extracted is increased, although there is the risk
hat degradation may occur. To determine the time needed to
btain complete extractions, extractions from samples of pep-
ers were performed for different lengths of time. Extraction
imes of 2, 5, 10, 15, 20 and 25 min were evaluated. The rest of
he variables employed were: temperature of 50 ◦C, methanol as
xtraction solvent, 25 mL of solvent and approximately 1 g of
ample. All the assays were performed in triplicate.

The results obtained are given in Fig. 4, in which the rel-
tive quantities of capsaicinoids extracted with different times
f extraction (2, 5, 10, 15, 20 and 25 min), in the extraction
onditions previously indicated, are represented.

It can be observed that, at extraction times longer than 5 min,

here are no significant differences (p > 0.05) in the recoveries
f the capsaicinoids, and quantitative recoveries are obtained.
owever, a considerable increase in the variability of the recov-

ry is observed by employing as few as 5 and as many as 25 min;
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ig. 4. Relative recoveries of capsaicinoids from hot Cayenne pepper employing
ifferent times of extraction.

herefore it is considered that an adequate time of extraction
hould fall between 10 and 20 min.

.4. Volume of solvent

The mass/volume ratio of solvent is a factor that must be
tudied to increase the efficacy of extraction of capsaicinoids
mploying ultrasound-assisted extraction. For the conventional
echniques of solid–liquid extraction, the tendency is to reduce
he ratio of mass/volume of solvent, and in many instances this
ncreases the extraction volume obtained. When this happens,
he improvement is due to there being a greater volume of solvent
o extract the same quantity of solute.

To evaluate the effect of the volume of the solvent on the
xtraction, a series of extractions were carried out with different
olumes of solvent (15, 25, 40 and 50 mL). The rest of the extrac-
ion conditions were: temperature of 50 ◦C, approximately 1 g
f sample, 10 min of extraction and methanol as solvent. All the
ssays were performed in triplicate.

The relative quantities of capsaicinoids extracted with differ-
nt volumes of solvent are represented in Fig. 5.

In Fig. 5 it can be observed that there are no significant dif-
erences (p > 0.05) when the volume of the extraction solvent is
aried. Therefore, the variable of solvent volume will not be a
etermining factor when extracting capsaicinoids in these con-
itions. It was decided to work with a volume of 25 mL since
his enables compounds to be found in levels higher than the
OQ of the chromatographic method.

.5. Quantity of sample

Once the volume of extraction solvent had been optimised,
he next step was to optimise the quantity of sample, the other

actor influencing the ratio of mass/volume of solvent previously
entioned. In general, by reducing the quantity of sample while

olding the volume constant, the quantities of analytes extracted
re increased, since the ratio of mass/volume of solvent is dimin-

F
e

ig. 5. Relative quantities of capsaicinoids extracted with different volumes of
ethanol.

shed; but the disadvantage of this practice is the decrease of the
ignal in the subsequent chromatographic system.

In this study sample quantities of 0.2, 0.5, 1, 1.5 and 2 g
f peppers have been employed while maintaining the solvent
olume constant at 25 mL of methanol. The rest of the extrac-
ion parameters utilised were: temperature of 50 ◦C, 25 mL of
ethanol as extraction solvent, and 10 min of extraction time.
ll the assays were performed in triplicate.
The results obtained are given in Fig. 6, in which the rela-

ive quantities of capsaicinoids extracted with different sample
uantities (0.2, 0.5, 1, 1.5 and 2 g), in the extraction conditions
reviously indicated, are represented.

In the light of Fig. 6 it can be observed that the quantity
f sample is not a relevant parameter. Thus, it was decided to
mploy 1 g, since this quantity of sample produces compounds
ound in levels higher than the LOQ of the chromatographic
ig. 6. Recoveries of capsaicinoids from hot Cayenne pepper employing differ-
nt quantities of sample.
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Table 3
Repeatability (n = 9) and reproducibility (n = 18) of the method developed for
the capsaicinoids analysed

n-DHC C DHC h-C h-DHC

R.S.D. (%) intraday 1.97 1.72 1.84 2.35 1.83
R.S.D. (%) interday 2.42 2.46 2.56 2.37 2.58

Table 4
�mol of capsaicinoid per kilogram of fresh pepper in the samples analysed

Pepper n-DHC C DHC h-C h-DHC

Cayenne 94 ± 6 448 ± 28 265 ± 15 30 ± 1 47 ± 2
BTR 40 ± 3 370 ± 23 190 ± 11 n.d. 20 ± 1
B
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TL 25 ± 2 275 ± 17 122 ± 7 n.d. 14 ± 1

.d.: not detected. BTR: Bolilla Redondo pepper and BTL: Bolilla Largo pepper.

.6. Repeatability and reproducibility of the method

The repeatability and reproducibility of the method devel-
ped have been studied. For this a total of 21 extractions were
erformed, distributed as follows: 9 extractions performed on
he first day of the study, and 6 more extractions on each of
he two consecutive days. The resulting R.S.D.s are given in
able 3. Similar results were found for all capsaicinoids, all of

hem lower than 3%.

.7. Quantification of the capsaicinoids present in different
amples of peppers

The amounts of capsaicinoids (nordihydrocapsaicin, cap-
aicin, dihydrocapsaicin, homocapsaicin and homodihydro-
apsaicin) present in three varieties of peppers have been
uantified using this method. Samples of hot Cayenne pep-
er (C. frutescens), Bolilla Largo pepper (Capsicum annuum)
nd Bolilla Redondo pepper (C. annuum) were employed. Cap-
aicin and dihydrocapsaicin were quantified from the calibration
urves obtained from the standard solutions. Since there are no
ommercial standards of nordihydrocapsaicin, homocapsaicin
nd homodihydrocapsaicin, these were quantified from the cali-
ration curve of dihydrocapsaicin (for nordihydrocapsaicin and
or homodihydrocapsaicin) and from the calibration curve of
apsaicin (for homocapsaicin), given the structural similarities
etween these molecules. Table 4 gives the quantities of capsai-
inoids present in the different varieties of peppers studied.

It can be observed that, of the three varieties of peppers stud-
ed, it is hot Cayenne pepper that contains the largest amount
f capsaicinoids, followed by the Bolilla Redondo pepper, and
astly by the Bolilla Largo pepper. Homocapsaicin was only
ound in hot Cayenne pepper; neither of the other two vari-
ties studied (Bolilla Redondo and Bolilla Largo) contained this
ompound.
. Conclusions

Ultrasound-assisted extraction, by means of the method
eveloped, allows the quantitative and reproducible (R.S.D.

[

[

75 (2008) 1332–1337 1337

3%) extraction of the capsaicinoids present in peppers, in a
hort time (10 min), employing methanol as extractant solvent.
iven its low instrumental requirement, its simplicity and its

nalytical capabilities, the method developed can be applied for
he routine analysis of capsaicinoids in peppers.
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bstract

Ionic liquid was for the first time employed for selective isolation of heme-protein species. Direct extraction of hemoglobin into ionic liquid
ithout using any concomitant reagent or extractant was carried out. Hemoglobin at the level of 100 ng �L−1 could readily be quantitatively extracted

nto ionic liquid (IL) 1-butyl-3-trimethylsilylimidazolium hexafluorophosphate (BtmsimPF6) in the absence of any co-existing extractants/additives
t pH 7, at the same time; however, the other protein species do not interfere and remain in the aqueous phase. A back extraction efficiency of ca. 80%
or 20 ng �L−1 hemoglobin in ionic liquid phase was achieved with sodium dodecyl sulfate (SDS) solution as stripping reagent. 57Fe Mossbauer
pectra and circular dichroism (CD) spectra indicated that the penta-coordinated ferrous atom in hemoglobin provide a vacant or free coordinating
osition, which could be occupied by the cationic Btmsim+ moiety. The interaction/coordination reaction between the iron atom in the heme group

f hemoglobin and the cationic ionic liquid moiety furnishes the driving force for facilitating fast transfer of hemoglobin into BtmsimPF6. The
resent system was applied for selective isolation of heme-protein, i.e., hemoglobin from human whole blood without any pretreatment, giving
ise to satisfactory results.

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

Termed as green solvents, the ionic liquids (ILs) have
ttracted extensive attention because of their unique proper-
ies characterized by low or virtually no volatility, negligible
apor pressure and ease of handling, which have shown great
romise as an attractive alternative or replacement to conven-
ional volatile organic solvents and exhibit bio-compatibility
hen employed in bio-science. In the past decade, room tem-
erature ionic liquids have successfully been applied in the
elds of organic synthesis, [1–4] biocatalysts [5] and extrac-

ion/separation, [6–8] the latter case includes isolation of
arious species from complex matrices, e.g., metal species,
9–12] organic compounds [13] and biological molecules

14,15].

The heme proteins including hemoglobin, cytochrome c and
yoglobin play important roles in numerous biological pro-

∗ Corresponding author. Tel.: +86 83688944; fax: +86 83676698.
E-mail address: jianhuajrz@mail.neu.edu.cn (J.-H. Wang).
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esses, particularly those involving transport of oxygen and
lectron transfer in life activities. Life science investigations
ncluding proteomic analysis require high purity of these pro-
eins free of a broad range of impurities coexisting in biological
ample matrices. Therefore, separation and purification of spe-
ific protein species from real-world sample matrices is among
he most critical procedures for life science studies. A range
f extraction/separation procedures for protein isolation can be
ocated in the literature, [16–21] yet it is frequently problem-
tic when adopting conventional organic solvents as extraction
edium due to their natural toxicity to biological molecules

nd life processes. In this respect, the employment of ionic
iquids as green solvents in analytical and biological sciences
rovide a promising alternative, which has drawn considerable
nd increasing interest [22].

Extraction of proteins by using ionic liquid with the assis-
ance of a concomitant extractant has been investigated [23]. So

ar, however, there is no report about the direct extraction of
roteins with ionic liquid in the absence of concomitant extrac-
ants, this might be attributed to the very limited solubility of
roteins in ionic liquids [24]. A few studies have been directed
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o the activities and stabilities of protein or enzyme species in
onic liquid phase, [25,26] while investigations about the con-
ormation, activity and stability of proteins in ionic liquids were
locked due to their low solubilities.

In the present paper, we report for the first time that
eme-protein (hemoglobin, myoglobin) can readily be extracted
nto ionic liquid 1-butyl-3-trimethylsilylimidazolium hexaflu-
rophosphate (BtmsimPF6), without using any concomitant
eagent or extractant. It has been demonstrated that the fer-
ous atom in heme group of heme-proteins provides a vacant
oordinating position, which offers possibilities for covalent
oordination or interaction between the ferrous atom and the
ationic Btmsim+ moiety in the ionic liquid used, which in
urn facilitates the transfer of heme-protein into the ionic liquid
hase.

. Experimental

.1. Chemicals

Proteins used in the present study were acquired from Sigma
Louis, MO, USA), including bovine hemoglobin (H2500),
ytochrome c from horse heart (C7752), myoglobin (0630),
po-myoglobin (A8673), transferrin (T3309), and bovine serum
lbumin (A3311). Protein Molecular Weight Marker (Broad)
TaKaRa Biotechnology Co., Ltd., Dalian, China) was used as
urchased. Hexafluorophosphoric acid (Kunshan Fine Chem-
cals, Jiang-Su, China), 1-chlorobutane (Beijing Chemicals,
hina), 1-methylimidazole and 1-trimethylsilylimidazole (Kaile
hemicals, Jiang-Su, China) were used as received. Other chem-

cals employed were at least of analytical reagent grade and were
sed without further purification. 18 M� cm deionized water
as used throughout.

.2. Apparatus and measurements

Proteins were quantified by measuring their Soret peaks using
UV–vis spectrophotometer (Purkinje General Instruments,
eijing, China). 1H NMR spectra of the prepared ionic liq-
ids were recorded in (CD3)2CO at 293 K on a Bruker Avance
00 spectrometer, with chemical shifts referenced to tetram-
thylsilane (TMS). The circular dichroism (CD) spectra were
ecorded on a Jasco J-810 spectropolarimeter (JASCO, Japan)
n the range of 200–550 nm. The spectra were acquired every
.5 nm with a bandwidth setting of 1 nm at a scanning speed
f 100 nm/min, with a response time of 1 s and averaged for
scans. The fluorescence spectra were recorded on an F-7000
uorimeter (Hitachi, Japan) with the excitation wavelength at
44 nm and the slit widths for excitation and emission set at
0 nm. Room temperature 57Fe Mossbauer spectra were mea-
ured by using an FH-1918 Mossbauer spectrometer (Beijing

uclear Instrument Factory, China), with a room temperature
alladium matrix cobalt-57 source and was calibrated with a
atural �-iron foil. The spectra were fitted with symmetric
uadrupole doublets by using a standard least squares fitting
rocedure.
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.3. Preparation of ionic liquids

1-Butyl-3-trimethylsilylimidazolium hexafluorophosphate
BtmsimPF6) was prepared by adopting a documented pathway
ith minor modifications [27].
1-Butyl-3-trimethylsilylimidazolium chloride (Btm-

imCl) was first prepared by the reaction of 0.5 mol
-trimethylsilylimidazole and 0.5 mol chlorobutane in 50 mL of
oluene in a nitrogen atmosphere at 90 ◦C for 72 h with stirring
nd refluxing. The obtained transparent viscous BtmsimCl was
ooled and then washed with 50 mL of ethyl acetate for three
imes, followed by drying at 80 ◦C.

0.5 mol of BtmsimCl was mixed with 100 mL of water in
flask, to which 100 mL of hexafluorophosphoric acid (63%)
as added drop-wise in order to control the temperature not to

xceed 50 ◦C. After the mixture was stirred vigorously for 1 h,
he ionic liquid phase in the bottom of the flask was separated and
ashed with a sufficient amount of water until a neutral wash out

olution was obtained, i.e., pH 6.5. The BtmsimPF6 was finally
ried at 80 ◦C under vacuum for 24 h. The yield at this stage, i.e.,
he conversion of chloride to hexafluorophosphate ionic liquid,
as 85%. The 1H NMR data of the product were listed in the

ollowing: 0.46 (s, 9H), 0.889 (t, 3H), 1.324 (m, 2H), 1.868 (m,
H), 4.34 (m, 2H), 7.512 (d, 1H), 7.674 (d, 1H), 8.71 (d, 1H).

1,3-Dibutylimidazolium hexafluorophosphate (BBimPF6)
as prepared employing the following procedure: [28] 1,3-
ibutylimidazolium chloride (BBimCl) was first obtained by
he reaction of 0.5 mol 1-trimethylsilylimidazole and 1.0 mol
hlorobutane at 90 ◦C for 72 h. The viscous BBimCl was cooled
nd then washed with 50 mL of ethyl acetate for three times
ollowed by drying at 80 ◦C.

0.5 mol of BBimCl was mixed with 100 mL of water in a
ask, to which 100 mL of hexafluorophosphoric acid (63%) was
dded drop-wise in order to control the temperature and not
xceed 50 ◦C. Afterwards, similar operations as those for the
reparation of BtmsimPF6 were adopted. A 75% yield at this
tage was achieved. The 1H NMR data of the product: 0.963 (s,
H), 1.394 (m, 4H), 1.938 (m, 4H), 4.371 (m, 4H), 7.768 (d,
H), 7.770 (d, 1H), 9.03 (d, 1H).

1-Butyl-3-methylimidazolium hexafluorophosphate
BmimPF6) was prepared adopting a documented pathway by
odification, [15,29] as detailed previously [14].

.4. Extraction and back extraction processes

An appropriate amount of ionic liquid, 50–1000 �L, was
aken into a 5 mL centrifuge tube with 3 mL of protein aque-
us solution within a concentration range of 20–200 ng �L−1.
he mixture was shaken vigorously in an oscillator for 30 min to

acilitate the transfer of proteins into the ionic liquid phase. After
xtraction, the concentrations of proteins in both phases were
etermined by the absorbance of the Soret band peak using a
V–vis spectrophotometer, and the extraction efficiencies (E) of

roteins were calculated as described in the following equation:

= VILCIL

VaqCo
aq

× 100% (1)
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cheme 1. The molecular structures of ionic liquids: BmimPF6, BBimPF6 and
tmsimPF6.

here Co
aq and CIL represent the concentrations of proteins in

queous and ionic liquid phases, while Vaq and VIL denote the
olumes of the two phases, respectively.

The back extraction of proteins from the ionic liquid phase
nto aqueous phase was performed in the presence of sodium
odecyl sulfate (SDS) as a stripping reagent, by shaking the
eaction mixture in a 5-mL cuvette for 30 min, and the back
xtraction efficiency was derived accordingly.

. Results and discussion

.1. Direct extraction of proteins into ionic liquids without
ny concomitant extractant

The three ionic liquids prepared in Section 2 have been inves-
igated for the extraction of proteins. The molecular structures
f the ionic liquids are illustrated in Scheme 1. It is obvi-
us that they have a common counter anion of PF6

−, while
he different cationic moieties exhibit various hydrophobici-
ies according to the length of the alkyl side chains, i.e., the
ydrophobicities of the three ionic liquids are increased in the

ine of BmimPF6 < BBimPF6 < BtmsimPF6.

The investigations have showed that except for hemoglobin
nd myoglobin, the other protein species employed in the present
tudy, i.e., cytochrome c, apo-myoglobin, BSA and transferrin,

t
i
a
d

ig. 1. The photographs of an aqueous-BtmsimPF6 two-phase system containing 4
xtraction.
fter extraction with BmimPF6; (c) after extraction with BBimPF6; (d) after
xtraction with BtmsimPF6. 100 ng �L−1 of hemoglobin in 3 mL aqueous solu-
ion was extracted with 400 �L of ionic liquids for 30 min.

ould not be extracted into BmimPF6, BBimPF6 and BtmsimPF6
n the absence of coexisting extractants/additives. Fig. 1 illus-
rates the photographs of an aqueous-BtmsimPF6 two-phase
ystem containing hemoglobin in a 5-mL cuvette before and
fter extraction. It is obvious that the aqueous phase was turbid
efore extraction because of the existence of high concentration
f hemoglobin, while after extraction the hemoglobin was vir-
ually completely transferred into the ionic liquid phase, which
esulted in a clear and transparent aqueous phase.

.2. Selective extraction of hemoglobin into BtmsimPF6

Fig. 2 shows that when 3.0 mL of hemoglobin solution
100 ng �L−1, pH 7) was extracted by employing 400 �L of the

hree kinds of ionic liquids, a quantitative transfer of hemoglobin
nto the BtmsimPF6 phase was achieved without employing
ny coexisting extractants/additives, indicated by the complete
isappearance of the absorption band at 406 nm attributed to

00 ng �L−1 hemoglobin in a 5-mL cuvette: (A) before extraction; (B) after
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Fig. 3. UV–vis spectra of 50 ng �L−1 hemoglobin aqueous solution. Before
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emoglobin in the aqueous phase. On the other hand, extrac-
ion efficiencies of ca. 93% and ca. 20% were achieved by
sing BBimPF6 and BmimPF6 respectively at identical exper-
mental conditions. This observation obviously indicated that
emoglobin inclines to dissolve into a more hydrophobic ionic
iquid phase, and thus an enhancement of the hydrophobicity of
he adopted ionic liquid tends to result in a favorable extraction
f hemoglobin. More details about this issue will be given in Sec-
ion 3.4. In the present case, BtmsimPF6 facilitates quantitative
xtraction of hemoglobin, which offers a promising approach
or its isolation from complex matrix in the presence of other
rotein species and complex sample matrices.

For a certain amount of protein in a fixed volume of aque-
us solution (50 ng �L−1 hemoglobin in 3 mL), a significant
ncrement of the extraction efficiency was observed with the
ncrease of the BtmsimPF6 volume, and virtually quantitative
xtraction was achieved with an ionic liquid volume of 400 �L,
nd thereafter a plateau was encountered. For the ensuing exper-
ments, 400 �L of BtmsimPF6 was used. Further experiments
lso indicated that a rapid increase of the extraction efficiency
or hemoglobin was observed with the increase of extraction
ime up to 20 min, while afterwards a quantitative extraction
as obtained and thus there is no need to further extend the

xtraction time. In the present investigations, an extraction time
f 30 min was adopted.

There is an argument that the disappearance of hemoglobin
rom the aqueous phase might be attributed to not only its
ransfer into the ionic liquid phase, but also the concentration
f hemoglobin at the interface of aqueous–ionic liquid phase,
nd the dissociation of heme-group because hemoglobin has
noncovalently protein-bound heme group, which is readily

issociated from the hydrophobic core of the polypeptide chain.
Our experiments have showed that the UV–vis spectra

ecorded in ionic liquid phase clearly showed the character-
stic absorption bands of hemoglobin at 406 nm, 535 nm and
60 nm, indicating the presence of polypeptide chain in the ionic
iquid phase. CD spectra were also measured to provide infor-

ation about the secondary structure of hemoglobin in ionic
iquid. However, the interfering effects of ionic liquid on the
D spectrum of the �-helix region of hemoglobin provided no
ccurate information. On the other hand, fair agreements were
chieved between the concentrations of hemoglobin in ionic liq-
id phase and those obtained by measuring in aqueous phase by
pectrophotometry. These observations illustrated the transfer of
emoglobin into the ionic liquid phase, and there is no obvious
oncentration of hemoglobin at the interface of aqueous–ionic
onic phase.

.3. Back extraction of hemoglobin from ionic liquid into
queous solution

Back extraction of hemoglobin from ionic liquid into aque-
us phase is necessary to fulfill the requirements for further

iological investigations. Thus, SDS, sodium chloride, EDTA,
ydrochloride and acetonitrile as stripping reagents were inves-
igated. A back extraction efficiency of 80% for 20 ng �L−1

emoglobin was achieved by using SDS, while the others were

t
t
i
c

n 3 mL aqueous solution was extracted with 400 �L BtmsimPF6 for 30 min:
e)–(h), pH 2, 4, 7, 9.

roved to be not suitable to be stripping reagents. The pos-
ible mechanism of back-extraction is supposed as such that
DS provides anionic moiety to replace the heme-group in the
tmsim+–heme complex in ionic liquid phase and form ion-pair
ith cationic Btmsim+, the hemoglobin was thus released and

ransferred into the aqueous phase.
The back extraction of hemoglobin from ionic liquid into

queous phase was thus performed in the presence of SDS as
stripping reagent. Hemoglobin aqueous solution was mixed
ith 400 �L of BtmsimPF6 to facilitate its extraction into the

onic liquid phase. Afterwards, the ionic liquid phase was sepa-
ated and taken into a 5-mL cuvette with 3 mL of SDS aqueous
olution, and the back extraction of hemoglobin was facilitated
y shaking the mixture in an oscillator for 30 min.

.4. Extraction mechanism

.4.1. Electrostatic interaction
The isoelectric point of 6.8 for hemoglobin results in an over-

ll positive charge in acidic medium while gives rise to a negative
harge in basic medium [19]. In the present study, the effects of
urface charge and the conformation of hemoglobin on its extrac-
ion property were exploited in the range of pH 2–9, with the
ariations of UV–vis spectra of hemoglobin in aqueous solution
llustrated in Fig. 3. It can be seen that a maximum absorbance
t ca. 406 nm was encountered at a pH value close to the isoelec-
ric point of hemoglobin, while a decrement of the absorbance
as observed as pH of the aqueous solution depart from the

soelectric point of hemoglobin, i.e., at pH < 4 or pH > 9. This
bservation is very likely related to the variation of the sur-
ace charge and the conformation of hemoglobin. On the other
and, it is obvious that the absorption spectra of the aqueous
hase remained virtually unchanged after extraction, regardless

he variation of pH. This phenomenon illustrated that the varia-
ions of surface charge or the configuration of the protein do not
nterfere with the extraction of hemoglobin, which further indi-
ated that the electrostatic interaction between hemoglobin and
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cheme 2. The extraction mechanism of heme-protein by BtmsimPF6 incorpor

he ionic liquid moiety is not the driving force for the extraction
rocess.

.4.2. Covalent coordination between the cationic Btmsim+

nd iron atom in heme group
Generally, the hydrophilic nature of hemoglobin should

rohibit its distribution into the hydrophobic ionic liquid,
tmsimPF6. However, Fig. 2 shows that hemoglobin inclines to

ransfer into a hydrophobic ionic liquid phase, and an increase of
he hydrophobicity of the ionic liquid tends to result in a favor-
ble extraction of hemoglobin. In fact, the length of the alkyl side
hain in the imidazole entity dominates the hydrophobicity of the
onic liquid, an increase of the alkyl side chain length results in an
ncrease of hydrophobicity of the ionic liquid and a decrease of
lectron density in the nitrogen atom, which improved the coor-
ination capability of the cationic imidazole group (Btmsim+),
.e., its coordination with the iron atom in the heme-group in
his particular case, and thus facilitates the direct extraction of
emoglobin into the BtmsimPF6 phase.

The above observations illustrated that variation on the con-
guration of the cationic Btmsim+ plays a very important rule

n the extraction of hemoglobin.

The experiments have indicated that the extraction of BSA,

ransferrin and apo-myoglobin by using BtmsimPF6 was not
bserved at all, while hemoglobin and myoglobin could be
eadily extracted in the absence of any coexisting extrac-

m
a
f
p

ig. 4. UV–vis spectra of hemoglobin in aqueous solution and BtmsimPF6 at two co
ure ionic liquid; (c) in ionic liquid; (B) 1.5 �g �L−1 hemoglobin: (d) in aqueous sol
covalent coordination of ferrous atom with the cationic Btmsim+ moiety.

ants/additives, and the transfer of a part of cytochrome c into
tmsimPF6 was achieved at pH 1. The most important struc-

ural difference of hemoglobin, myoglobin and cytochrome c
ith BSA, transferrin and apo-myoglobin is that there are heme
roups in the former category of proteins, while there are not
n the latter group. Therefore, these observations clearly sug-
ested that the extraction of protein species by BtmsimPF6 was
ignificantly facilitated probably by the existence of heme group.

Iron-nitrogen bondings in heme group have been reported
reviously [30–32]. In the case of hemoglobin, the iron atom
s coordinated with four pyrrole nitrogen atoms of protopor-
hyrin IX and nitrogen atom in imidazole of histidine [33]. The
ron atom also provides a sixth vacant coordinating position,
hich offers a potential to coordinate with one extra nitrogen

tom of imidazole [34]. Previous investigations have proved that
midazole is a strong covalent coordinating ligand with iron
tom in heme group [34–36]. For the heme proteins such as
emoglobin and myoglobin, the sixth vacant coordinating posi-
ion of iron atom is available to bind with other small molecules
37].

Therefore, the extraction mechanism of heme-protein into
tmsimPF6 was assumed as such that the cationic Btmsim+
oiety was covalently bond to the iron atom in the heme group,
s illustrated in Scheme 2, and the Btmsim+–heme complex
acilitates the transfer of heme-proteins into the ionic liquid
hase.

ncentration levels. (A) 250 ng �L−1 hemoglobin: (a) in aqueous solution; (b)
ution; (e) pure ionic liquid; (f) in ionic liquid.
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Fig. 5. Fluorescence spectra of BtmsimPF6: (a) saturated ionic liquid in aque-
o
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negative QS value indicated that the doubly occupied orbital of
us solution; (b) saturated ionic liquid in aqueous solution with 100 ng �L−1

emoglobin.

.4.3. Evidence from the UV–vis and fluorescence spectra
Fig. 4 illustrates UV–vis spectra of hemoglobin at two con-

entration levels in both aqueous solution and ionic liquid phase.
n aqueous solution, the spectra show a sharp Soret band at
06 nm, a broad Q-band at 538 nm and two characteristic bands
t 574 nm and 630 nm. While in the ionic liquid phase, a slight
ed shift for the Soret band from 406 nm to 410 nm, blue shifts
or the Q-band from 538 nm to 530 nm and the characteristic
and from 574 nm to 556 nm were obtained, and particularly,
he band at 630 nm was completely disappeared. The shifts of
bsorption bands can be attributed to the change of coordinating
phere of the iron atom in heme group. In aqueous phase, a H2O
olecule serves as the sixth ligand coordinating with iron atom

38]. After transferred into the ionic liquid phase, however, the
ationic Btmsim+ moiety was covalently coordinated with the
ron atom by replacing the H2O molecule, which gave rise to
bvious changes in the absorption bands.

Fig. 5 shows that the fluorescence spectra of BtmsimPF6 in
he absence and presence of hemoglobin. BtmsimPF6 has an

bvious emission at 421 nm with an excitation wavelength at
44 nm, because of the �–�* conjugate N–C–N of bonds. In
he presence of hemoglobin, however, a red shift of its emission

i
p
M

Fig. 6. 57Fe Mossbauer spectra of hemoglobi
75 (2008) 1270–1278 1275

avelength from 421 nm to 435 nm was observed, indicating
he variation of the �–�* conjugate of the N–C–N bonds of
he cationic Btmsim+ group, i.e., covalent coordination between
he cationic Btmsim+ and the iron atom in heme resulted in the
hange of the �–�* conjugate configuration, as illustrated in the
nsert.

.4.4. Evidence from 57Fe Mossbauer spectra
To identify that the cationic Btmsim+ group was covalently

ond to the iron atom in heme group, 57Fe Mossbauer spec-
ra of hemoglobin and Btmsim+–heme adduct/complex were
easured at room temperature (Fig. 6). The parameters of

emoglobin related to �-Fe were calculated as (IS, isomer
hift) = 0.2348 mm s−1, (QS, quadrupole split) = 0 mm s−1, with
half-line width of the spectra of 0.9442 mm s−1. On the other
and, the corresponding parameters of Btmsim+–heme complex
ere obtained as IS = 0.2161 mm s−1, QS = −0.055 mm s−1

ith a half-line width of 0.7694 mm s−1. The error limits of
S and QS were 0.001 mm s−1 and 0.002 mm s−1, respectively.

Although the recorded 57Fe Mossbauer spectra for
emoglobin and Btmsim+–heme complex at room temperature
oth exhibit singlet states, an obvious decrease on the IS value
f the Btmsim+–heme complex was observed as compared to
hat of hemoglobin. The decline of IS value could be attributed
o indirectly decrement in the d-electron density of the iron
tom [39,40]. When nitrogen atom in the cationic Btmsim+ was
ond to iron atom in the heme group, the cationic Btmsim+ lig-
nd tends to serve as an electron acceptor because the empty
rbital of nitrogen in cationic Btmsim+ was lack of electron,
hus transfer of electron density occurred from a filled d-orbital
f iron atom into an empty orbital of nitrogen in the cationic
tmsim+, which resulted in an decrement of electron density of

ron atom in the heme group. In addition, a slight quadrupole split
as also encountered in the Btmsim+–heme complex, which

howed a variation of the symmetry of electron density in the
ron atom with respect to that in hemoglobin. Furthermore, the
ron and nitrogen atom in the Btmsim+–heme complex was per-
endicular to the heme plane [41,42]. As a summary, the 57Fe
ossbauer spectra provided an overall picture of the bond char-

n and Btmsim+–heme adduct/complex.
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Fig. 7. (A) CD spectra of hemoglobin at the level of 200 ng �L−1. (B)

cter between the cationic Btmsim+ ligand and the iron atom,
hat is, the Btmsim+ ligand was perpendicularly bond to iron
tom during the extraction process.

.4.5. The importance of the sixth coordinating position of
ron atom in heme group

It has been demonstrated that hemoglobin can be quanti-
atively extracted into BtmsimPF6 via covalent coordination
etween Btmsim+ and iron atom in heme group. However, when
reating cytochrome c similarly, a direct extraction efficiency
f only ca. 10% was achieved under identical experimental
onditions. An obvious difference between hemoglobin and
ytochrome c is that in the former case the ferrous iron in heme
roup provides a sixth vacant coordinating position for bind-
ng other small molecules, while in the case of cytochrome
, the ferric iron coordinates with two strong-field protein
igands, i.e., histidyl-18 and methionyl-80 [43], which pro-
ides no vacant coordinating positions for external molecules.
he circular dichroism (CD) spectra of hemoglobin and native
ytochrome c showed clearly the difference of the oxidation
tates of iron. Fig. 7A and B illustrates the Soret region CD
pectra of hemoglobin and cytochrome c in aqueous solution. A
ositive peak at 420 nm was observed from hemoglobin, while
negative peak at 420 nm along with a positive peak at 404 nm
ere recorded for cytochrome c.
According to the extraction mechanism if a coordinating posi-

ion in cytochrome c is available for binding other molecules,
.g., Btmsim+, the extraction of cytochrome c into BtmsimPF6
ill be feasible. Further experiments indicated that an extrac-

ion efficiency of 85% was obtained for cytochrome c at the
evel of 5 ng �L−1 by adjusting the aqueous solution to pH 1.
n this case, as illustrated in Fig. 7B, the CD spectrum is char-
cterized by the complete disappearance of the negative Cotton
ffect and a concomitant increase in the intensity of the positive
otton effect at 404 nm. These changes indicate the cleavage of
he sixth coordinating bond between iron and the methionyl-80
ccurred, [24,43] which facilitate the formation of coordinating
ond between iron and the Btmsim+ moiety of the ionic liquid,
nd thus the transfer of cytochrome c into BtmsimPF6.

p
a
f
h

ectra of cytochrome c at the level of 200 ng �L−1. (a) pH 7; (b) pH 1.

At this stage, the effect of the solubility of ionic liquid in
ater and vice versa on the extraction of hemoglobin should
e clarified. BtmsimPF6 is highly hydrophobic and has a very
imited solubility, so far there is no evidence showing the effect
f the dissolved ionic liquid. On the other hand, there is only
inute amount of water incorporated in the ionic liquid phase.
lthough the water molecules tend to covalently coordinate with

he iron atom in heme-group, the very strong coordinating power
f the cationic Btmsim+ dominates the interaction between the
igands and the iron atom. Thus, there is no risk to neglect the
ffect of the minute amount of water in ionic liquid and vice
ersa.

.5. Extraction and separation of hemoglobin from human
hole blood

The present study provided potentials for the selective iso-
ation/separation of hemoglobin from other protein species in
iological sample matrices. Hemoglobin in human whole blood
as separated by direct extraction with BtmsimPF6 to demon-

trate the practical applicability of the procedure.
10 �L human whole blood was directly diluted with 20 mL of

eionized water without any further pretreatment. 3.0 mL of the
iluted sample was then used to mix with 600 �L of BtmsimPF6
or facilitating the extraction by shaking vigorously in an oscil-
ator for 30 min, and thereafter the two phases were separated
y centrifugation. Afterwards, the ionic liquid phase was taken
nto a 5-mL cuvette with 3 mL of SDS aqueous solution of 6%
m/v) to undergo the back extraction process as described in the
xperimental section. The aqueous solution after back extrac-

ion was employed to perform standard SDS-PAGE, in order to
valuate the efficiency of the entire extraction process.

The standard SDS-PAGE (in 12% gels) obtained were illus-
rated in Fig. 8, including those for human whole blood,
emoglobin isolated from human whole blood employing the

resent procedure, standard hemoglobin solutions before and
fter undergoing the extraction process. It is obvious that quite a
ew bands were recorded within the range of ca. 6.5–116 kDa for
uman whole blood without treatment, which might be attributed
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Fig. 8. The standard SDS-PAGE. 1, human whole blood without treatment;
2, hemoglobin isolated from human whole blood with the present extrac-
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ion/back extraction procedure; 3, 250 ng �L standard hemoglobin solution;
, 250 ng �L−1 standard hemoglobin solution undergoing the present extrac-
ion/back extraction procedure.

ainly to albumin, transferrin, heme proteins and ceruloplas-
in. After extraction by BtmsimPF6 and back extraction into

queous phase, it is clearly showed that there is only a single
and of hemoglobin left at ca. 14 kDa, indicating that selec-
ive separation of hemoglobin from human whole blood was
chieved.

. Conclusions

The selective extraction/separation of hemoglobin by
mploying ionic liquid BtmsimPF6 was reported for the first
ime. A quantitative extraction of hemoglobin at the level of
00 ng �L−1 or less could readily be achieved without any coex-
sting additives/extractants. The extraction of hemoglobin was
acilitated by the coordination of the cationic Btmsim+ moi-
ty of ionic liquid and the iron atom in the heme group. The
resent observation provides a potential procedure for direct iso-
ation of heme-proteins from complex biological sample matrix,
hile the avoidance of toxic organic solvents tends to offer
io-compatibility of the procedure. The selective separation of
emoglobin from human whole blood demonstrated the practical
pplicability of the present procedure.
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bstract

This paper reports on the development of a novel electrochemical assay for Zn2+ in human sweat, which involves the use of disposable screen-
rinted carbon electrodes (SPCEs). Initially, SPCEs were used in conjunction with cyclic voltammetry to study the redox characteristics of Zn2+

n a selection of supporting electrolytes. The best defined cathodic and anodic peaks were obtained with 0.1 M NaCl/0.1 M acetate buffer pH 6.0.
he anodic peak was sharp and symmetrical which is typical for the oxidation of a thin metal film on the electrode surface. This behaviour was
xploited in the development of a differential pulse anodic stripping voltammetric (DPASV) assay for zinc. It was shown that a deposition potential
f −1.6 V versus Ag/AgCl and deposition time of 60 s with stirring (10 s equilibration) produced a well-defined stripping peak with Epa = −1.2 V
ersus Ag/AgCl. Using these conditions, the calibration plot was linear over the range 1 × 10−8 to 5 × 10−6 M Zn2+. The precision was examined

−6
y carrying out six replicate measurements at a concentration of 2 × 10 M; the coefficient of variation was calculated to be 5.6%. The method
as applied to the determination of the analyte in sweat from 10 human volunteers. The concentrations were between 0.39 and 1.56 �g/mL, which

grees well with previously reported values. This simple, low-cost sensitive assay should have application in biomedical studies and for stress and
atigue in sports studies.

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

Changes in the concentration of zinc in biological fluids may
e used as wide-ranging marker for a range of medical condi-
ions from physical fatigue to immunosuppression [1]. Zinc is
nvolved in cellular respiration, DNA replication, maintenance
f cell membrane integrity and free radical scavenging. It is
nvolved in the structure and activity of over 300 enzymes within
he human body [2] and has a significant role in reducing apop-
osis [3]. Zinc concentrations in plasma and saliva have been
he subject of extensive research. However, has been reported
hat intrusive methods, e.g. using hyperdermic syringes for the

ollection of a biological fluids may cause significant interfer-
nce to the analyte [4,5]. In order to avoid this problem, the use
f sweat as the sample may offer the possibility of using non-

∗ Corresponding author. Tel.: +44 117 3282469; fax: +44 117 3282904.
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); Disposable; Screen-printed carbon electrode (SPCE); Sweat

nvasive methods for the measurement of zinc in human samples.
e considered that it should be possible to collect sweat by using
suitably constructed sweat patch. As electrochemical methods
ave been successfully applied to zinc determinations in a vari-
ty of matrices, we considered that this approach might offer
dvantages in the current investigation.

The feasibility of using anodic stripping voltammetry (ASV)
or the determination of zinc concentrations in the analysis
f biological fluids has been demonstrated using mercury-
ased electrodes [6]. However, the toxic nature of mercury
recludes its use for wide-scale routine analysis [7]. Dispos-
ble screen-printed carbon electrodes (SPCEs) are inexpensive
nd reproducible and may provide a viable and practical system
or rapid measurements. Such electrodes have previously been
sed in other applications involving the electrochemical deter-
ination of trace metals in varied media including biological

uids [8]. Modified and unmodified SPCEs have been success-
ully used for the determination of copper in serum [9] and lead
n potable and pond water [10,11] using ASV techniques.
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The purpose of the present study was to explore the pos-
ibility of developing a stripping voltammetric assay for zinc
ons (Zn2+) in human sweat using a disposable screen-printed
arbon electrode. However, it has been reported that zinc is dif-
cult to measure due to its very negative reduction potential
12]. Consequently, cyclic voltammetry (CV) was initially used
o investigate the electrochemical behaviour of Zn2+ in a wide
ange of supporting electrolytes using a bare SPCE. The support-
ng electrolyte significantly alters the redox characteristics of
inc in solution [13]. The most suitable electrolyte was selected
n the basis of the most sensitive anodic signal produced on
he reverse scan. The optimum instrumental conditions for the
ifferential pulse anodic stripping voltammetry (DPASV) mea-
urement of zinc were then deduced. The zinc concentrations
f sweat patch extracts were successfully determined using the
ptimised conditions. This paper describes the results of these
tudies.

. Experimental

.1. Reagents and materials

All reagents were of analytical grade. The zinc nitrate,
odium acetate, acetic acid, hydrochloric acid, potassium chlo-
ide, nitric acid, potassium nitrate were supplied by Sigma
Dorset, UK). Sodium dihydrogen orthophosphate, di-sodium
ydrogen orthophosphate and tri-sodium orthophosphate was
upplied by VWR International (Lutterworth, UK). Deionised
ater was obtained from a Purite Select Analyst 80 System

Purite, Oxfordshire, UK). Screen-printed carbon electrodes
ere comprised of working electrodes based on carbon D14

nk with an area of 4 mm2 (C10903D14) and were obtained
rom Gwent Electronic Materials Ltd. (GEM, Pontypool,
K) on a PVC support with an Ag/AgCl counter/reference

lectrode.
CV was carried out with an EG&G Polarographic Analyzer

65A (EG&G Princeton Applied Research, Princeton, USA)
n conjunction with a Hewlett-Packard 7047A chart recorder
Hewlett-Packard, London, UK). CV was performed between
n initial potential of −1.60 V and a switching potential of
0.00 V with a scan rate of 50 mV s−1. Optimisation studies
ere completed to select the most appropriate electrolyte using
mL aliquots of 0.1 M solutions of each electrolyte for each

tudy. SPCEs were used for single measurements only. DPASV
as performed with a Pstat10 potentiostat (Autolab, Slough,
K) interfaced to a PC for data acquisition via the General Pur-
ose Electrochemical System Software Package (GPES) version
.4 (Eco Chemie B.V., Netherlands). DPASV was performed
ith an initial potential of −1.60 V and a final potential of
0.00 V. The optimum initial potential and deposition time were
etermined with an equilibration time of 15 s and a scan rate
f 50 mV s−1. Optimisation, calibration and recovery measure-
ents were taken in triplicate using a fresh SPCE for each

easurement. The solution was stirred during deposition using a
agnetic stirrer (Barloworld Scientific Ltd., Staffordshire, UK).
he influence of the potential interfering compounds was also
tudied.

0
t
s
T
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.2. Sweat zinc collection

55 mm diameter Whatman 540 cellulose filter papers (What-
an International Ltd., Kent, UK) were used for the collection

f sweat. A stack of four filter papers were used in each patch
djacent to the skin. The filter papers were covered by labora-
ory sealing film (Duraseal, Diversified Biotech, Boston, USA)
ith approximately a 2 cm overlap on each side. The patch was
eld in place with a 7.5 cm cohesive bandage (General Medi-
al, Aldershot, UK). Sweat patches were placed on the front of
he forearm of each participant approximately 2 cm below the
lbow immediately prior to the exercise period. The individuals
ycled on a Cateye Ergociser EC 1200 (CatEye Co., Inc., Osaka,
apan) at a constant cadence of 60 rpm. The calculated target
ulse was measured with an integral photo-optic pulsimeter and
aintained automatically by adjustment of the work required to

urn the pedals. The target pulse was estimated at 70% or 80%
f the optimum pulse. Resistance was automatically adjusted to
aintain pulse at the target pulse ±3 bpm for the duration of

he exercise. The exercise period lasted for 20 min in total after
hich the sweat patches were removed.
The filter papers from each sweat patch were immediately

eighed and dried at 4 ◦C in a desiccator. A 3 cm2 sub-sample
f each sweat patch was then extracted by agitating in 4 mL of
he supporting electrolyte, for 60 min. The extracts were then
laced in an ultrasonic water bath for 1 min, shaken and then
eturned to the ultrasonic water bath for one additional minute.
he filter paper was then removed from the extract and the extract
nalysed. The extract was placed in a 10 mL beaker that had
reviously been cleaned with concentrated nitric acid and rinsed
horoughly with deionised water before drying. The DPASV

easurement was then taken with a SPCE in conjunction with
n Ag/AgCl counter/reference electrode.

. Results and discussion

.1. Cyclic voltammetric behaviour of zinc at bare SPCEs

The redox characteristics of Zn2+, at bare SPCEs, was
nvestigated in various supporting electrolytes using cyclic
oltammetry. Fig. 1 shows a selection of the cyclic voltammo-
rams (CVs) obtained in several buffers, KCl and HCl. It can
e seen that the CV obtained with 0.1 M acetate pH 6.0 shows
learly visible reduction and oxidation peaks; the latter is sharp
nd symmetrical which is typical for the oxidation of a thin metal
lm on an electrode surface. Such behaviour is a pre-requisite
or the development of sensitive anodic stripping voltammetric
ethods. The cyclic voltammograms obtained with the remain-

ng buffers did not show such a well-defined anodic peak,
hereas that obtained with HCl was quite sharp but the ipa
as difficult to measure. The magnitudes of the anodic peaks
btained with a total of nine supporting electrolytes are sum-
arised in Fig. 2. While the largest ipa for zinc was obtained with
.1 M HCl the precision (coefficient of variation) with which
his peak could be measured was 32.8%; however, the preci-
ion of the ipa values obtained with acetate buffer was 6.1%.
herefore, we initially considered that the latter would offer the
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ig. 1. Cyclic voltammograms for a selection of electrolytes containing 1 mM
H 6–8 and (d) 0.1 M HCl.

est compromise between sensitivity and reproducibility in the
evelopment of an anodic stripping voltammetric procedure for
he target metal ion.

.2. Effect of NaCl addition and voltammetric waveform on
he oxidation peak of zinc

During our optimisation studies, it occurred to us that, follow-
ng the collection and processing of sweat samples (discussed

ater), the final solutions subjected to ASV would contain chlo-
ide ions. Therefore, we decided to investigate the effect of
his anion, added to acetate buffer pH 6.0, on the voltammetric
ehaviour of Zn2+.

ig. 2. Magnitudes of anodic peaks obtained by cyclic voltammetry in nine
lectrolytes containing 1 mM Zn2+.
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(a) 0.1 M acetate buffers pH 4–6, (b) 0.1 M KCl, (c) 0.1 M phosphate buffers

Fig. 3a shows the CV obtained with 10−6 M Zn2+ in a sup-
orting electrolyte comprising 0.1 M NaCl/0.1 M acetate buffer
H 6.0, and for comparison Fig. 3b shows the same concentra-
ion of Zn2+ in acetate buffer pH 6.0 only. Clearly, the former
ow shows a well-defined cathodic peak with a greater current
agnitude than the latter; the oxidation peak also shows a signif-

cant enhancement in current magnitude as a result of the greater
eposition of Zn atoms. One explanation for the improvement in
he definition and size of the cathodic peak is that the reduction
f Zn2+ is facilitated when this cation forms weak complexes
ith both acetate and Cl− ions. Other workers [13] have sug-
ested that Zn2+ can form complexes with Cl− and Ac− with
quilibrium constants of 100.96 and 100.66, respectively. In our
tudy, we did not observe a well-defined cathodic or anodic peak
n KCl only (Fig. 1) which suggests that both ions are required
o give an improvement in redox behaviour at our SPCEs. We
onsidered that this phenomenon could be very beneficial in
mproving the sensitivity of our proposed assay. However, we
ondered whether phosphate buffer pH 6.0 with added Cl−,
ight also produce improved cyclic voltammetric behaviour for
n2+. Fig. 3c shows that the anodic peak current had increased

n magnitude compared to the same phosphate buffer with-
ut added Cl− (Fig. 3d), but it was considerably smaller than
he ipa shown in Fig. 3a (0.1 M NaCl/0.1 M acetate buffer pH
.0). Consequently, we considered that a supporting electrolyte
omprising acetate buffer pH 6.0 with added Cl− would pro-
uce well-defined stripping voltammetric peaks in our proposed
ssay.

At this stage, we decided to investigate the differential pulse

aveform with anodic stripping voltammetry as it often offers
etter sensitivity and resolution than the linear sweep wave-
orm. Fig. 4b shows a differential pulse stripping voltammogram
DPASV) obtained with 10−6 M Zn2+ in 0.1 M NaCl/0.1 M
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Fig. 3. Cyclic voltammograms obtained in electrolyte solutions containing 1 mM: (a) 0.1 M NaCl/0.1 M acetate buffer pH 6.0, (b) 0.1 M acetate buffer pH 6.0, (c)
0.1 M NaCl/0.1 M phosphate buffer pH 6.0 and (d) 0.1 M phosphate buffer pH 6.0.

acetate buffer pH 6.0 and (b) 0.1 M NaCl/0.1 M acetate buffer pH 6.0.
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Fig. 4. DPASV of electrolytes containing 10−6 M Zn2+: (a) 0.1 M

cetate buffer pH 6.0. Clearly, one well-defined anodic stripping
eak was obtained under the conditions described in Section 2.
or comparison, Fig. 4a shows a DPASV obtained under the
ame conditions as for Fig. 4b except that NaCl was omitted; it
s readily apparent that the addition of Cl− significantly enhances
he magnitude of the Zn oxidation peak.

In order to deduce the optimum concentration of chloride ions
o be added to the acetate buffer, a DPASV study was performed
ith different NaCl concentrations. Fig. 5 shows a plot of the
PASV peak currents versus the added Cl− concentration. From

his we considered that 0.1 M Cl− would be appropriate for our
roposed assay.

.3. Optimisation of DPASV conditions and calibration

tudy

The effect of the deposition potential (Ed) on the magnitude
f the DPASV peak current was studied using a solution con-

Fig. 5. Effect of Cl− ions on the DPASV peak currents for 0.1 M NaCl/0.1 M
acetate buffer pH 6.0 solution containing 2 × 10−5 M Zn2+.
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Fig. 7. Effect of deposition time on the magnitude of DPASV peak currents in
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strated the possibility of applying DAPSV to the analysis of Zn2+

in human sweat.
ig. 6. Effect of deposition potential on the magnitude of DPASV peak currents
n solutions containing 2 × 10−6 M Zn2+ in 0.1 M NaCl/0.1 M acetate buffer pH
.0 solution.

aining 2 × 10−6 M Zn2+ in 0.1 M NaCl/0.1 M acetate buffer pH
.0. Fig. 6 shows a plot of the resulting ipa of the Zn stripping
eak, with Ep = −1.2 V, using a deposition time (td) of 60 s. The
agnitude of the peak obtained using an Ed value of −1.7 V was

he largest; however, the precision obtained with separate SPCEs
as calculated to be 28.1% (n = 3). Consequently, we selected a
eposition potential of −1.6 V for further studies as the ipa was
nly slightly smaller but the precision was much better (5.0%,
= 3), than that obtained with Ed = −1.7 V.

The effect of deposition time (td) on the magnitude of the
PASV peak current was examined using a solution with the

ame composition as described above. Fig. 7 shows a selec-
ion of the DPASVs obtained at different td values and fixed
d value of −1.6 V. The magnitude of the peak current, with
pa = 1.2 V can be seen to increase with deposition time; the

nset shows that the peak current becomes constant above a td
alue of about 250 s. We decided to select a td of 60 s for fur-
her studies as this was on the linear portion of the ip versus

d plot; consequently, for concentrations of Zn2+ below 10−6 M
he currents should be linearly dependent on Zn2+ concentra-
ion. It should also be possible to use the standard addition

ethod, which requires a linear relationship between ip and
oncentration for our later studies involving sweat. It should
e mentioned that at a deposition time of 300 s a small oxi-
ation peak begins to appear at −1.4 V and a small shoulder
t −1.1 V. One explanation for the appearance of the more
egative peak is that this arises as a result of stripping zinc
toms from a monolayer deposited onto the carbon electrode;

Zn2+ + 2e−
Ep of stripping peak

→ Zn-carbon electrode
−1.1 V

→ Zn–Zn-carb
−1.
herefore, these atoms require higher energy for the oxidation
rocess to occur. The peak occurring at −1.4 V is probably the
esult of the oxidation of a zinc layer with a slightly smaller
attice energy. Such behaviour has been previously reported by

F
6

olutions containing 2 × 10−6 M Zn2+ in 0.1 M NaCl/0.1 M acetate buffer pH
.0 solution.

ur group in an investigation involving stripping voltammetric
ehaviour of lead [10]. This may be summarised in the following
cheme:

ectrode → Zn–Zn-carbon electrode (decreased lattice energy)
−1.4 V

A calibration study was carried out using Zn2+ standards
repared in 0.1 M NaCl/0.1 M acetate buffer pH 6.0. These stan-
ards were subjected to DPASV using the optimised td and Ed
alues and a fresh SPCE for each measurement. Fig. 8 shows a
alibration plot obtained for Zn2+ between 0.5 and 10 �M and
nset between 10 nM and 0.5 �M. From these plots, we deduced
hat the linear range was between 10 nM and 5 �M. The detec-
ion limit calculated as the noise multiplied by three was 6.67 nM
ith a confidence limit of 2.26 nM (n = 6). This study demon-
ig. 8. Calibration plot for Zn2+ analysis in 0.1 M NaCl/0.1 M acetate buffer pH
.0 by DPASV; Ed = −1.6 V, td = 60s.
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Table 1
Recovery of Zn2+ from dried sweat patches extracted using a variety of
extractants

Extractant Zn2+ recovery (%)

Deionised water 8.0
0.1 M HCl 49.7
0.1 M acetate buffer pH 6.0 86.8
0.1 M acetate buffer pH 5.0 71.2
0.1 M acetate buffer pH 4.0 67.4
0.1 M acetate buffered saline pH 6.0 95.0
0.1 M acetate buffered saline pH 5.0 80.0
0.1 M acetate buffered saline pH 4.0 75.0
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ig. 9. Concentration of Zn2+ in the sweat of 10 individuals extracted from dried
weat patches following controlled exercise.

.4. Recovery of Zn2+ from sweat patches and analysis of
uman sweat by DPASV

In order to determine the optimum solution for the extrac-
ion of Zn2+ from the sweat patches, a fixed volume of 0.25 mL
f 10−4 M Zn(NO3)2 was deposited on to sweat patches and
llowed to dry. These were then extracted with 4 mL of the cho-
en electrolyte as described earlier, and the resulting solution
ubjected to DPASV; the concentration of Zn2+ was determined
y reference to calibration graphs. Table 1 summarises the recov-
ries calculated for each solution, and from this data it was
oncluded that 0.1 M NaCl/0.1 M acetate buffer pH 6.0 provided
he highest recovery; consequently, this was used for the assay
f human sweat.

Human volunteers (5 males and 5 females) were involved in
ur study to determine the endogenous level of Zn2+ in sweat.
he protocol is described in detail in Section 2. Fig. 9 shows

he calculated concentration of Zn2+ in the sweat of 10 individ-
als involved in the study. It should be added that apart from
ne subject these concentrations fall within the range reported

n the literature [14,15]. This data indicates that our proposed
PASV assay using disposable SPCEs holds promise for the
easurement of Zn2+ in sweat of human subjects and may find
ide application in sports science as well as biomedical studies.

[

[
[
[

(2008) 1221–1226

lthough, we used an exercise protocol to obtain sweat samples,
t should be feasible to use other methods, e.g. iontophoresis or
auna [6] depending on the purpose of the analysis.

. Conclusions

We have investigated the redox characteristics of zinc
t SPCEs prepared from a commercial ink preparation
C10903D14) and found that well-defined oxidation peaks could
e obtained in 0.1 M NaCl/0.1 M acetate buffer pH 6.0. It was
hown that one well-defined anodic stripping peak could be
btained at a potential of −1.2 V versus Ag/AgCl, using a depo-
ition potential of −1.6 V versus Ag/AgCl. We believe that this
eak results from the oxidation of a multilayer of zinc atoms,
hich are deposited onto a monolayer of zinc atoms, previ-
usly deposited onto the carbon electrode surface. It should be
entioned that, in an earlier report it was stated that zinc is
notoriously difficult metal to determine because it deposits

nd strips with hydrogen evolution [12]. However, our inves-
igation into the effects of chloride ions revealed that greatly
mproved reduction and oxidation peaks are obtained when this
nion is incorporated into the acetate buffer; this behaviour could
e exploited for the determination of low-levels of zinc using
PASV.
We have shown that the DPASV assay could be readily

pplied to the measurement of Zn2+ in human sweat samples.
he collection of sweat was performed using a novel sweat patch
ttached to the subject’s forearm, then removed and extracted
sing the optimised electrolyte; DPASV was carried out directly
n this extraction solution. A deposition time of only 60 s was
equired in the determination of zinc in all of these samples. The
inc levels found using our new DPASV assay was found to fall
ithin the range of values reported in the literature [14,15].
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bstract

A bielectrode array comprising a jalpaite membrane (i.e., Ag1.5Cu0.5S) copper(II) ion-selective electrode (ISE) and chalcogenide glass mem-
rane (i.e., Fe2.5(Se60Ge28Sb12)97.5) iron(III) ISE has been assembled by individually wiring each solid-state sensor into a single electrode body.
urthermore, a dual metal ion buffer calibration standard incorporating copper(II) and iron(III) coordinating ligands to regulate the levels of free
opper(II) and iron(III) in the buffer has been developed to enable simultaneous calibration of the bielectrode ISE array. In this work, the bielectrode
SE array has been employed in the continuous flow analysis (CFA) of free copper(II) and iron(III) in seawater media. It is shown that the individual

−15 −5 2+
lectrodes displayed Nernstian response in the metal ion buffer calibration standard over a wide dynamic range (viz., 10 to 10 M aCu and
0−21 to 10−11 M aFe3+), and the results of repetitive CFA analyses of free copper(II) and iron(III) in seawater are commensurate with the typical
alues found in coastal seawater samples. Clearly, the bielectrode ISE array may be used in the simultaneous analysis of free copper(II) and iron(III)
n seawater without fear of cross-interference between the solid-state sensors.

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

Despite the possibility of using ion-selective electrodes
ISEs) in the analysis of environmentally important trace met-
ls such as copper(II) and iron(III), a past misconception has
een that ISE devices lack the sensitivity and selectivity needed
or the analysis of trace analytes in complex and challenging
amples such as seawater.

Notwithstanding, there were several excellent papers in the
970s and 1980s [1–4] demonstrating that it is possible to use a
rystalline membrane copper ISE in the analysis of nanomolar
evels of copper in natural waters, as long as the ISE is han-
led correctly, so as to minimize the dissolution of the ISE and

he concomitant carry-over of copper from sample to sample.
learly, these seminal papers laid the foundations for the use of

olid-state membrane ISEs in environmental analysis.
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Seawater

The great virtue of ISEs in environmental analysis is their
bility to sense the free metal ion activity, which is widely rec-
gnized as a master variable governing the uptake and toxicity of
etals by biota [5], thereby providing an analytical technique

apable of monitoring the impact of trace metal inputs in the
nvironment. Notably, the free metal content of environmental
aters is regulated by the metal buffering ability of the natural
ater [5], as dictated by the inorganic and organic speciation of
etals in the sample, and this is a critical factor in determining

he fates of trace metals in the marine environment.
Copper is a major trace metal in the environment due to its

xtensive use in antifouling paints, and poses a serious environ-
ental threat at high levels due to its toxicity [6]. Essentially,

opper is an essential trace metal nutrient at ambient levels [7,8],
nd it has been demonstrated on a variety of aquatic organisms
7–11] that the toxicity of copper on marine biota is related to
ree copper(II) or Cu2+, not the concentration of total dissolved
opper. This is the single most important feature that makes the

opper ISE so attractive in environmental science leading to con-
iderable research in the development of copper ISE methods for
he analysis of natural samples (i.e., seawater, lakes, rivers, soils,
tc.) [1–4,6–9,12–24].
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Iron is an important limiting trace metal nutrient in marine
aters [25–27], as it limits the growth of phytoplankton and
iomass production in the ocean. Since iron finds its way into
arine environments by atmospheric dust deposition and by

pwelling of water, it is present at very low levels in isolated
reas such as Antarctica, and this was demonstrated clearly in
n iron fertilization event in The Southern Ocean that led to a
hytoplankton bloom in the fertilization zone [28,29].

A seminal paper by Zirino et al. [13] has demonstrated the
ositive influence of hydrodynamic flow [either at a rotating disc
lectrode or in a continuous flow analysis (CFA) flow-cell] in
owering the detection limit of the jalpaite membrane copper(II)
SE [13] to nanomolar levels, and this led to the conclusion that
SE determinations of trace metals in seawater are undertaken
deally in a flow-injection analysis (FIA) or CFA analysis mode.
ccordingly, Eriksen et al. [20] developed a CFA method for

he analysis of free and total copper in Pacific Ocean seawater,
nd found that the total copper levels obtained by ISE poten-
iometry in acidified seawater compared favourably with those
etermined using graphite furnace atomic absorption spectrom-
try (GFAAS). Furthermore, De Marco et al. [30] developed
chalcogenide glass membrane iron(III) ISE CFA method for

he determination of free iron(III) in acidified and UV photo-
xidized Southern Ocean or open ocean seawater, and found that
he CFA ISE method yielded a log(aFe3+) value for 10 repet-
tive injections of seawater that correlated brilliantly with the
xpected iron(III) speciation calculated using a inorganic speci-
tion model for seawater. Clearly, the results of these previous
tudies have demonstrated the power of CFA in the ISE analysis
f free copper(II) and iron(III) in seawater.

The present study integrates the aforesaid copper(II) and
ron(III) ISE-CFA analysis techniques into a single “all
olid-state” bielectrode array method including conventional
opper(II) and iron(III) ISEs, so as to enable the simultaneous
nalysis of free copper(II) and iron(III) in seawater. This tech-
ique is likely to appeal to environmental analytical scientists
ince copper(II) is a potent environmental threat due to its exten-
ive use in antifouling paints [6], while iron(III) is a limiting
utrient that regulates the growth of phytoplankton and biomass
roduction in the ocean [25–27]. This represents a significant
mprovement in methodology since it will enable simultaneous
nd rapid determinations of these environmentally important
nalytes in marine waters within approximately a minute, as
pposed to lengthy analyses of >10 min duration while each ana-
yte is assayed separately using single electrodes (i.e., >20 min
or copper(II) and iron(III) or n analytes X > 20 min), especially
f a tested and proven extrapolation method is used to estimate
he steady-state CFA signals of the ISEs using the first minute
f simultaneously recorded potential time transients in a sample
20,30]. In this context, we have used the previously published
lectrode array approach of Shatkin et al. [31] in the fabrication
f a bielectrode ISE array [see Fig. 1 for a schematic diagram of
he copper(II) and iron(III) bielectrode array]. Clearly, this study

as necessitated the development of a combined copper(II) and
ron(III) calibration buffer, and a study of the CFA potentio-

etric response characteristics of the bielectrode array in the
alibration buffer was deemed necessary to ascertain if there are

a
a
r
a

ig. 1. A schematic diagram showing the independent wiring of copper(II) and
ron(III) ISEs into a single solid-state ISE array.

ny cross-interference and cross-contamination effects from one
lectrode to the other in a combined metal ion buffer solution.
ast, a CFA analysis of raw seawater was undertaken to ascertain

he suitability of the new bielectrode array for the simultaneous
etermination of free copper(II) and iron(III) in seawater.

. Experimental

.1. Copper(II) and Iron(III) ISE membranes

The Cu(II) ISE membrane was prepared according to the
rocedure described elsewhere by Heijne et al. [32]. This pro-
edure involves the slow addition of a solution consisting of
.02 mole of Cu(NO3)2 and 0.04 mole AgNO3 (50 mL) drop
ise to 1 M Na2S (72 mL) to produce jalpaite (Cu0.5Ag1.5S)
owder. The above-mentioned solutions were cooled to 2 ◦C
efore addition, and the resultant precipitate and supernatant
ere gradually heated to 70–75 ◦C for 40 min and maintained at

hat temperature for an additional 30 min. The precipitate was
ashed four times with deionized water (200 mL) at 70 ◦C fol-

owed by one time in 0.1 M nitric acid (100 mL) at 70 ◦C. The
recipitate was rinsed with Milli-Q water at room temperature
o remove any acid from the precipitate, and the filtered powder
as rinsed with acetone prior to drying at 80 ◦C. A pressed disk
as prepared from the jalpaite powder by applying a pressure
f 7600 kg cm−2, and it was fashioned into a small disk that is
uitable for use in the bielectrode ISE array using emery paper.

The chalcogenide glass membrane Fe(III) ISE with a com-
osition Fe2.5(Se60Ge28Sb12)97.5 [33] was prepared by mixing
ppropriate amounts of the pure metallic powders [viz., iron
96% purity, Ajax Chemical Co.), selenium (99.5% purity,
ldrich), germanium (99.99% purity, Aldrich) and antimony

99.999% purity, Aldrich)] in a Vycor ampoule (6-cm long, 13-
m diameter, 1-mm thickness). A total weight of 3 g was used,

nd the evacuated ampoule was sealed prior to heating. The
mpoule was heated for 24 h at 1030 ◦C followed by cooling to
oom temperature in air [33]. The resultant glass was annealed
t 240 ◦C for 2 h to remove any stress in the glass [33]. The
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water (>18 M� resistivity). The electrode was equilibrated with
a sacrificial pCu ≈ 15 and pFe ≈ 22 prior to the analysis of
each seawater sample, thereby minimizing the electrode carry-
236 R. De Marco, J. Martizano

lass was shaped into a small disk for use in the bielectrode ISE
rray.

.2. Assembly of the bielectrode ISE

The bielectrode ISE was assembled by incorporating both
he jalpaite membrane copper(II) ISE and chalcogenide glass

embrane ISE into a single electrode body (see Fig. 1). The indi-
idual membranes were attached to separate copper wires using
ilver epoxy contacts, noting that the electrode configuration
ould accommodate several additional electrodes [mercury(II)
nd cadmium(II) ISEs] if desired, thereby making this electrode
rray a potentially powerful research tool in environmental sci-
nce. The contacts were allowed to dry for 24 h at room temper-
ture prior to sealing both electrodes into a cylindrical Perspex
lectrode housing by using epoxy cement taking great care to
nsure that the ISEs were isolated electrically. Note, the epoxy
esin was allowed to cure for 48 h, and the bielectrode tip was
olished on 500 grit silicon carbide paper to expose the mem-
rane surface of the electrode followed by mechanical polishing
equentially on 1000 grit silicon carbide paper and on StuersTM

�m diamond spray in conjunction with StuersTM red lubricant
nd a StuersTM polishing cloth until a mirror finish was obtained.

.3. Ethylenediamine–salicylate–EDTA dual buffer for
opper(II) and iron(III)

A combined copper–iron buffer was prepared using
0−4 M FeCl3, 10−3 M Cu(NO3)2, 10−2 M sodium salicy-
ate, 1.50 × 10−2 M ethylenediamine (en), 10−4 M EDTA and
.600 M NaNO3 in Milli-Q high-purity water (>18 M� resis-
ivity). The pH was adjusted between pH 5 and 9.5 to give a
Fe range of 11–21 and pCu range of 5–15 (encompassing the
ypical pCu and pFe values of seawater) using analytical grade
eagent sodium hydroxide and/or hydrochloric acid and the solu-
ions were equilibrated at each pH for at least 30 min, with the
ree copper(II) and iron(III) levels at the equilibrium pH values
alculated using the MINTEQA2 V3.11 software obtained from
he Scientific Software Group (USA).

.4. CFA analysis with the bielectrode ISE

In CFA with the bielectrode ISE, a flow-cell obtained from
hem Flow Devices (Melbourne, Australia) was utilized (see
ig. 2 [30,34]). This flow-cell has a wall jet design that could

ake a standard size, flat-ended ISE. The reference electrode,
hich was prepared by anodizing silver wire in chloride media,
as built into the device. An AutocludeTM Model VIL peristaltic
ump was used to transport two streams of solution into the flow-
ell at a flow-rate of 5 ml/min. The calibration buffer solution
nd the sample stream passed directly below the ISE, while that
f the reference solution (0.60 M KCl) went through the side of
he device where it came into contact with the Ag/AgCl refer-

nce electrode. The two solution streams merged into one before
eaving the device as waste. All connections in the CFA manifold
ere made using TygonTM tubing (0.0449 in. i.d. and 0.1124 in.
.d.) with the fitting of 3-stop silicon tubing (2.54 mm i.d.) to

F
t
(
(

ig. 2. A schematic diagram of the wall jet flow-cell used in this CFA-ISE study.

he peristaltic pump. The CFA manifold [30,34] is presented in
ig. 3.

A freshly polished and newly calibrated ISE was employed
n all cases. Solutions were stored in polyethylene contain-
rs that had been soaked in 10 wt.% nitric acid for 2 days
rior to rinsing with copious amounts of Milli-Q high-purity
ig. 3. A schematic diagram of the CFA manifold used in this study noting
hat all connections in the CFA manifold were made using TygonTM tubing
0.0449 in. i.d. and 0.1124 in. o.d.) with the fitting of 3-stop silicon tubing
2.54 mm i.d.) to the peristaltic pump, and a flow-rate of 5 ml/min was used.
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Table 1
MINTEQA2 V3.11 equilibria used to solve for pCu and pFe in the calibration
buffer used in this study

Species Solution reaction

[Cu(en)]2+ Cu2+ + en ⇔ [Cu(en)]2+

[Cu(en)2]2+ Cu2+ + 2en ⇔ [Cu(en)2]2+

[Fe(salicylate)]+ Fe3+ + salicylate2− ⇔ [Fe(salicylate)]+

[Fe(salicylate)2]− Fe3+ + 2salicylate2− ⇔ [Fe(salicylate)2]−
[Fe(EDTA)]− Fe3+ + EDTA4− ⇔ [FeEDTA]−
Fe(HEDTA) Fe3+ + HEDTA3− ⇔ Fe(HEDTA)
[Fe(OH)EDTA]2− Fe3+ + H2O + EDTA4− ⇔ [Fe(OH)EDTA]2− + H+

[Fe(OH)2EDTA]3− Fe3+ + 2H2O + EDTA4− ⇔ [Fe(OH)2EDTA]3− + 2H+

[Fe(OH)]2+ Fe3+ + H2O ⇔ [Fe(OH)]2+ + H+

[Fe(OH)2]+ Fe3+ + 2H2O ⇔ [Fe(OH)2]+ + 2H+

Fe(OH)3 Fe3+ + 3H2O ⇔ Fe(OH)3 + 3H+

[Fe(OH)4]− Fe3+ + 4H2O ⇔ [Fe(OH)4]− + 4H+

[Fe2(OH)2]4+ 2Fe3+ + 2H2O ⇔ [Fe2(OH)2]4+ + 2H+

Hen+ Hen+ ⇔ en + H+

H2en2+ H2en+ ⇔ en + 2H+

Hsalicylate− Hsalicylate− ⇔ salicylate2− + H+

H2salicylate H2salicylate ⇔ salicylate2− + 2H+

HEDTA3− HEDTA3− ⇔ EDTA4− + H+

H2EDTA2− H2EDTA2− ⇔ EDTA4− + 2H+

H
H

p
M
w
a
c
s
s
b
d

ues in the buffer in the pH range of 5–9 are pFe = 10–21 and
pCu = 5–15, respectively. Given that free and total levels of
copper(II) and iron(III) in seawater generally fall within the
R. De Marco, J. Martizano

ver of adsorbed Cu2+ and Fe3+. A seawater sample (several
00 mL) was collected from The Aquaculture Laboratory at the
uresk Institute of Agriculture at Curtin University, and the

nfiltered and unadulterated sample (at pH 8) was used in the
SE analysis of free copper(II) and iron(III) in seawater using
FA.

. Results and discussion

.1. Copper(II) and iron(III) speciation in the calibration
uffer

Recent work by De Marco et al. [35] used electrochemical
mpedance spectroscopy (EIS)/synchrotron radiation-grazing
ncidence X-ray diffraction (SR-GIXRD) to monitor in situ the
urface chemistry of the iron(III) ISE in artificial and real sea-
ater showing that the surface crystalline phases of this sensor

i.e., metal selenides) are attacked aggressively by chloride and
ydroxide in organic-free or artificial seawater, but this delete-
ious process is suppressed significantly by the natural organic
igands in seawater. The EIS/SR-GIXRD data revealed a destruc-
ion of the surface layer of the ISE in organic-free or artificial
eawater due to a complete removal of all surface crystalline
hases, while raw seawater comprising natural organic ligands
nd a seawater ligand mimetic system containing en, salicylate,
DTA along with millimolar and sub-millimolar amounts of iron
nd copper is capable of protecting the iron(III) ISE’s surface
gainst this destructive dissolution process. In later research by
e Marco and Martizano [34], it was demonstrated that this sea-
ater ligand mimetic was capable of averting the seawater ligand

nterference on the chalcogenide glass membrane iron(III) ISE
llowing reliable determinations of free iron(III) in seawater,
nd this is the reason for its selection as the calibration buffer in
he present study.

Table 1 lists the equilibria and major species that are impli-
ated in the MINTEQA2 V3.11 calculations of the metal
peciation in the calibration buffer system. The MINTEQA2
3.11 software uses its database of equilibrium constants, K,

t zero ionic strength, I, and utilizes a so-called ion association
odel to correct to K(I) taking account of the variation in activity

oefficients, γ , as a function of I, viz.

og K(I) = log K +
∑

νlog γ

nd

og γ = −0.511Z2
√

I

1 + B
√

I
+ CI + DI3/2

here
∑

v log γ represents the sum of multiples of v log γ for
eactants minus the sum of v log γ for products, v denotes the
eaction stoichiometric coefficients, Z is the charge carried by
ach individual ion, and B, C and D are constants for each indi-

idual ion. Ultimately, the inherent algorithm in MINTEQA2
3.11 establishes and solves the appropriate mass and charge
alances associated with equilibration of all of the species pre-
ented in Table 1.

F
a

3EDTA− H3EDTA− ⇔ EDTA4− + 3H+

4EDTA H4EDTA ⇔ EDTA4− + 4H+

The free copper(II) and iron(III) levels at the equilibrium
H values in the calibration buffer were calculated using the
INTEQA2 V3.11 software obtained from the Scientific Soft-
are Group (USA). In this medium, it is evident that an

djustment of the pH leads to deprotonation/protonation of the
opper(II) and iron(III) binding ligands (i.e., ethylenediamine,
alicylic acid and EDTA) in the buffer solution influencing the
peciation of copper(II) and iron(III) in the buffer, and this
ehaviour is exemplified by the MINTEQA2 V3.11 speciation
ata for the calibration buffer that are presented in Fig. 4.

An examination of Fig. 4 shows that the pCu and pFe val-
ig. 4. The MINTEQA2 V3.11 derived speciation data in the calibration buffer
s depicted by the pCu and pFe vs. pH curves.
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Fig. 5. CFA response curves for the bielectrode ISE array in the combination
b
p
p

r
a
p
a
s
s
c
[

3
b

I
a
c
v
C
s
p
c
i
a
m

c
t
b
a
t
n
I
c
b

3

m
u

u
c
v
f
w
s
c
a
t
E
e
o
c
t
a
b
a
j
potentials of the individual ISEs following a switch into a sea-
water sample will provide a powerful method for the rapid and
reliable analysis of copper(II) and iron(III) in seawater.
uffer to stepwise changes in pCu and pFe: (a) pCu = 15.8 and pFe = 20.4; (b)
Cu = 14.7 and pFe = 19.2; (c) pCu = 11.9 and pFe = 16.4; (d) pCu = 8.3 and
Fe = 13.5; (e) pCu = 4.8 and pFe = 11.2.

anges, pCutotal = 8–10 and pCufree = 11–13 [7–11,23] as well
s pFetotal = 9.0–10.7 and pFefree = 19.5–21.2 [25–27,36,37], a
H range of 5–9 is ideally suited to provide a calibration range
pplicable to the analysis of free copper(II) and iron(III) in raw
eawater, as well as total copper(II) and iron(III) in acidified
eawater that breaks down all of the copper(II) and iron(III)
omplexes in seawater yielding the level of total dissolved metal
12,20].

.2. CFA response of the bielectrode ISE in the calibration
uffer

Fig. 5 presents the CFA response curves for the bielectrode
SE array over the pCu range of 5–15 and pFe range of 10–21,
nd it is clearly evident that the monotonic response of the
opper(II) ISE in the bielectrode array reaches a steady-state
alue within seconds of a stepwise change in the activity of
u2+ in the different buffers, while the iron(III) ISE response is

lightly slower needing about 10–100 s to achieve a steady-state
otential. Notwithstanding, a 10–100 s response time, especially
onsidering that the bielectrode ISE is simultaneously detect-
ng both copper(II) and iron(III) in the sample, is excellent
nd permits an entire calibration of the bielectrode ISE within
inutes.
Fig. 6(a) and (b) presents the CFA potentiometric response

urves for the copper(II) and iron(III) ISEs of the bielectrode in
he combined calibration buffer. It is evident that both ISEs in the
ielectrode yielded the theoretical Nernstian response obtain-
ble with these sensors, i.e., about 29 mV per decade change in
he activity of Mn+. Obviously, the combined calibration buffer is
ot inducing any electrode errors on the copper(II) and iron(III)
SEs, and there is no evidence of any cross-interference or cross-
ontamination between the copper(II) and iron(III) ISEs in the
ielectrode array.

.3. CFA analysis of seawater
It is important to note that quadruplicate CFA measure-
ents of free Cu(II) and Fe(III) concentrations in seawater

sing the bielectrode ISE and the combined buffer yielded val-
F
(

nta 75 (2008) 1234–1239

es of pCu = 12.16 ± 0.21 and pFe = 20.2 ± 0.32, noting that the
opper(II) and iron(III) ISE techniques have been validated pre-
iously [12,20,23,30,38] and that the present values compare
avourably with recent data obtained by Millero et al. [27] as
ell as Eriksen et al. [20,23] for free copper(II) and iron(III) in

eawater, respectively. It is worth noting that the CFA response
urves of the copper(II) ISE in seawater (not shown) required
bout 10 min to achieve a steady-state value, and this is consis-
ent with previous reports by Eriksen et al. [20]. Nevertheless,
riksen et al. [20] demonstrated that it is possible to employ an
lectrode kinetic model describing the response characteristics
f the ISE to extrapolate reliably the steady-state potential of the
opper(II) ISE using the first couple of minutes of the potential
ime transient following a switch to seawater, and De Marco et
l. [30] showed that this extrapolation method is also applica-
le to the iron(III) ISE. Clearly, simultaneous measurements of
nalyte concentrations using the bielectrode ISE array in con-
unction with an extrapolation method to predict the steady-state
ig. 6. CFA Nernstian response curves obtained using the bielectrode ISE array:
a) copper(II) ISE and (b) iron(III) ISE.
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. Conclusions

The results of this study demonstrate that a copper(II) and
ron(III) bielectrode ISE array and a combined copper(II) and
ron(III) calibration buffer can be used in the rapid and reliable
alibration of a CFA system within minutes. Accordingly, it
s possible to employ the calibrated bielectrode ISE array in
he CFA electroanalysis of free copper(II) and iron(III) in raw
eawater.

The sluggish response of the copper(II) ISE in seawater (with
ver 10 min equilibration times) may be averted by using an
xtrapolation method to predict reliably the steady-state poten-
ial using the initial data (first minute or so) in the potential
ime transient of a seawater sample, and this provides scope for
ample throughputs of 30–60 samples per hour.
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bstract

Phenolic profile of 10 different varieties of red “Vinho Verde” grapes (Azal Tinto, Borraçal, Brancelho, Doçal, Espadeiro, Padeiro de Basto,
edral, Rabo de ovelha, Verdelho and Vinhão), from Minho (Portugal) were studied. Nine Flavonols, four phenolic acids, three flavan-3-ols,
ne stilben and eight anthocyanins were determined. Malvidin-3-O-glucoside was the most abundant anthocyanin while the main non-coloured
ompound was much more heterogeneous: catechin, epicatechin, myricetin-3-O-glucoside, quercetin-3-O-glucoside or syringetin-3-O-glucoside.
nthocyanin contents ranged from 42 to 97%. Principal component analysis (PCA) was applied to analyse the date and study the relations between
he samples and their phenolic profiles. Anthocyanin profile proved to be a good marker to characterize the varieties even considering different
rigin and harvest. “Vinhão” grapes showed anthocyanins levels until twenty four times higher than the rest of the samples, with 97% of these
ompounds.

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

Characterization of phenolic compounds in red grapes, con-
idering both non-coloured compounds (flavan-3-ols, flavonols,
henolic acids and stilbens) and anthocyanins, have attracted
uch interest for different reasons: these substances have

emonstrated to have potential beneficial effects for health
1,2], they contribute strongly to the organoleptic characteris-
ics of grapes and therefore of the wine obtained from them

3], and they have showed to be good chemical markers to
haracterize different varieties of grapes, specially anthocyanins
4,5].

Abbreviations: PCA, principal component analysis; SLDA, stepwise lin-
ar discriminant analysis; SPE, solid-phase extraction; MeOH, methanol; HCl,
ydrochloric acid; NaOH, sodium hydroxide; C18, octadecylsilane; HPLC,
igh-performance liquid chromatography; DAD, diode array detector; SL,
olid–liquid; ODS, octadecylsilane; UV–vis, ultraviolet–visible.
∗ Corresponding author. Tel.: +351 222 078 934; fax: +351 222 003 977.

E-mail address: rseabra@ff.up.pt (R.M. Seabra).
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rde” red grapes

Additionally, the simultaneous characterization of the both
ypes of compounds in grapes is important due to their joint
ffect in the colour of wine: during the aging process of wines
ew and more stable pigments are formed [6] from the reac-
ion between anthocyanins and flavanols [7–11]. Besides, the
evels of several specific non-coloured components (including
avonols, phenolic acids and flavan-3-ols) influence the copig-
entation that can account for between 30 and 50% of the colour

n young wines [12].
Although several works have been focused on the deter-

ination, in red grapes, of either anthocyanins [4,5,13–15] or
on-coloured compounds [16–19], their simultaneously deter-
ination is not so common. Determination of non-coloured

ompounds presents the difficulty of the possible interfer-
nces caused by anthocyanins, since these also absorb at the
ame wavelengths, whereas anthocyanins can be more easily

etermined at a more specific wavelength, around 500 nm,
ithout interferences. In other hand, the anthocyanin profile
as demonstrated to be a good chemical marker for classifying
ed grapes cultivars [4,5] since anthocyanin profile seems to be
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haracteristic of the cultivar and independent of the production
rea. Non-genetic factors, such as environmental conditions or
iticultural practices have a greater effect on the concentration
f anthocyanins rather than on their qualitative/qualitative
rofile [5]. Different studies have shown that anthocyanin
rofiles were rather stable during ripening [4,5,15] and different
intages [4,5], allowing the proper classification of grapes using
ultivariate analysis of different cultivars, including grapes

f different year and maturation grade [5]. The non-coloured
henolics profile has been less used to characterize red grapes,
lthough some authors have used it like Mattivi et al. [17] and
astillo-Muñoz [19].

The determination of some non-coloured phenolics and total
nthocyanins was reported by Pastrana-Bonilla et al. [20] and
szmianzski et al. [21]. In a few studies the individual identifica-

ion of the both types of compounds was carried out employing
wo different options: either the direct chromatographic anal-
sis of the extract without any other pre-treatment [22,23] or
he analysis of two fractions, one for anthocyanins analysis and
nother for the analysis of non-coloured phenolics obtained after
he separation and purification of the initial extract [17,24]. The
dvantage of the first methodology is its simplicity, although
lower number of compounds are usually determined. For

xample, Cantos et al. [22] directly analysed the extract of
ed grapes quantifying 16 compounds including phenolic acids,
avonols and anthocyanins, but the analytical method did not
llow the individual quantification of the identified flavan-3-
ls. However, the methodology reported by Kammerer et al.
24], after modifying a method previously reported by Osmi-
nzski et al. [25], allowed the quantification of 39 phenolic
ompounds. This methodology used a first solid/liquid extrac-
ion step to extract all the phenolic compounds and two more
teps of separation and cleaning up of the non-coloured pheno-
ics extract with liquid/liquid extraction followed by solid-phase
xtraction.

“Vinho Verde” is considered a QWPSR (quality wine pro-
uced in a specified region) and is confined to the north-west
egion of Portugal. Characterization of phenolic compounds
f white “Vinho Verde” grapes has been previously reported
26,27] but as far as we know it has not been determined yet for
he red varieties, although some studies on Vinhão wine were
ublished [28,29].

The work herein aimed, at first, the selection of the most suit-
ble analytical method to determine phenolic compounds, both
nthocyanins and non-coloured phenolics, from red grapes. The
arget compounds were determined using high-performance liq-
id chromatography (HPLC) coupled to a diode array detector
DAD). Afterwards, samples of all the red grape varieties of
he “Vinho Verde” recommended by “Comissão de viticultura
a região dos Vinhos Verdes” [30] (i.e. Azal Tinto, Borraçal,
rancelho, Espadeiro, Padeiro de Basto, Pedral, Rabo de ovelha
nd Vinhão) and two authorized varieties (Doçal and Verdelho)
ere analyzed to characterize their phenolic profile. Samples
ame from three different locations in Minho (Portugal) and
ere harvested in two different years. Afterwards, principal

omponents analysis (PCA) was employed in order to analyse
he obtained data.
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. Experimental

.1. Standards and reagents

Acetic acid, acetonitrile, methanol (MeOH), ethyl acetate,
ormic acid and sodium hydroxide were obtained from Merck
Darmstadt, Germany), hydrochloric acid from Pronalab (Lis-
oa, Portugal). The water was treated in a Milli-Q water
urification system (Millipore, Bedford, MA). The ultrasonic
ath was from Bandelin (Berlin, Germany).

The phenolic compounds used as references were obtained
rom the following sources:

Caffeic acid, ferulic acid, gallic acid, 5-(hydroxymethyl)-
urfural, myricitin-3-O-rhamnoside, p-coumaric acid, quercetin-
-O-glucoside, resveratrol and syringic acid from Sigma–
ldrich (Steinheim, Germany); catechin, cyanidin-3-O-
lucoside, delphinidin-3-O-glucoside, (−)-epicatechin, epicate-
hin gallate, isorhamnetin-3-O-glucoside, kaempferol-3-O-
lucoside, kaempferol-3-O-rutinoside, malvidin-3-O-gluco-
ide, peonidin-3-O-glucoside, quercetin-3-O-galactoside,
uercetin-3-O-rutinoside and syringetin-3-O-glucoside from
xtrasynthése (Genay, France).

.2. Grape samples

Twenty-nine samples of different varieties of red “Vinho
erde” grapes were collected in September of 2005 and 2006,
n three different vineyards, one located in Famalicão and two
ocated in Ponte de Lima: Quinta de Barreiros and Quinta da
acha. The varieties under study were: Azal Tinto, Borraçal,
rancelho, Doçal, Espadeiro, Padeiro de Basto, Pedral, Rabo
e ovelha, Verdelho, Vinhão (Table 1). After harvest, the entire
rapes were stored at −20 ◦C and freeze-dried in a Labconco
.5 apparatus (Kansas City, MO).

.3. Extraction and solid-phase extraction (SPE)

The solid-phase extraction (SPE) columns used were
hromabond C18 non-end-capped (NEC) columns (50 �m par-

icle size, 60 Å porosity; 10 g sorbent mass/70 mL reservoir
olume) from Macherey-Nagel (Düren, Germany).

Two experimental procedures described in the literature were
ested, with small modifications:

.3.1. Procedure described by Oszmianski et al. [21]
Aliquots of 5 g of pulverized sample were accurately weighed

nd extracted with 100 mL of 80% MeOH for 2 h under stirring
fter flushing with nitrogen in order to prevent oxidations dur-
ng extraction. The extract was centrifuged (10 min, 4000 rpm)
nd the material was re-extracted with 100 mL of 80% MeOH
15 min). The combined supernatants were evaporated to dry-
ess under reduced pressure at 30 ◦C. The residue was dissolved
n 50 mL of deionised water and applied to the SPE cartridge

reconditioned with 20 mL of ethyl acetate, 20 mL of methanol
nd 20 mL of 0.01N HCl. The loaded cartridge was washed
ith 3 mL of HCl 0.01N. Non-coloured phenolics were eluted
ith 20 mL of ethyl acetate (fraction I). Anthocyanins were
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Table 1
Vintage, variety and origin of the “Vinho Verde” red grape samples studied

Observation Identification Year Variety Geographical origina

1 EspFam5 2005 Espadeiro Famalicão
2 PadFam5 2005 Padeiro de Basto Famalicão
3 VinFam5 2005 Vinhão Famalicão
4 AzBa5 2005 Azal tinto Ponte da Lima (Quinta Barreiros)
5 BorBa5 2005 Borraçal Ponte da Lima (Quinta Barreiros)
6 BraBa5 2005 Brancelho Ponte da Lima (Quinta Barreiros)
7 DoBa5 2005 Doçal Ponte da Lima (Quinta Barreiros)
8 EspBa5 2005 Espadeiro Ponte da Lima (Quinta Barreiros)
9 PadBa5 2005 Padeiro de Basto Ponte da Lima (Quinta Barreiros)

10 PedBa5 2005 Pedral Ponte da Lima (Quinta Barreiros)
11 RabBa5 2005 Rabo de ovelha Ponte da Lima (Quinta Barreiros)
12 VerBa5 2005 Verdelho Ponte da Lima (Quinta Barreiros)
13 VinBa5 2005 Vinhão Ponte da Lima (Quinta Barreiros)
14 BorrFa5 2005 Borraçal Ponte da Lima (Quinta Facha)
15 VerFa5 2005 Verdelho Ponte da Lima (Quinta Facha)
16 VinFa5 2005 Vinhão Ponte da Lima (Quinta Facha)
17 EspFam6 2006 Espadeiro Famalicão
18 PadFam6 2006 Padeiro de Basto Famalicão
19 VinFam6 2006 Vinhão Famalicão
20 AzBa6 2006 Azal tinto Ponte da Lima (Quinta Barreiros)
21 BorBa6 2006 Borraçal Ponte da Lima (Quinta Barreiros)
22 BraBa6 2006 Brancelho Ponte da Lima (Quinta Barreiros)
23 DoBa6 2006 Doçal Ponte da Lima (Quinta Barreiros)
24 EspBa6 2006 Espadeiro Ponte da Lima (Quinta Barreiros)
25 PadBa6 2006 Padeiro de Basto Ponte da Lima (Quinta Barreiros)
26 PedBa6 2006 Pedral Ponte da Lima (Quinta Barreiros)
27 RabBa6 2006 Rabo de ovelha Ponte da Lima (Quinta Barreiros)
2
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8 VerBa6 2006
9 VinBa6 2006

a When grapes come from different locations in the same geographical origin

luted with 40 mL of methanol containing 0.1% HCl (fraction
I).

The eluates were concentrated under reduced pressure, and
he residues obtained were dissolved in 1 mL of methanol
fraction I) and in 20 mL of acidified water, pH 3.0 (fraction
I), respectively, membrane-filtered (0.45 �m) and analyzed by
PLC-DAD.

.3.2. Procedure described by Kammerer et al. [24]
Aliquots of 5 g of pulverized sample were accurately weighed

nd extracted with 100 mL of methanol/0.1% HCl (v/v) for 2 h
nder stirring after flushing with nitrogen in order to prevent oxi-
ations during extraction. The extract was centrifuged (10 min,
000 rpm) and the material was re-extracted with 100 mL of
he same solvent (15 min). The combined supernatants were
vaporated to dryness under reduced pressure at 30 ◦C, and the
esidue was dissolved in 20 mL of acidified water (pH 3.0).
nthocyanins were analyzed by direct injection of this solution

fraction I). To analyse the non-coloured phenolics the follow-
ng procedure was used: the pH of the aqueous solution was
djusted to 1.5 and extracted four times with 50 mL of ethyl
cetate each. The combined extracts were evaporated to dry-
ess, dissolved in water and applied to the SPE cartridges after

he pH had been adjusted to 7.0. SPE cartridges were previously
ctivated with 20 mL of methanol and 20 mL of water. Phenolic
cids were eluted with 10 mL of deionised water and 10 mL of
.01% HCl (fraction II); anthoxantins and stilbenes were eluted

p
c
d
(

Verdelho Ponte da Lima (Quinta Barreiros)
Vinhão Ponte da Lima (Quinta Barreiros)

noted in parentheses.

ith 20 mL of ethyl acetate (fraction III). The eluates (fractions
I and III) were concentrated under reduced pressure, sequen-
ially in the same Erlenmeyer flask and the residue was dissolved
n 2 mL of methanol, membrane-filtered (0.45 �m) and analyzed
y HPLC-DAD.

.4. Alkaline hydrolysis of the non-coloured phenolics
xtract

Three millilitres of 2N NaOH were added to 300 �L of
ried methanolic extract obtained as previously mentioned. The
olution was kept in the dark for 4 h, acidified with HCl and
assed through a C18 Bond Elut cartridge, preconditioned with
eOH and 2N HCl. The phenolic compounds were eluted with
eOH. This solution was taken to dryness under reduced pres-

ure (30 ◦C), dissolved in MeOH, and 20 �L were analyzed by
PLC-DAD.

.5. Acid hydrolysis of the anthocyanin extract obtained

1 mL of HCl 2N was added to 900 �L of anthocyanin extract
btained by SL-SPE, and boiled with reflux during 30 min. The
btained solution was passed through a C18 Bond Elut cartridge,

reconditioned with MeOH and 2N HCl. The retained antho-
yanins were eluted with MeOH. This solution was taken to
ryness under reduced pressure (30 ◦C), dissolved in acid water
pH 3), and 20 �L were analyzed by HPLC-DAD.
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.6. HPLC-DAD analysis of phenolic compounds

The extracts were analyzed on an analytical HPLC unit
Gilson), using a Spherisorb ODS2 column (25.0 cm × 0.46 cm;
�m particle size Waters, Milford, MA, USA) with a C18 ODS
uard column.

.6.1. System I (anthocyanins)
The conditions described by Kammerer et al. [24] were

mployed. The mobile phase consisted of water/formic
cid/acetonitrile (87:10:3, v/v/v; eluent A) and water/formic
cid/acetonitrile (40:10:50, v/v/v; eluent B) using a gradient pro-
ram as follows: from 10 to 25% B (10 min), from 25 to 31%
(5 min), from 31 to 40% (5 min), from 40 to 50% B (10 min),

rom 50 to 100% B (10 min), from 100 to 10% B (5 min). Total
un time was 50 min. Flow rate of 0.8 mL min−1. The injection
olume was 20 �L.

.6.2. System II (non-coloured phenolics)
The conditions described by Kammerer et al. [24] for

nalysing phenolic acids and anthoxanthins and stilbenes were
odified to analyse all these compounds in the same anal-

sis. The mobile phase consisted of 2% (v/v) acetic acid
n water (eluent A) and 0.5% (v/v) acetic acid in water
nd acetonitrile (50:50, v/v, eluent B) using a gradient pro-
ram as follows: from 10 to 24% B (20 min), from 24 to
0% B (20 min), from 30 to 55% B (20 min), from 55 to
0% B (5 min), from 70 to 80% B (5 min), from 80 to
00% (5 min), 100% B isocratic (5 min), from 100 to 10% B
2 min). Flow rate of 1.0 mL min−1. The injection volume was
0 �L.

Detection was done using a Gilson diode array detector. The
ompounds quantified in each sample were identified compar-
ng their retention times and UV–vis spectra in the 200–600 nm
ange with individual standards.

Phenolic compounds quantification was achieved using
calibration plot of external standard at 350 nm for

uercetin-3-O-glucoside, quercetin-3-O-rutinoside, myricetin-
-O-rhamnoside, isorhamnetin-3-O-glucoside and kaempferol-
-O-glucoside; at 320 nm for p-coumaric acid, caffeic acid and
esveratrol; at 280 for catechin, (−) epicatechin, epicatechin
allate, gallic acid and syringic acid; at 500 nm for cyanidin-3-O-
lucoside, delphinidin-3-O-glucoside, peonidin-3-O-glucoside
nd malvidin-3-O-glucoside. The correlation coefficient for the
tandard curves invariably exceeded 0.99 for all studied com-
ounds.

Caftaric and coutaric acids were quantified as caffeic
nd p-coumaric acids, respectively. Quercetin-3-O-glucuronide,
uercetin-3-O-galactoside and quercetin-3-O-rutinoside were
uantified together as quercetin-3-O-rutinoside. Myricetin-
-O-glucoside, laricitrin-3-O-glucoside and syringetin-3-O-
lucoside were quantified as myricetin-3-O-rhamnoside.
olydatin was quantified as resveratrol. Petunidin-3-O-

lucoside, petunidin 3-O-p-coumaroylglucoside and malvidin
-O-p-coumaroylglucoside were quantified as malvidin-3-O-
lucoside. Peonidin-O-p-coumaroylglucoside was quantified as
eonidin-3-O-glucoside.

c
h
s

nta 75 (2008) 1190–1202 1193

The repeatability and reproducibility of the chromatographic
ethod was evaluated by measuring the peak chromatographic

rea of each compound six times on the same standard solution
n the same day and in different days, respectively. The chro-

atographic methods are precise: the repeatability study showed
elative standard deviation (R.S.D.) between 2.8 and 4.7% for
nthocyanins, and between 0.73 and 5.6% for non-coloured phe-
olics. The reproducibility study showed that R.S.D. ranged
rom 7.7 and 9.7% for anthocyanins and from 1.0 and 7.1 for
on-coloured phenolics.

.7. Statistical analysis

ANOVA and principal component analysis (PCA) were per-
ormed by SPSS Program (version 14.0). Levene’s test for
omogeneity of variance was used to assess the validity of
he ANOVA analysis. When variance homogeneity was not
cceptable, the Welch test, a one-way robust test of equality of
eans, was employed instead of ANOVA. PCA was performed

eparately for each studied chemical parameter and expressed
s percentage (weight), for both non-coloured phenolics and
nthocyanin profiles and also for the global data. Expression
n percentages was used because it is expected to diminish the
ariability due to the environment [5].

. Results and discussion

.1. Identification of compounds

Red “Vinho Verde” grapes showed a phenolic profile com-
osed by 25 identified phenolics.

.1.1. Non-coloured phenolics
17 non-coloured phenolics were identified and quantified

n most part of the samples. The identified phenolic acids
ere: gallic acid, caftaric acid, coutaric acid and syringic acid;

he flavan-3-ols were: catechin, epicatechin and epicatechin
allate; and the flavonols were: myricetin-3-O-glucoside,
uercetin-3-O-galactoside, quercetin-3-O-glucuronide and
uercetin-3-O-rutinoside, quercetin-3-O-glucoside, laricitrin-
-O-glucoside, kaempferol-3-O-glucoside, isorhmanetin-
-O-glucoside and syringetin-3-O-glucoside together with
olydatin (resveratrol-3-O-glucoside). Other compounds as
aempferol-3-O-rutinoside and p-coumaric acid were found
n some samples at trace levels. A non-phenolic compound,
-(hydroximethyl)furfural, already reported by Kammerer et
l. [24], was also identified. The HPLC-DAD chromatograms
btained for a sample at 280, 320 and 350 nm are shown in Fig. 1.

In a general way, the compounds were identified by compar-
ng their retention times and UV–vis spectra in the 200–400 nm
ange with individual standards. When standards were not
vailable, the phenolics identification was carried out as fol-
ows:
Phenolic acids: caftaric and coutaric acids were identified
onsidering their retention time and UV spectrum [24]. Alkaline
ydrolysis of a methanolic extract of red “Vinho Verde” grapes
howed the absence of the chromatographic peaks correspond-
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ig. 1. Non-coloured phenolics profile of Verdelho (280 nm) and Padeiro de
asto, (320, 350 nm) red “Vinho Verde” grape samples from Quinta Barreiros,
arvested in 2006. Identification of the peaks according to Table 1.

ng to coutaric and caftaric and the presence of p-coumaric and
affeic acids, which confirmed the identity of these compounds.

Stilben: polydatin was identified considering its retention
ime [24] and UV spectrum [31].

Flavonols: myricetin-3-O-glucoside and laricitrin-3-O-
lucoside were identified after a HPLC-DAD analysis of a
ethanolic extract of red “Vinho Verde” grapes, under the con-

itions previously used in our laboratory [16], and described by
astillo-Muñoz et al. [19], respectively, both considering their

etention time and UV–vis spectrum.
While derivatives of quercetin, kaempferol and isorham-

etin had been detected in many V. vinifera both red and white

rapes cultivars, the determination of derivatives of laricitrin and
yringetin is not so common. Laricitrin-3-O-glucoside [32] and
yringetin-3-glucoside [33] have been reported as minor com-
ounds in grapes. In the study carried out by Mattivi et al. [17]

K
e

ig. 2. Anthocyanin profile (500 nm) from Vinhão red “Vinho Verde” grapes
amples from Quinta Barreiros, harvested in 2006. Identification of the peaks
ccording to Table 1.

oth glucosides were determined co-eluting with their respec-
ive galactosides suggesting that this last form was the main
erivative. But in a later study [19] both derivatives, glucoside
nd galactoside, were separated under the chromatographic con-
itions used and the glucoside assigned as the main compound,
herefore we can suppose that the grape samples under analysis
ontain laricitrin-3-O-glucoside and syringetin 3-glucoside. It
s noted that these last two flavonols together with myricetin-
-O-glucoside [16,18,20,32,34,35] have been only found in red
arieties of grapes.

.1.2. Anthocyanins
Eight anthocyanins were identified and quantified in most

art of the samples: delphinidin-3-O-glucoside, cyanidin-3-O-
lucoside, petunidin-3-O-glucoside, peonidin-3-O-glucoside,
alvidin-3-O-glucoside, petunidin-3-O-p-coumaroylglucoside,

eonidin-3-O-p-coumaroylglucoside and malvidin-3-O-p-
oumaroylglucoside. The HPLC-DAD chromatogram obtained
or an analysed sample at 500 nm is shown in Fig. 2.

Delphinidin-3-O-glucoside, cyanidin-3-O-glucoside,
eonidin-3-O-glucoside and malvidin-3-O-glucoside were iden-
ified by comparing their retention times and UV–vis spectra in
he 200–600 nm range with individual standards. Petunidin-3-O-
lucoside, petunidin-3-O-p-coumaroylglucoside, peonidin-3-
-p-coumaroylglucoside and malvidin-3-O-p-coumaroyl-
lucoside were identified considering their retention time [24]
nd UV–vis spectrum. Spectra of p-coumaroyl derivatives
howed the characteristic shoulder of cinnamoyl derivatives
round 313–315 nm [14,36]. Additionally, acid hydrolysis of an
cidic extract of red “Vinho Verde” grapes showed the absence
f the chromatographic peaks corresponding to those glucoside
erivatives and the presence of delphinidin, cyanidin, peonidin,
etunidin and malvidin, which confirmed the identity of these
ompounds.

.2. Comparison of the two extractive methodologies
Two experimental procedures described in the literature by
ammerer et al. [24] and Oszmianski et al. [21] were tested to

xtract the phenolic compounds from red “Vinho Verde” grapes.
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oth methodologies consisted of a first step of solid–liquid
xtraction and a SPE step to purify the extract and separate the
on-coloured phenolics from the anthocyanins that can cause
nterferences in their determination. The method described by
ammerer et al. [24] has also an additional step of liquid–liquid

xtraction previously to the SPE, to improve the purity of the
xtract of non-coloured phenolics due to the presence of antho-
yanins in this extract can cause errors in their determination.

Considering that the objective of this work is the characteri-
ation of the phenolic profile of Vinho Verde grapes, the method
escribed by Kammerer et al. [24] was selected in order to quan-
ify the highest possible number of compounds individually. It
as compared with the pre-treatment described by Oszmianski

t al. [21] that could simplify the experimental procedure. Other
rocedures consulted in the references employ simpler method-
logies but they quantify total amount of compounds [20] or the
glycons after hydrolysis of the glycoside derivatives [17,20].
ome of them even do not use any pre-treatment of the sam-
le previously to the chromatographic analysis [22,23] but the
umber of compounds determined is quite lower.

Both methodologies were applied to a Verdelho grapes sam-
le from Quinta da Facha (2005). Table 2 shows the obtained

esults, as a mean of three replicates. To guarantee the com-
leteness of the extraction of phenolic compounds, after the
erformance of the all extractive method, the extracted matrix

K

e

able 2
omparison between the methods described by Kammerer et al. [24] and Oszmianzsk

ed “Vinho Verde” grapes from Quinta Barreiros, harvested in 2005 (n = 3)

Compound Retention time
(min)

M
O

M

1 Gallic acid 4.7 2
2 Caftaric acid 8.9 4
3 Coutaric acid 12.8 1
4 Catechin 14.2 8
5 Syringic acid 19.6 n
6 Epicatechin 21.9 3
7 Epicatechin gallate 35.6 4
8 Myricetin 3-O-glucoside 37.8 3
9 Polydatin 40.2 4
0 Quercetin 3-O-galactoside/quercetin

3-O-glucuronide/quercetin
3-O-rutinoside

47.2 1

1 Quercetin 3-O-glucoside 48.2 3
2 Laricitrin 3-O-glucoside 49.7 1
3 Kaempferol 3-O-glucoside 53.9 5
4 Isorhamnetin 3-O-glucoside 55.0 2
5 Syringetin 3-O-glucoside 55.7 2
6 Delphinidin 3-O-glucoside 11.5 5
7 Cyanidin 3-O-glucoside 13.6 4
8 Petunidin 3-O-glucoside 15.4 5
9 Peonidin 3-O-glucoside 17.9 2
0 Malvidin 3-O-glucoside 19.4 2
1 Petunidin 3-O-p-coumaroylglucoside 34.3 4
2 Peonidin 3-O-p-coumaroylglucoside 36.9 4
3 Malvidin 3-O-p-coumaroylglucoside 37.2 1
* 5-(Hydroxymethyl)furfural 6.4

oncentration of compounds in mg kg−1 of lyophilized sample.
** Significant differences were found between the means using ANOVA or Welch te
nta 75 (2008) 1190–1202 1195

as subjected to another full extraction procedure and metabo-
ites were all below the quantification limit.

First, mean recoveries obtained for each compound using
oth methods were compared using ANOVA or Welch test if
he variance homogeneity was not acceptable. Only 12 com-
ounds (Table 2) showed significant differences (p < 0.05): the
ost polar compounds, which are first eluted in the C18 chro-
atography column, such as phenolic acids, catechin, and the

lucoside anthocyanins, were recovered in higher levels using
he method described by Oszmianski et al. [21] that employ
n aqueous solvent (methanol:water 80:20). However, the high-
st recovery of flavonols, less polar compounds which are later
luted, was achieved with the method reported by Kammerer et
l. [24] using an organic solvent (acidic methanol).

The results obtained for the rest of the compounds did not
how significant differences, probably due to the high variabil-
ty showed for the results obtained using the method described
y Oszmianski et al. [21], with R.S.D. ranged from 3.0 to 24%
hereas that the method described by Kammerer et al. [24]

howed better reproducibility, with R.S.D. between 1.3 and 13%.
Regarding to the non-coloured extract, the additional liq-

id/liquid extraction included in the method reported by

ammerer et al. [24] let to obtain extracts of higher purity.
Considering these results, the method reported by Kammerer

t al. [24] showed to be a good compromise solution to extract

i et al. [21] for the extraction of phenolic compounds from a sample of Verdelho

ethod described by
szmianzski et al. [21]

Method described by
Kammerer et al. [24]

ean R.S.D. Mean R.S.D.

1 15 4.6 6.6
0** 7.5 3.2** 6.9
9** 6.1 1.3** 2.1
44** 24 303** 13
d nq
13 23 145 1.3
4 24 64 12
6 6.6 56 8.7
.5** 4.1 9.0** 6.1
1 3.0 17 11

0** 16 58** 7.7
2** 12 22** 3.3
.4** 20 11** 11
.4** 6.5 13** 6.9
3** 13 31** 6.3
24** 12 347** 13
3 7.1 28 3.6
12** 15 361** 11
00 8.1 134 3.3
087** 9.4 1507** 10
7 22 55 4.1
9 24 61 4.5
82 23 252 4.4

st (p < 0.05).
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Table 3
Anthocyanin contents (mg kg−1 of lyophilized sample) of red “Vinho Verde” grape samples

Del
3-O-gluc

Cya
3-O-gluc

Pet
3-O-gluc

Peo
3-O-gluc

Mal
3-O-gluc

Pet 3-O-
pcmgluc

Peo 3-O-
pcmgluc

Mal 3-O-
pcmgluc

Total AC
content

1 EspFam5 Mean 32 nd 39 nq 275 36 23 186 592
S 2.7 0.71 27 2.0 1.4 16

2 PadFam5 Mean 138 21 176 112 1520 30 15 154 2165
S 12 0.87 8.0 8.0 96 0.93 2.0 11

3 VinFam5 Mean 1467 162 1195 536 3927 72 55 252 7664
S 39 3.8 35 17 14 6.6 0.30 3.4

4 AzBa5 Mean 268 48 242 337 767 24 30 60 1777
S 7.9 0.86 7.5 3.3 11 0.31 0.75 4.2

5 BorBa5 Mean 101 20 108 130 646 30 21 102 1158
S 5.5 0.54 1.5 4.5 11 0.15 0.47 0.9

6 BraBa5 Mean nq nq nq 76 64 nq nq 21 160
S 2.5 2.0 2.8

7 DoBa5 Mean 157 29 141 136 751 39 31 166 1449
S 2.7 0.93 4.6 2.0 11.1 0.92 1.1 13

8 EspBa5 Mean 46 nq 49 56 414 43 40 245 892
S 1.7 1.1 2.9 16 1.6 1.3 5.5

9 PadBa5 Mean 91 nq 92 114 1172 26 16 142 1654
S 0.05 7.3 1.4 12 0.6 1.1 4.1

10 PedBa5 Mean 74 24 90 123 666 48 41 241 1307
S 0.47 0.49 2.3 1.1 12 0.94 0.58 4.3

11 RabBa5 Mean 242 25 209 116 1178 32 15 86 1904
S 9.9 0.74 12 1.5 11 0.20 0.92 5.7

12 VerBa5 Mean 329 21 306 77 1298 48 16 200 2295
S 3.8 0.23 4.1 2.2 13 1.9 0.22 0.7

13 VinBa5 Mean 3653 409 2054 623 4736 106 29 233 11842
S 155 34 58 32 48 1.2 0.40 1.1

14 BorFa5 Mean 481 55 513 259 1469 42 26 122 2966
S 20 0.50 8.6 7.3 20 0.39 1.5 1.7

15 VerFa5 Mean 318 28 320 145 1486 56 32 260 2645
S 3.1 0.51 6.3 0.8 45 0.71 0.34 16

16 VinFa5 Mean 2320 228 1570 410 2524 65 17 140 7274
S 37 0.25 102 11 54 0.69 0.35 0.80

17 EspFam6 Mean 37 nq 51 63 346 34 35 162 727
S 0.6 0.79 1.2 4.2 0.47 2.5 6.2

18 PadFam6 Mean 108 nq 135 88 1575 33 19 218 2176
S 1.1 2.5 4.4 24 0.8 0.40 4.6

19 VinFam6 Mean 1428 212 1146 682 4028 63 47 244 7850
S 34 2.0 42 12 76 2.2 1.1 4.9

20 AzBa6 Mean 111 41 129 391 901 28 43 114 1757
S 0.5 0.11 0.78 5.1 8.8 0.67 0.11 0.73

21 BorBa6 Mean 151 31 161 164 809 38 30 139 1521
S 1.5 0.30 1.2 2.0 3.8 0.75 0.52 3.6

22 BraBa6 Mean 32 21 44 148 219 nd 40 53 557
S 0.42 0.63 1.6 4.6 4.0 0.76 0.87

23 DoBa6 Mean 210 26 220 168 1409 44 41 234 2353
S 5.2 0.69 4.6 3.6 24 0.24 0.55 4.6

24 EspBa6 Mean 31 nd 35 nq 246 38 23 172 546
S 0.65 2.2 5.1 0.44 0.81 1.7

25 PadBa6 Mean 378 48 387 292 2230 40 35 189 3598
S 14 0.26 0.51 3.3 17 0.56 2.9 4.3

26 PedBa6 Mean 71 24 102 128 528 49 47 228 1178
S 0.12 1.5 1.5 2.0 6.8 0.57 1.3 4.1

27 RabBa6 Mean 175 24 199 135 1284 42 33 208 2099
S 5.9 1.2 11.5 6.8 71 1.9 2.2 12.7

28 VerBa6 Mean 76 nq 96 59 916 43 30 322 1543
S 3.3 3.1 0.86 35 1.3 1.9 20.6

29 VinBa6 Mean 1124 134 983 549 4358 59 45 267 7520
S 30 2.8 44 11 132 1.0 1.9 14.2

Abbreviations—del: delphinidin; cya: cyaninidin; pet: petunidin; peo: peonidin; mal: malvidin; glc: glucoside; pcm: p-coumaroyl; AC: anthocyanin; nd: not detected
(concentration sample < detection limit); nq: not quantified (detection limit < concentration sample < quantification limit).
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3.3.2. Non-coloured phenolics
17 compounds were quantified in most part of the analysed

red “Vinho Verde” grapes (Table 4): four phenolic acids, three
M.S. Dopico-Garcı́a et al.

he wide range of phenolic compounds determined with high
urity and good reproducibility in red “Vinho Verde” grapes.

.3. Analysis of red “Vinho Verde” grapes

.3.1. Anthocyanins
Eight anthocyanins were quantified in red “Vinho Verde”

rapes (Table 3) which total concentration ranged from
60 mg kg−1 of Brancelho to 11842 mg kg−1 of Vinhão, both
rom Quinta de Barreiros (2005). ANOVA analysis and Tukey
omparison test showed significant differences between the total
oncentration of anthocyanins of the variety Vinhão and the rest
f the varieties (p < 0.05).

The most abundant anthocyanin was malvidin-3-O-glucoside
35–72%) for all the analysed grapes samples except for the vari-
ty Brancelho, in which the major compounds were malvidin-
-O-glucoside (39%) or peonidin-3-O-glucoside (47%).

The second most abundant compound was more het-
rogeneous: peonidin-3-O-glucoside (<47%), delphinidin-
-O-glucoside (<32%), malvidin-3-O-p-coumaroylglucoside
<32%) or petunidin-3-O-glucoside (<22%) while the rest of
he compounds were found in amounts lower than 7.1%.

These results agree with those previously described by other
uthors: the major anthocyanin group is usually that of the
-O-glucoside derivatives (of delphinidin, cyanidin, petuni-
in and peonidin) especially malvidin [5,10,14,17,22,24,32]
r peonidin [14,17,22] because they are the final prod-
cts of anthocyanin pathway biosynthesis [37]. However,
he second major compound determined in red grapes
y other authors was also more heterogeneous: peonidin-
-O-glucoside, malvidin-3-O-glucoside or malvidin-3-O-p-
oumaroylglucoside [5,14,17,22,24,32], and less commonly the
lucoside derivatives of cyanidin, petunidin and delphinidin
5,14,17,22].

To study the relation between the varieties and their antho-
yanin profiles, principal component analysis was applied to the
ercentage (in weight) of each compound in relation with the
otal content of anthocyanins. PCA yields three principal com-
onents (with eigenvalue higher than 1) explaining 91% of the
otal variance in the data although only the two first were retained
explaining 70.4% of the total variance) considering the scree
lot to simplify the analysis of the results [38].

Fig. 3 shows the corresponding loading plots that establish the
elative importance of each variable. The first PC, which explains
8.3% of the variance, correlates positively with the glucoside
erivatives of delphinidin, cyanidin and petunidin and negatively
ith the p-coumaroyl derivatives while peonidin-3-O-glucoside

nd malvidin-3-O-glucoside did not have high weight in this
omponent. The second PC (22.1%) correlates positively with
ll the compounds except malvidin-3-O-glucoside that is the
ompound with higher weight in this component.

As can be seen in Fig. 4 anthocyanin profile was related to the
ariety of the grapes more than harvest and origin. Three groups

ould be clearly distinguished: the grapes of the variety Vinhão
ppeared in the positive part of the PC1, due to their highest
ontent in delphinidin-3-O-glucoside (15–32%), cyanidin-3-O-
lucoside (1.8–3.5%) and petunidin-3-O-glucoside (13–22%)

F
V

ig. 3. Principal component analysis of anthocyanins in red “Vinho Verde”
rapes: loadings plot.

nd low content in the p-coumaroyl derivatives. Padeiro grapes
ppeared in the positive part of the PC2 due to their highest
ontent in malvidin-3-O-glucoside (62–72%) and low content
n the rest of the anthocyanins. The third group, on the left, con-
ains Espadeiro, Pedral and Brancelho grapes with high contents
n p-coumaroyl derivatives. Espadeiro grapes showed the high-
st contents in these compounds (32–43%) followed by Pedral
25–27%) and Brancelho (13–17%) that showed the highest per-
entage of peonidin-3-O-glucoside of all the samples (27–47%).
he rest of the varieties (Azal Tinto, Borraçal, Doçal, Verdelho
nd Rabo de Ovelha) showed more similar anthocyanin profiles,
ith higher contents in peonidin-3-O-glucoside for Azal Tinto

19–22%) and Borraçal (9.4–11%).
ig. 4. Principal component analysis of anthocyanins in red “Vinho
erde”grapes: scores plot.
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Table 4
Non-coloured phenolics composition of red “Vinho Verde” grape samples (mg kg−1 of lyophilized sample)

Gal Caft Cout Syr Cat Epicat Epicatgal Myr gluc Polyd q 3-O-
gal/glucur/rut

q 3-O-gluc Lar 3-
O-gluc

Kaemp
3-O-gluc

Isorhm
3-O-gluc

Syr 3-
O-gluc

Total

1 EspFam5 Mean 7.5 9.1 2.5 nd 152 117 85 13 nq 46 27 9.2 1.7 44 25 541
S 0.68 0.11 0.14 9.1 1.1 1.3 0.61 1.1 0.71 0.21 0.02 1.2 1.1

2 PadFam5 Mean 4.7 3.8 1.0 31 16 12 11 52 6 28 67 32 19 37 48.9 370
S 0.31 0.05 0.05 0.19 0.25 0.65 0.93 0.30 0.11 0.47 1.0 0.38 0.47 0.52 3.09

3 VinFam5 Mean 3.3 4.1 2.4 13 11 12 9.3 59 11 7.8 12 23 1.6 13 43 227
S 0.34 0.06 0.17 0.33 0.31 1.30 0.37 1.6 0.23 0.76 0.33 0.46 0.06 1.4 0.7

4 AzBa5 Mean 3.4 11 5.5 2.5 94 124 49 21 31 46 27 15 2.9 26 21 480
S 0.23 0.35 0.12 0.22 5.5 7.3 1.0 1.9 1.3 0.90 1.4 0.05 0.14 1.3 2.7

5 BorBa5 Mean 2.4 4.5 1.1 9.0 445 336 139 22 28 46 32 16 3.2 22 22 1128
S 0.10 0.20 0.03 0.36 21 18 5.3 0.58 1.4 1.7 0.71 0.17 0.28 1.1 1.3

6 BraBa5 Mean nq 10 4.1 4.0 7.0 24 nd 14 13 32 32 28 6.5 14 32 221
S 0.09 0.42 0.04 0.05 0.45 0.85 0.73 2.5 0.23 2.60 0.20 0.38 2.80

7 DoBa5 Mean 4.5 4.4 nd 6.3 478 265 61 18 6.4 33 22 8.9 nd 18 10 934
S 0.19 0.12 0.20 21 3 0.07 0.51 0.63 0.36 0.49 0.12 0.40

8 EspBa5 Mean 5.1 44 8.9 nd 203 155 136 33 nd 163 93 45 23 48 38 996
S 0.33 0.30 0.52 3.3 6.7 9.8 1.5 7.8 4.1 3.0 0.73 3.3 3.8

9 PadBa5 Mean 3.1 7.2 3.1 18 107 113 56 7.8 18 72 80 29 3.3 19 20 557
S 0.03 0.09 0.22 2.6 2.3 0.8 2.1 0.24 0.33 1.5 1.4 1.8 0.16 1.5 0.60

10 PedBa5 Mean 2.2 17 3.3 nd 70 117 45 11 38 22 13 6.2 3.3 4.7 15 368
S 0.12 0.05 0.35 0.69 7.7 3.7 0.44 1.0 1.3 0.08 0.48 0.07 0.18 0.23

11 RabBa5 Mean nd 20 6.3 5.6 176 85 84 76 2.6 92 78 40 15 33 38 751
S 0.19 0.09 0.71 18 10 3.8 4.4 0.28 2.0 1.3 0.26 1.2 1.5 4.5

12 VerBa5 Mean 5.6 2.2 0.80 3.4 32 42 17 47 4 5.8 11.3 14 7.9 3.7 19 216
S 0.08 0.04 0.04 0.23 2.0 2.0 0.90 4.5 0.04 0.16 0.50 0.26 0.20 0.44 2.6

13 VinBa5 Mean 2.7 11 5.3 8.9 90 35 35 163 9.1 10 13 21 1.6 7.6 26 440
S 0.14 0.21 0.13 0.51 4.4 3.5 2.2 14 0.17 0.17 0.17 1.1 0.13 0.52 1.1

14 BorFa5 Mean 4.6 13 3.5 13 700 333 142 32 24 12 40 11 4.4 22 24 1378
S 0.25 0.11 0.06 0.1 41 21 3.0 1.1 0.79 0.60 1.1 0.39 0.43 1.2 1.7

15 VerFa5 Mean 4.6 3.2 1.3 nd 303 145 64 56 9.0 16.9 58 22 11 13 31 738
S 0.30 0.2 0.03 40 1.9 8.0 4.9 0.5 1.8 4.4 0.72 1.3 0.91 1.9

16 VinFa5 Mean 15 11 5.0 25 72 59 41 208 13 14 37 40 5.3 16 63 626
S 1.6 0.41 0.22 0.76 3.5 1.5 2.0 5.1 0.32 0.39 0.75 1.4 0.55 0.10 3.0

17 EspFam6 Mean 2.7 19 3 3.7 45 48 32 38 4.6 10 58 19 11 34 26 355
S 0.19 0.12 0.10 0.47 5.9 2.7 2.4 1.6 0.21 1.2 1.4 2.4 0.18 0.38 0.17

18 PadFam6 Mean nq 7.4 4.7 3.7 22 3.9 9.8 20 7.1 11 38 22 9.0 19 38 214
S 0.25 0.41 0.27 1.9 0.60 0.14 1.5 0.16 0.07 0.66 1.3 0.38 0.19 0.83

19 VinFam6 Mean 2.5 2.7 1.6 22 nd nd nd 67 9.5 18 27 32 3.4 25 59 270
S 0.10 0.02 0.05 0.83 0.92 0.61 0.50 1.1 1.2 0.12 0.57 1.7

20 AzBa6 Mean nq 4.1 0.73 7.3 150 77 75 19 33 12 45 20 6.2 27 24 501
S 0.24 0.02 1.8 11 6.7 3.1 0.42 0.75 0.56 0.86 0.75 0.04 0.30 0.97

21 BorBa6 Mean 3.9 3.3 nq 5.5 113 80 49 21 12 7.2 19 13 6.7 21 18 372
S 0.28 0.05 0.1 1.4 0.29 3.2 0.66 0.03 0.65 0.49 0.09 0.48 1.6 1.0

22 BraBa6 Mean 2.2 2.6 0.73 2.2 21 26 29 8.4 2.8 8.3 30 8.0 5.1 24 15 184
S 0.18 0.13 0.04 0.16 0.67 0.74 1.1 1.0 0.05 0.16 0.22 0.06 0.33 0.26 1.6

23 DoBa6 Mean 2.1 3.9 0.75 7.3 293 134 70 41 3.7 10 25 20 3.4 15 27 656
S 0.10 0.04 0.02 0.61 3.6 15 2 1.1 0.28 0.13 0.53 0.50 0.30 0.89 2.6
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avan-3-ols, 9 flavonols and polydatin. Their total concentration
anged from 184 mg kg−1 of Brancelho (Quinta Barreiros, 2006)
o 1378 mg kg−1 of Borraçal (Quinta da Facha, 2005), both from
onte de Lima.

The major non-coloured phenolic determined in the samples
howed higher variability than anthocyanins in relation with the
ariety, origin and harvest; although for some varieties it was
ndependent of the harvest such as Borraçal, Brancelho, Doçal
nd Rabo de Ovelha. The major compounds were: catechin
<51%), myricetin-3-O-glucoside (<37%), epicatechin (<32%),
yringetin-3-O-glucoside (<23%) or quercetin-3-O-glucoside
<22%). The rest of the compounds were found in lower levels
f 17%. If the different classes of compounds are considered,
avonols (11–88%) or flavan-3-ols (0–87%) were the most
epresented groups while phenolic acids were the minor ones
1.2–11%).

The major compounds described in the references were
lso different according to the variety of grape studied
nd even the part of the grape (pomace, skin, complete
rape) analysed: epicatechin [20], quercetin-3-O-glucuronide
19,22], quercetin-3-O-glucoside [19,32], the mixture quercetin-
-O-glucoside/quercetin-3-O-rutinoside [22] or myricetin-3-O-
lucoside [19]. Flavan-3-ols or flavonols were also the most
bundant group depending on the type of grape studied [22].

PCA for non-coloured compounds yields four principal com-
onents with eigenvalues greater than 1 accounting for 78.2% of
he total variance in the data (Table 4). Considering the scree plot
nly two components were retained, that account for 58.3% of
he total variance. The first PC (41.5% of the variance) was corre-
ated positively with all the compounds except the flavan-3-ols,
eing flavan-3-ols and the flavonols syringetin-3-O-glucoside
nd laricitrin-3-O-glucoside the compounds of highest weight.
C2 (16.8%) was correlated positively with the flavan-3-ols epi-
atechin and epicatechin gallate, caftaric and coutaric acids,
olydatin and the flavonols derivatives of quercetin, kaempferol

nd isorhamnetin and negatively with the rest (Fig. 5).

Samples appeared grouped due to their different phenolic pro-
le (Fig. 6): on the left of the PC1 appeared the samples with the

ig. 5. Principal component analysis of non-coloured phenolics in red “Vinho
erde”grapes: loadings plot.
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being closer the samples of the same variety. So, for example,

F

ig. 6. Principal component analysis of non-coloured phenolics in red “Vinho
erde”grapes: scores plot.

ighest percentages of flavan-3-ols, Doçal (76–86%), Verdelho
69–87%), Borraçal (65–85%) and Azal Tinto (56–60%), and
n the right the samples with lower percentages of flavan-3-
ls: Padeiro de Basto with the highest percentages of flavonols
73–88%), especially of quercetin; Vinhão with the highest val-
es of myricetin-3-O-glucoside (7.3–37%) and Espadeiro, Rabo
e Ovelha, and Brancelho. In general, samples harvested in
006 showed higher percentages of flavonols that those har-
ested in 2005. It is noted that samples that show the highest
alues of myricetin-3-O-glucoside are also rich in laricitrin-3-O-
lucoside and syringetin-3-O-glucoside what can be explained
ecause the last two compounds are obtained from the first one
laricitrin and syringetin are, respectively, the 3′-methoxy and
′,4′-dimethoxy derivatives of myricetin) [17].

Although anthocyanin profile has shown to be more useful to
haracterize the varieties of the red “Vinho Verde” grapes, some

elationships between the different varieties and their compo-
ition could be observed for both non-coloured phenolics and
nthocyanin profiles that are interesting because the character-

P
s
fl

ig. 7. Total concentration of phenolic compounds expressed as the sum of anthocya
nta 75 (2008) 1190–1202

stics of the wine depend strongly on the composition of the
rapes.

.3.3. Global analysis
Fig. 7 shows the concentration of total phenolics and the per-

entage of non-coloured compounds and anthocyanins found
or each grapes sample. Total concentration of phenolics ranged
rom 381 mg kg−1 of the sample Brancelho to 12282 mg kg−1

f the sample Vinhão, both from Quinta do Barreiro (2005).
he percentage of anthocyanins was between 42% of Brancelho
nd 97% of Vinhão. Usually the samples with lower contents in
otal phenolics showed also lower percentages of anthocyanins
nd the samples with higher content in total phenolics were also
icher in anthocyanins. So, the highest contents in phenolic com-
ounds and percentages of anthocyanins were shown by Vinhão
amples whereas that the lowest ones were shown by Brancelho,
spadeiro, Borraçal and Pedral varieties.

PCA was applied to the global data set, both anthocyanin
nd non-coloured compound, expressed as percentage in weight
egarding the sum of total phenolics. Although the analysis
ields five PCs (84.5%) only two PCs (58.9%) were retained
nto the model after checking the scree plot: PC1 39.7% and PC2
9.2%. PC1 was correlated positively with all the non-coloured
henolics and with the anthocyanins peonidin-3-O-glucoside
nd the p-coumaroyl derivatives and negatively with the rest
f anthocyanins. PC2 was correlated positively with all the
ompounds, except syringic acid, the flavan-3-ols and the p-
oumaroyl derivatives (Fig. 8).

Two groups of samples appeared clearly differentiated of the
est (Fig. 9): Vinhão and Espadeiro. Vinhão grapes showed the
ighest content in anthocyanins (92–97%) and the lowest con-
ent in non-coloured phenolics, while Espadeiro grapes showed
he highest contents in p-coumaroyl derivatives (17–29%) and
avan-3-ols (10–31%). Between these two groups, the rest of

he samples appeared distributed according to their composition,
adeiro, Rabo de Ovelha and Azal Tinto were rich in gluco-
ide anthocyanins but with higher contents in flavonols and
avan-3-ols than Vinhão.

nin and non-coloured phenolics (mg kg−1) in the red “Vinho Verde” grapes.
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Fig. 8. Principal component analysis of all analysed phenolic compounds in red
“Vinho Verde”grapes: loadings plot.
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[11] N. Mateus, A.M.S. Silva, J.C. Rivas-Gonzalo, C. Santos-Buelga, V. De
ig. 9. Principal component analysis of all analysed phenolic compounds in red
Vinho Verde”grapes: scores plot.

If the PCA is applied to the phenolics distribution (flavonols,
avan-3-ol, phenolic acids, polydatin, glucoside anthocyanin
nd p-coumaroylglucoside anthocyanin) instead of the individ-
al compounds, a similar plot is obtained (data not shown), with
wo PCs that account for 76.5% of the variance explained, which
uggest that groups of compounds are also suitable to character-
ze the varieties of samples although they do not show so detailed
nformation.

. Conclusions

In summary, two extractive methods previously described
n the bibliography were compared to choose which was able

o determine the highest number of phenolic compounds, both
oloured and non-coloured, from red “Vinho Verde” grapes,
nd the selected method was that described by Kammerer et
l. [14]. Besides, the described chromatographic method was

[
[

nta 75 (2008) 1190–1202 1201

lightly modified in order to simplify the analytic conditions for
he non-coloured fraction.

Phenolic profiles of both non-coloured phenolics and antho-
yanins were obtained for red “Vinho Verde” grapes of 10
ifferent varieties, grown in 3 different geographical locations
nd harvested in two consecutive years. The most abundant
ompounds found were malvidin-3-O-glucoside for antho-
yanins, and the flavan-3-ols catechin and epicatechin or the
avonols myricetin-3-O-glucoside, syringetin-3-O-glucoside
nd quercetin-3-O-glucoside for non-coloured phenolics. Pro-
ortion of anthocyanins ranged from 42 to 97%.

Analysis of the results by using multivariate techniques
howed that anthocyanin profile was more independent of ori-
in and harvest than non-coloured phenolics profile. PCA of
nthocyanin compounds accounted for higher variability (70.4%
ith two PCs determining eight compounds) than the PCA of
on-coloured compounds (58.9% determining 15 compounds).
esides, these analyses showed more clearly the relationship
mong the samples and their composition to carry out the char-
cterization of the different varieties according to their higher
ontent in flavan-3-ols, flavonols, glucoside anthocyanins or
-coumaroyl anthocyanins: Vinhão grapes were clearly dif-
erentiated by their high content in anthocyanins (97%) with
evels of phenolic compounds until 16 times higher than the
est of the samples. Espadeiro grapes showed the highest
ontent in p-coumaroyl derivatives of anthocyanins and flavan-
-ols.
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bstract

Under the HCl solution and heating condition, penicillin antibiotics such as amoxicillin (AMO), ampicillin (AMP), sodium cloxacillin (CLO),
odium carbenicillin (CAR) and sodium benzylpenicillin (BEN) could react with Fe(III) to produce Fe(II) which further reacted with Fe(CN)6

3−

o form a Fe3[Fe(CN)6]2 complex. By virtue of hydrophobic force and Van der Waals force, the complex aggregated to form Fe3[Fe(CN)6]2

anoparticles with an average diameter of 45 nm. This resulted in a significant enhancement of resonance Rayleigh scattering (RRS) and non-linear
cattering such as second-order scattering (SOS) and frequency doubling scattering (FDS). The increments of scattering intensity (�I) were directly
roportional to the concentrations of the antibiotics in a certain range. The detection limits for the five penicillin antibiotics were 2.9–6.1 ng ml−1

or RRS method, 4.0–6.8 ng ml−1 for SOS method and 7.4–16.2 ng ml−1 for FDS method, respectively. Among them, the RRS method exhibited the
ighest sensitivity and the AMO system was more sensitive than other antibiotics systems. Based on the above researches, a new highly sensitive

nd simple method for the indirect determination of penicillin antibiotics has been developed. It can be applied to the determination of penicillin
ntibiotics in capsule, tablet, human serum and urine samples. In this work, the spectral characteristics of absorption, RRS, SOS and FDS spectra,
he optimum conditions of the reaction and the influencing factors were investigated. In addition, the reaction mechanism was discussed.

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

Penicillins developed from benzylpenicillin belong to 6-
minopenicillanic acid (6-APA) derivatives of the �-lactam
ntibiotics. They kill bacteria by restraining the formation of
ell wall via inhibiting mucopeptide transpeptidase [1,2]. The
rugs have high selectivity and low toxicity because they are
diaphorous to human cells which do not have cell wall. Own-
ng to the extensive application of these drugs in clinic [3], it
s significant for pharmaceutical analysis and clinical control to
urther develop a new method for the determination of penicillin

ntibiotics.

Various methods such as high-performance liquid chro-
atography (HPLC) [4], spectrophotometry [5–7], fluorescence

∗ Corresponding author. Tel.: +86 23 68252748; fax: +86 23 68254000.
E-mail address: liusp@swu.edu.cn (S. Liu).
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039-9140/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2008.01.028
ling scattering; Penicillin antibiotics; Fe3[Fe(CN)6]2 nanoparticles

ethod [8,9], chemiluminescence [10] and capillary elec-
rophoresis [11], etc. were reported for the determination of
enicillin antibiotics. Among them, HPLC was very useful
or the determination of trace penicillin antibiotics in some
omplicated samples [12,13], but it needed complex pretreat-
ents. Spectrophotometric methods have been applied in the

etermination of penicillin antibiotics because of its simplicity.
owever, the sensitivities were not high enough to determine the

ntibiotics for trace analysis. Some other reported methods such
s fluorescence [8] and chemiluminescence [10] methods also
ave some deficiencies in the sensitivity, selectivity or simplic-
ty. So, it is necessary to develop a more sensitive, simple and
elective method for the determination of penicillin antibiotics.

In recent years, resonance Rayleigh scattering (RRS), as a

ew analytical technique, has drawn much more attention. It
as been applied to the analysis of biomacromolecules, organic
ompounds, pharmaceuticals and inorganic ions [14–16]. In
tudying RRS of the systems, the strong scattering of light is
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and BEN), 1.0 × 104 l mol−1 cm−1 (CLO), respectively. So, this
254 H. Duan et al. / Tala

bserved at double and half wavelength of the incident light.
he former is well known very much and is named as “second-
rder scattering (SOS)”. As it may interfere with fluorimetric
easurements, SOS is always eliminated as a harmful phe-

omenon. For the latter, because the frequency of this radiation
s double that of the incident light, this radiation can be named
frequency doubling scattering (FDS)” or “hyper Rayleigh scat-
ering (HRS)”. As its wavelength is far shorter than that of
he incident light, this radiation was seldom noticed and stud-
ed in analytical chemistry for a long time. Recent researches
ndicated that the two kinds of scattering were the non-linear
ptical phenomena [17,18] produced by some substances (e.g.
anoparticles). Early in 1995, we already studied them as a new
pectroscopic phenomenon [19], which showed that they could
e applied successfully to the study of nanoparticles [20], and
etermination of inorganic ions [21], biological macromolecules
22] and some physical chemistry parameters as a new analytical
echnique [23].

Amoxicillin (AMO), ampicillin (AMP), sodium cloxacillin
CLO), sodium carbenicillin (CAR) and sodium benzylpeni-
illin (BEN) were penicillin antibiotics that applied extensively
n clinic. Our experiment found that under the HCl solution and
eating condition, they could react with Fe(III) to produce Fe(II)
hich further reacted with Fe(CN)6

3− to form a Fe3[Fe(CN)6]2
omplex. By virtue of hydrophobic force and Van der Waals
orce, the complex aggregated to form nanoparticles with an
verage diameter of 45 nm, which not only resulted in a change
f absorption spectra, but also led to a significant enhancement
f resonance Rayleigh scattering, second-order scattering and
requency doubling scattering. In this work, the spectral char-
cteristics of absorption, RRS, SOS and FDS spectra and the
eaction conditions and the influencing factors were investi-
ated. The results indicated that the three scattering methods
xhibited high sensitivities and the RRS method had the lowest
etection limit of 2.9–6.1 ng ml−1 for the determination of the
ve antibiotics. The sensitivities of the scattering methods are
igher than those of common spectrophotometry [7], fluores-
ence method [9], HPLC [4] and chemiluminescence [10]. A
ew highly sensitive and simple method for the indirect deter-
ination of penicillin antibiotics has been developed based on

he above studies. It can be applied to the determination of
enicillin antibiotics in capsule, tablet, human serum and urine
amples.

. Experimental

.1. Apparatus

A Hitachi F-2500 spectroflurophotometer (Tokyo) was used
or measuring the scattering intensities with the slits (EX/EM)
f 2.5/2.5 nm (RRS) and 5.0/5.0 nm (SOS and FDS). A UV-
500 spectrophotometer (Shanghai) was used for recording
he absorption spectra. The DHT type miniature mixing elec-

rothermal set (Shandong) was used for heating. HITACHI-600
ransmission electron microscopy (TEM, Electronic Company
f Japan) was used to observe the appearance and size of
anoparticles.

r
a
f
o

(2008) 1253–1259

.2. Materials and reagents

200 �g ml−1 stock solution of penicillins such as amoxicillin
Huamei Biology Technique Co.), ampicillin (Huamei Biology
echnique Co.), sodium cloxacillin (Huabei Pharmacy), sodium
arbenicillin (Huamei Biology Technique Co.) and sodium ben-
ylpenicillin (Huabei Pharmacy) were prepared. The working
olution of 20 �g ml−1 was prepared by diluting the stock solu-
ion. 3.0 × 10−3 mol l−1 of Fe(III) was prepared by dissolving
.1446 g NH4Fe(SO4)2.12H2O in 1 ml concentrated H2SO4 and
iluting it to 100 ml. 3.0 × 10−3 mol l−1 of Fe(CN)6

3− was
repared by dissolving 0.2468 g K3Fe(CN)6 in 250 ml dis-
illed water. The concentration of HCl was 0.1 mol l−1. All the
eagents used were of analytical reagent (A.R.) grade and doubly
istilled water was used throughout.

.3. General procedure

Into a 10.0 ml calibrated flask were added certain amount
f penicillin antibiotics, 1.0 ml of HCl solution (0.01 mol l−1

or AMO and CAR, 0.0125 mol l−1 for CLO, 0.015 mol l−1 for
MP and BEN, respectively) and 0.4 ml 3.0 × 10−3 mol l−1

e(III). The solution was heated in a boiling water bath for
5 min and cooled to room temperature, then added 0.2 ml
.0 × 10−3 mol L−1 Fe(CN)6

3−. Finally, it was diluted to the
ark and mixed thoroughly. In 15 min, the RRS spectra were

ecorded with synchronous scanning at λex = λem, and the SOS
nd FDS spectra were recorded by scanning at λex = 1/2λem
nd λex = 2λem, respectively. The scattering intensity IRRS, ISOS
nd IFDS for the reaction product and I0

RRS, I0
SOS and I0

FDS
or the reagent blank at their maximum wavelengths were
easured, �I = I − I0, the absorption spectra were recorded

imultaneously.

. Results and discussion

.1. The absorption spectra

Fe(III) could be reduced by penicillin antibiotics to pro-
uce Fe(II) [24] which further reacted with Fe(CN)6

3− to form
e3[Fe(CN)6]2 [25] resulting in a change of absorption spectra.
rom Fig. 1a, it shows that the absorption of reaction prod-
cts of the five penicillin antibiotics with Fe(III) could not be
bserved in visible light region and its maximum absorption
avelength was located at 255–350 nm of ultraviolet region,

nd the maximum absorption wavelength of Fe(CN)6
3− under

xperimental condition was 303 nm. When the reduced prod-
ct Fe(II) reacted with Fe(CN)6

3−, a new absorption peak
t 738 nm was observed (Fig. 1b) and the spectral character-
stic was consistent with that of Fe3[Fe(CN)6]2. At 738 nm,
he molar absorptivities (ε) are 2.3 × 104 l mol−1 cm−1 (AMO),
.6 × 104 l mol−1 cm−1 (CAR), 1.4 × 104 l mol−1 cm−1 (AMP
eaction was useful as a basis for the determination of penicillin
ntibiotics by visible spectrophotometry with the sensitivity of
our times higher than that of spectrophotometric method based
n the oxidization of Fe(III) [24].
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Fig. 1. Absorption spectra. (a) Absorption spectra of penicillins–Fe(III) (mea-
sured against the reagent blank). 1, AMO; 2, AMP; 3, CLO; 4, BEN; 5, CAR. (b)
Absorption spectra of penicillins–Fe(III)–Fe(CN)6

3− (measured against water
b
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3
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i
t
T
t
s
s
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3
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t
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Fig. 2. Resonance Rayleigh scattering spectra. (a) Fe(III)–Fe(CN)

6
3−–penicillins system. 1, AMO–Fe(III)–Fe(CN)6

3−; 2, CAR–Fe(III)–
Fe(CN)6

3−; 3, AMP–Fe(III)–Fe(CN)6
3−; 4, BEN–Fe(III)–Fe(CN)6

3−; 5,
CLO–Fe(III)–Fe(CN)6

3−; 6, Fe(III)–Fe(CN)6
3−; 7, AMP; 8, AMO; 9, CLO;

10, CAR; 11, BEN. All concentrations of the antibiotics: 2.0 �g ml−1;
concentration of Fe(III): 1.2 × 10−4 mol l−1; concentration of Fe(CN)6

3−:
0.6 × 10−4 mol l−1. (b) Fe(III)–Fe(CN)6

3−–amoxicillin system. Concentrations
of AMO (from 1 to 5): 0.4 �g ml−1, 0.8 �g ml−1, 1.2 �g ml−1, 1.6 �g ml−1,
2
c

3
λ

I
a
t
m
a

3

s
c
a
c
t
0

lank). 1, AMO; 2, CAR; 3, AMP; 4, BEN; 5, CLO; 6, Fe(III)–Fe(CN)6
3−.

ll concentrations of the antibiotics: 6.0 �g ml−1; concentration of Fe(III):
.2 × 10−4 mol l−1; concentration of Fe(CN)6

3−: 0.6 × 10−4 mol l−1.

.2. RRS spectra

The RRS spectra of the five systems are shown in Fig. 2a.
t can be seen that Fe(III)–Fe(CN)6

3− and the five penicillin
ntibiotics have faint RRS peaks under the optimum conditions.

hen Fe(III) was reduced by the antibiotics to produce Fe(II)
n a HCl medium and Fe(II) further reacted with Fe(CN)6

3−
o form Fe3[Fe(CN)6]2, RRS intensities were enhanced greatly.
he reaction products have similar spectral characteristics, and

he maximum peaks are located at about 341 nm. The RRS inten-
ity of AMO–Fe(III)–Fe(CN)6

3− is the highest among the five
ystems. From Fig. 2b, it is clear that the RRS intensity (�IRRS)
s directly proportional to the concentrations of antibiotics. So,
he RRS method can be applied to the determination of penicillin
ntibiotics.

.3. Second-order scattering and frequency double
cattering (FDS) spectra

Fig. 3A and B shows the spectra of SOS and FDS for

he investigated antibiotics–Fe(III)–Fe(CN)6

3− systems, respec-
ively. Here, λI was the incident wavelength and λs was the
cattering wavelength. The intensities of SOS and FDS changed
ith the difference of incident wavelengths. When λI/λs was

f
t
4
t

.0 �g ml−1, respectively. Concentration of Fe(III): 1.2 × 10−4 mol l−1;
oncentration of Fe(CN)6

3−: 0.6 × 10−4 mol l−1.

20/640 nm, the intensity of SOS reached the highest, and when
I/λs was 780/390 nm the intensity of FDS reached the highest.
n this condition, the two kinds of scattering intensities (�ISOS
nd �IFDS) were directly proportional to the concentrations of
he antibiotics in a certain range. Therefore, the SOS and FDS
ethod can be applied to the determination of the investigated

ntibiotics.

.4. Sensitivity of the method

Through constructing the calibration graphs of �I ver-
us the concentrations of the antibiotics, the linear ranges,
orrelation coefficients and detection limits of RRS, SOS
nd FDS methods for the determination of the five peni-
illin antibiotics were investigated. The results showed that
he linear ranges were 0.010–2.4 �g ml−1 for the RRS method,
.013–3.6 �g ml−1 for the SOS method and 0.024–3.6 �g ml−1
or the FDS method (as shown in Table 1). The detec-
ion limits (3σ) were 2.9–6.1 ng ml−1 for the RRS method,
.0–6.8 ng ml−1 for the SOS method and 7.4–16.2 ng ml−1 for
he FDS method, respectively. Among them, the RRS method
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Table 1
Parameters of calibration graphs for the determination of penicillin antibiotics

Method System Regression equation, C
(�g ml−1)

Correlation
coefficient, r

Detect limits (ng ml−1) Linear range
(�g ml−1)

RRS Amoxicillin–Fe(III)–Fe(CN)6
3− �I = −287.2 + 2372.5c 0.9981 2.9 0.010–2.0

Ampicillin–Fe(III)–Fe(CN)6
3− �I = 247.1 + 1255.4c 0.9928 5.5 0.018–2.1

Cloxacillin–Fe(III)–Fe(CN)6
3− �I = 165.7 + 1135.8c 0.9957 6.1 0.021–2.3

Benzylpenicillin–Fe(III)–Fe(CN)6
3− �I = 130.3 + 1188.7c 0.9952 5.8 0.019–1.9

Carbenicillin–Fe(III)–Fe(CN)6
3− �I = 158.2 + 1274.3c 0.9961 5.4 0.018–2.4

SOS Amoxicillin–Fe(III)–Fe(CN)6
3− �I = 48.8 + 150.7c 0.9991 4.0 0.013–3.2

Ampicillin–Fe(III)–Fe(CN)6
3− �I = −15.4 + 105.7c 0.9998 5.6 0.019–3.0

Cloxacillin–Fe(III)–Fe(CN)6
3− �I = 13.6 + 88.1c 0.9991 6.8 0.023–3.6

Benzylpenicillin–Fe(III)–Fe(CN)6
3− �I = −13.6 + 100.2c 0.9982 6.0 0.020–2.8

Carbenicillin–Fe(III)–Fe(CN)6
3− �I = −26.1 + 112.1c 0.9992 5.4 0.018–3.4

FDS Amoxicillin–Fe(III)–Fe(CN)6
3− �I = 15.2 + 68.6c 0.9993 7.4 0.024–3.2

Ampicillin–Fe(III)–Fe(CN)6
3− �I = −8.4 + 36.6c 0.9988 13.9 0.046–3.0
3−
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Cloxacillin–Fe(III)–Fe(CN)6 �I = 2.8 + 31.4c
Benzylpenicillin–Fe(III)–Fe(CN)6

3− �I = 1.89 + 35.8c
Carbenicillin–Fe(III)–Fe(CN)6

3− �I = 7.5 + 53.1c

ad the highest sensitivity, which was not only 1–3 orders of
agnitude higher than that of common spectrophotometry, but

lso higher than those of some fluorescence and chemilumi-
escence methods and even higher than that of HPLC with
lectrochemical detector by means of solid-phase extraction (see
able 2).

Therefore, the RRS method was taken as an example for
he following studies including optimum conditions, influencing
actors, effects of coexisted substances and analytical applica-
ions. The reaction mechanism was also discussed.

.5. Optimum conditions for the reaction

.5.1. Effect of heating time

The effects of temperature on the reaction were tested. The

esults showed that the redox reaction of investigated antibiotics
ith Fe(III) was slow, whereas elevation of temperature

ould accelerate the process of reaction, and the intensities of

t
b
0

able 2
omparison of sensitivities for the determination of penicillin antibiotics between pr

ethod Drug Reagent

pectrophotometry Ampicillin Mo(V)-thiocyanate
Cloxacillin Pyrocatechol violet
Ampicillin 1,2-Naphthoquinone-4-sulfonic
Flucloxacillin p-Nitrophenol
Amoxicillin Diazotized benzocaine

PLC Cloxacillin Electrochemical detection
Amoxicillin UV detection

luorimetry Ampicillin Cu(II)
Amoxicillin Ce(IV)

hemiluminescence Amoxicillin Ce(IV)-rhodamine 6G
Amoxicillin Fe(III)–Fe(CN)6

3−
Ampicillin Fe(III)–Fe(CN)6

3−

RS method Cloxacillin Fe(III)–Fe(CN)6
3−

Carbenicillin Fe(III)–Fe(CN)6
3−

Benzylpenicillin Fe(III)–Fe(CN)6
3−
0.9996 16.2 0.054–3.6
0.9992 14.2 0.047–2.8
0.9993 9.6 0.032–3.4

cattering (�IRRS) reached the maximum in 25 min in a boiling
ater bath.

.5.2. Effect of acidity
The effects of HCl concentrations on the RRS of five sys-

ems were investigated. The results shown in Fig. 4 revealed that
he optimum concentrations of HCl were about 0.010 mol l−1

AMO and CAR systems), 0.015 mol l−1 (AMP and BEN
ystems) and 0.0125 mol l−1 (CLO system). So, the corre-
ponding concentration of HCl was chosen as a reaction
edium.

.5.3. Effect of reagent’s concentration

The results of Fe(III) and Fe(CN)6

3− concentration varia-
ion indicated that the maximum intensities of scattering would
e obtained when the Fe(III) concentration was in a range of
.9–1.5 × 10−4 mol l−1. Therefore, 1.2 × 10−4 mol l−1 Fe(III)

esent methods and some other common methods

λmax (nm) Detection limit (ng ml−1) Reference

467 450 [5]
604 60 [6]
463 1500 [26]
446 550 [27]
455 600 [7]

8 [4]
220 19 [28]

343/420 (λex/λem) 148.6 [8]
256/351 (λex/λem) 288 [9]

10 [10]
341/341 (λex/λem) 2.9 This work
341/341 (λex/λem) 5.5 This work

341/341 (λex/λem) 6.1 This work
341/341 (λex/λem) 5.8 This work
341/341 (λex/λem) 5.4 This work
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as chosen as the experimental concentration for the five sys-
ems. And the optimum concentration of Fe(CN)6

3− was about
.6 × 10−4 mol l−1. The �IRRS decreased when the reagent con-
entrations were too low resulting in incomplete reaction, but
he reagent concentrations were too high �IRRS also decreased
lightly due to the reagent blank I0 increased.

.6. The complexation and formation of nanoparticles

Taking the most sensitive AMO as an example, the interaction
f investigated antibiotics with Fe(III) and Fe(CN)6

3− and the
tructure of the products were studied.
In a acidic medium, Fe(III) was reduced by AMO(I) to give
e(II) and the corresponding oxidized product of AMO [24]
Scheme 1).

ig. 3. SOS and FDS spectra. (A) SOS spectra of Fe(III)–Fe(CN)6
3−–penici-

lins; (B) FDS spectra of Fe(III)–Fe(CN)6
3−–penicillins; 1, AMO–Fe(III)–

e(CN)6
3−; 2, CAR–Fe(III)–Fe(CN)6

3−; 3, AMP–Fe(III)–Fe(CN)6
3−; 4,

EN–Fe(III)–Fe(CN)6
3−; 5, CLO–Fe(III)–Fe(CN)6

3−; 6, Fe(III)–Fe(CN)6
3−;

, AMP; 8, AMO; 9, CLO; 10, CAR; 11, BEN. All concentrations of the antibi-
tics: 2.0 �g ml−1; concentration of Fe(III): 1.2 × 10−4 mol l−1; concentration
f Fe(CN)6

3−: 0.6 × 10−4 mol l−1.
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Fe(II) further reacted with Fe(CN)6
3− to form a

e3[Fe(CN)6]2 complex:

Fe2+ + 2[Fe(CN)6]3− � Fe3[Fe(CN)6]2

Fe3[Fe(CN)6]2 as a charge neutralization complex has strong
ydrophobicility. Under the extrusion action of water, they
rew close to each other and further aggregated to form larger
anoparticles by Van der Waals force:

{Fe3[Fe(CN)6]2} → {Fe3[Fe(CN)6]2}n
The diameter and shape of the formed nanoparticles were

bserved by transmission electron microscopy, and it was
ound that Fe3[Fe(CN)6]2 had already aggregated to form
Fe3[Fe(CN)6]2}n nanoparticles with an average diameter of
5 nm (see Fig. 5). Hence, it might be deduced that the forma-
ion of {Fe3[Fe(CN)6]2}n nanoparticles was the main reason for
he enhancement of RRS, SOS and FDS.

.7. Selectivity and analytical application of the method

.7.1. Selectivity of the method
Under the optimum conditions, the effects of some coex-

sting substances on the determination of AMO (1.0 �g ml−1)
ere investigated and the results were given in Table 3. As

hown, when the relative error was ≤±5%, the large amounts

f amino acids, saccharides, some vitamins, common inorganic
ons (NH4

+, NO3
−, Cl− and SO4

2−), metal ions (K+, Na+, Mn2+,
g2+, Ca2+, Zn2+ and Al3+) and HSA do not interfere with the

etermination.

ig. 4. Effect of HCl concentration on �IRRS. 1, AMO–Fe(III)–Fe(CN)6
3−;

, CAR–Fe(III)–Fe(CN)6
3−; 3, AMP–Fe(III)–Fe(CN)6

3−; 4, BEN–Fe(III)–
e(CN)6

3−; 5, CLO–Fe(III)–Fe(CN)6
3−. All concentrations of the antibiotics:

.0 �g ml−1.
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Table 3
Results for the determination of amoxicillin in capsules and tablets

Method Sample Label claim (g per
capsule or tablet)

Found (g per capsule or tablet) Mean (g per
capsule or tablet)

R.S.D (%) Recovery (%)

RRS Capsules 0.250 0.248, 0.253, 0.252, 0.248, 0.257 0.252 1.6 100.8
Tablets 0.250 0.263, 0.258, 0.256, 0.247, 0.252 0.255 2.4 102.0

SOS Capsules 0.250 0.243, 0.241, 0.254, 0.257, 0.252 0.249 2.8 99.6
Tablets 0.250 0.263, 0.242, 0.245, 0.263, 0.255 0.254 3.8 101.6

FDS Capsules 0.250 0.247, 0.249, 0.252, 0.256, 0.253 0.251 1.4 100.4
Tablets 0.250 0.269, 0.253, 0.246, 0.243, 0.261 0.254 3.9 101.6

Pharmacopoeia [29] Capsules 0.250 0.236, 0.241, 0.246 0.241 2.0 96.4
Tablets 0.250 0.256, 0.250, 0.247 0.251 1.8 100.4

Table 4
Results for the determination of amoxicillin in urine and serum samples

Method Sample Found (�g ml−1) Added (�g ml−1) Mean, n = 5 (�g ml−1) R.S.D, n = 5 (%) Recovery, n = 5 (%)

RRS Urine 1 ND 1.50 1.50 2.5 100.0
Urine 2 2.52 0.50 3.00 1.3 99.3

SOS Urine 1 ND 1.50 1.51 3.5 100.7
Urine 2 2.49 0.50 2.99 1.1 100.0

FDS Urine 1 ND 1.50 1.52 2.0 101.3
Urine 2 2.48 0.50 3.01 0.8 101.0

RRS Serum 1 ND 0.60 0.59 4.0 98.3
Serum 2 ND 1.20 1.20 3.2 100.0

SOS Serum 1 ND 0.60 0.61 2.8 101.7
Serum 2 ND 1.20 1.21 3.2 100.8

F

N had o

3

fi
c
1

F
2
F

v

DS Serum 1 ND 0.60
Serum 2 ND 1.20

D: not detected. Urine 2: Fresh urine samples taken from healthy people who

.7.2. Analytical application

Determination of AMO in capsule and tablet. The contents of

ve capsules (250 mg per capsule) were emptied and weighed
arefully. Suitable amount of the powder (containing about
6 mg of the drug) was dissolved and transferred into a 100.0 ml

ig. 5. TEM image of{Fe3[Fe(CN)6]2}n nanoparticles. Concentration of AMO:
.0 �g ml−1; concentration of Fe(III): 1.2 × 10−3 mol l−1; concentration of
e(CN)6

3−: 6.0 × 10−4 mol l−1.
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0.60 3.7 100.0
1.19 2.0 99.2

ral administration of amoxicillin capsules 3 h before.

olumetric flask. In addition, five tablets (250 mg per tablet)
ere powdered and a quantity of the powder (containing about
6 mg of the drug) was dissolved, filtrated and transferred into
nother 100.0 ml volumetric flask. The two flasks were diluted
o the mark and mixed thoroughly, respectively. Then, the above
olutions were diluted to the working solution. The concentra-
ion of AMO in the working solutions was determined according
o the general procedure under the optimum conditions by RRS,
OS and FDS method. The results for the determination of
apsules and tablets were listed in Table 3 and were in good
greement with those obtained by the standard method of The
harmacopeia of People’s Republic of China (HPLC) [29].

Determination of AMO in human urine. Two kinds of fresh
rine samples were taken. The one was taken from healthy peo-
le who took AMO capsules, and the other was taken from the
ealthy people without taking AMO capsules. Deproteinization
as achieved by adding certain amounts of 10% trichloroacetic

cid and centrifuging the mixture at 4500 rpm for 20 min. Then
.0 ml aliquot of the supernatant fluid was taken into a 10.0 ml of
alibrated flask for determining AMO concentration according
o the general procedure. The accuracy was tested by a standard

ddition method. The recovery was 99.3–101.3% (see Table 4).

Determination of AMO in human serum. A 2.0 ml aliquot
f fresh serum sample (healthy people) was treated with 0.5 ml
0% of trichloroacetic acid and was centrifuged at 4500 rpm for



nta 75

2
t
A
a
w

A

d
t

R

[

[

[
[
[
[

[

[
[

[
[
[

[
[
[
[

[
[
[28] G. Hoizey, D. Lamiable, C. Frances, T. Trenque, M. Kaltenbach, J. Denis,

H. Millart, J. Pharm. Biomed. Anal. 30 (2002) 661.
H. Duan et al. / Tala

0 min to eliminate proteins. Then 1.0 ml supernatant fluid was
ransferred into a 10.0 ml of calibrated flask for determining
MO concentration according to the general procedure. The

ccuracy was tested by a standard addition method. The recovery
as 98.3–101.7% (see Table 4).
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bstract

Direct electrochemistry of Trametes versicolor Laccase (LAC) was found at a Sonogel-Carbon electrode. The bioamplification, performed by
ual immobilization of this enzyme and Mushroom Tyrosinase (TYR), of the bio-electrocatalytic reduction of O2 was investigated. The calculated
transfer coefficients were 0.64 and 0.67, and the heterogeneous electron-transfer rate constants were 6.19 and 8.52 s−1, respectively, for the
ndividual LAC and dual LAC-TYR-based Nafion/Sonogel-Carbon bio-electrodes. The responses of the dual enzymes electrode to polyphenols
ere stronger than those of the individual LAC or TYR biosensors. Hypotheses are offered about the mechanism of bioamplification. The surfaces
f the biosensors were also characterized by AFM.

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

To improve the sensitivity of biosensors based on polyphe-
oloxidase enzymes, several research groups have described
ifferent signal amplification approaches. Among these the
ddition of reducing, pre-concentrating molecules and/or the
ntegration of pairs of enzymes on a single transducer are par-
icularly notable. This last strategy is very interesting because
t permits the sensitivity to be enhanced and the range of
ubstrates detected to be increased [1–6]. Nevertheless, the
echanism of signal bioamplification underlying this strategy

s not fully elucidated in the bibliography. One of the aims of

his work is to contribute to the better understanding of this
henomenon.

∗ Corresponding author. Tel.: +34 956 016355; fax: +34 956 016460.
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Further, in addition to the study of the redox activity of pro-
eins, investigation of the direct electron transfer (DET) between
n electrode and a metalloenzyme is considered to be a highly
ttractive research area in the biosensors field. This is because
f its potential application in the research and development of
ighly sensitive biosensors, effective biofuel cells, and selec-
ive routes of biosynthesis. Therefore, since the first reports on
he DET between cytochrome c and bipyridyl-modified gold
7] or tin doped indium oxide [8] electrodes were communi-
ated in 1977, a number of papers have been published giving
etailed information on electrochemical reaction mechanisms
f redox proteins and enzyme film at various types of electrode
9–13]. The electrode material may play a vital role in the pro-
uction of a bio-electrochemical device able to access the desired
nformation.
The carbon-based electrodes have been used widely as mate-
ials for studying metalloenzyme bio-electrocatalysis [13–20].
his preference possibly began from the fact that carbon can
ct as a primary electron donor to native electroactive site of
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nzymes [11]. Ceramic-carbon composite electrodes, made by
ixing organic–inorganic sol–gel material and carbon powder,

epresent a new kind of carbon electrode. These composites are
igid, porous, and easily modifiable by chemical and biological
ecognition components [21,22].

Our group has made a significant contribution to this subject;
e have devised a new method for fabricating these composites
y applying high energy ultrasounds. The materials we have
eveloped have been termed Sonogel-Carbon [23]. This matrix
ffers an alternative route for developing new composite sensors
nd biosensors with a wide variety of structures and shapes. It
resents favourable electroanalytical properties when used for
mperometric sensors and biosensors, as well as an excellent
ensitivity compared to classical electrodes [24–26]. In this con-
ext, we report here the use of Sonogel-Carbon as a transducer
or the investigation of the very interesting phenomenon of DET.
yclic voltammograms of two biosensors based on enzymes
ith copper centres and Sonogel-Carbon are discussed in detail.
he first biosensor is based on modification by Laccase, while

he second is based on a dual Laccase and Tyrosinase enzymatic
odification. Our research into signal bioamplification by mix-

ng these enzymes in the same biosensor has demonstrated that
his strategy cannot only affect the selectivity of the resulting
ioprobe, but can also improve its sensitivity compared to that
chieved with biosensors made from individual enzymes. This
henomenon has been demonstrated not only in the case when
he analyte is typically a substrate of two enzymes, but also
hen the substrate is especially reactive with only one of them

27]. In the present paper, we try to give an explanation using
he information obtained from the direct electrochemistry of the
wo biosensors; the anticipation of an explanatory mechanism
s also provided.

. Experimental

.1. Reagents

Methyltrimethoxysilane (MTMOS) was obtained from
erck (Darmstad, Germany) and HCl was obtained from Pan-

eac (Barcelona, Spain). Graphite powder (spectroscopic grade
BW) was obtained from SGL Carbon (Ringsdorff, Germany).
ushroom Tyrosinase (E.C. 1.14.18.1, 3000 U mg−1) and Tram-

tes versicolor Laccase (E. C. 1. 10. 3. 2, 23.3 U mg−1) were
btained from Fluka (Steinheim, Germany). KH2PO4/K2HPO4
nd acetic acid/sodium acetate for phosphate or acetate buffer
ere acquired from Fluka (Buchs, Switzerland) and Merck

Darmstad, Germany), respectively. Nafion-perfluorinated ion-
xchange resin (Cat. No. 27, 470-4) 5% (w/v) in a mixture
f lower aliphatic alcohols and water, and Glutaricdialde-
yde, 25 wt% solution in water, were obtained from Aldrich
Steinheim, Germany). Pure water was obtained by passing
wice-distilled water through a Milli-Q system (18 M� cm,

illipore, Bedford, MA). Phenolic compounds were of

nalytical grade and obtained from Merck, Sigma or Pan-
eac.

Stock solutions of the phenolic compounds (0.1 mol L−1)
ere prepared daily by dissolving the appropriate amount in

a
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b
d
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thanol. Glass capillary tubes, i.d. 1.15 mm, were used as the
odies for the composite electrodes.

.2. Apparatus

Electrochemical measurements were performed with an
utolab PGSTAT20 (Ecochemie, Utrecht, The Netherlands)
otentiostat/galvanostat interfaced with a personal computer,
sing the AutoLab GPES software for waveform generation and
ata acquisition and elaboration.

A 600-W model, 20 kHz ultrasonic processor (Misonix Inc.,
armingdale, NY) equipped with a 13 mm titanium tip was
sed.

Surface topological studies were performed using an atomic
orce microscope (AFM) Veeco Nanoscope IIIa, in tapping
ode. Phosphorus (n) doped silicon cantilevers, with spring

onstants in the range 20–80 N m−1, were used. Calibration of
he microscope was achieved by imaging calibration gratings
upplied by the manufacturer. AFM images were examined for
rtifacts, and reproducibility was checked in the usual way, i.e.
y changing the AFM cantilever and by either moving (during
he experiment) the sample in the X- or Y-directions or by varying
he scanning angle and frequency.

.3. Methods

.3.1. Electrochemical transducer preparation
The unmodified Sonogel-Carbon electrode was prepared

s described previously [23,24]. Before modification, the
lectrodes were polished with emery paper No. 1200 to
emove extra composite material, gently wiped with weigh-
ng paper, and electrochemically pre-treated by dipping them
n 0.05 mol L−1 sulphuric acid. Finally, they were polarized
n the three-electrodes cell by voltage cycling from −0.5 to
.5 V (five cycles). The electrodes with similar current back-
round were selected, carefully washed with MiliQ water and
et to dry at ambient temperature after their biological modifi-
ation.

.3.2. Biosensors fabrication
The dual LAC-TYR Sonogel-Carbon-based biosensor was

abricated as follows: adequate quantities of the enzymes LAC
nd TYR were dissolved in 30 �L of 0.2 mol L−1 pH 6 phos-
hate buffer solutions. At this enzymatic solution, 1.25 �L of
lutaricdialdehyde were added, set to polymerize in ultrasonic
ath for 3 min, and modified by adding 3.5 �L of Nafion 5%.
rom the resulting solution, adequate quantities were deposited
n the top of the Sonogel-Carbon electrodes with a �-syringe
nd allowed to dry under ambient conditions. Finally, the result-
ng biosensors had 23–100 Units/Electrode of LAC and TYR,
espectively, ≈ 0.9% of glutaricdialdehyde and 0.5% of Nafion.
he same method was used to prepare individual LAC and
YR-based biosensors and the resulting bio-probes have 23 U

nd 100 Units/Electrode of LAC and TYR, respectively, and the
ame quantities of Nafion and glutaricdialdehyde as the dual
i-enzymatic biosensor. Before their use, all biosensors were
ipped in stirred buffer solution for 15 min, to eliminate the
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xcess of non-absorbed enzymes, rinsed with the same buffered
olution and stored immersed in the buffered solution at 4 ◦C
hen not in use.

.4. Measurements

Cyclic voltammetry were carried out in an electrochemi-
al cell containing 25 mL of an aerated 0.05 mol L−1 acetate
uffer solution at pH 5; the three-electrodes system con-
isted of a enzyme-modified Sonogel-Carbon electrode as

orking electrode, and a Ag/AgCl (3 M KCl) and a plat-

num wire as reference and auxiliary electrodes, respectively.
otential range and scan rate are shown in the respective fig-
res.

t
p
N

ig. 1. FM images of (a) Sonogel; (b) Sonogel-Carbon Composite; (c) Sonogel-Carb
e) dual LAC-TYR-Nafion/Sonogel-Carbon biosensors. Note that the value of one Z-
100 nm).
75 (2008) 1348–1355

Tapping mode AFM measurements were performed over
ifferent regions of all samples to check for sample surface
omogeneity. All AFM images selected to be shown here are
epresentative of the sample’s surface topology. For comparison,
he scanned area is always 500 × 500 nm2.

. Results and discussion

.1. Morphologies
As shown in Fig. 1, tapping mode AFM was used to evaluate
he structure of the silica-based Sonogel material (a), the com-
osite Sonogel-Carbon electrode (b), and the modification with
afion alone (c) or with the mixtures of Nafion and individual

on coated with 0.5% Nafion; (d) individual LAC-Nafion/Sonogel-Carbon; and
axis division increases from (a) to (e) and is always lower than in X and Y-axes
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Fig. 2. Cyclic voltammograms of five electrodes (from inner to outer curves):
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dase enzymes with active copper centres. Laccase contains
four copper atoms with different electron paramagnetic reso-
nances: Type 1 or blue (T1), Type 2 or normal (T2), and Type

Table 1
Double-layer capacitances of Sonogel-Carbon and enzyme/Sonogel-Carbon
electrodes

Electrodes CDL (mF cm−2)
M. ElKaoutit et al. / Ta

AC (d) or dual LAC-TYR (e). The table in Fig. 1 shows the
oughness (Ra) values for each of the images. This parameter
s calculated by the AFM analysis software as the arithmetic
verage of the absolute values of the surface height deviations
easured from the mean plane within the scanned area:

a = 1

n

n∑

j=1

|zj|

Additionally, the table shows the percentage of surface area
ifference (S.A.D.) between the three-dimensional area of the
mage and its projected two-dimensional area, expressed as:

.A.D. =
(

Σ(surface area)i
Σ(projected area)i

− 1

)
× 100

As seen in Fig. 1, films of the silica Sonogel (a) were dense,
ith pore sizes around 10 nm. Since the pores were of smaller

ize than the carbon particles, this result implies that, during
he formation of the Sonogel-Carbon composite, the graphite
articles do not get inside the silica pore; instead, the gel is
ormed around the graphite particles, and the conductivity of the
nal formed composite is promoted by a percolation mechanism
etween these particles. When Nafion was deposited (c) on the
urface of the Sonogel-Carbon electrode (b), a slight decrease
n the roughness and in surface area difference of the compos-
te can be observed, but the same porous structure is conserved
nd a new granular aspect is generated for the composite. Bio-
odification of the composite Sonogel-Carbon by a mixture of

nzyme and Nafion produces a significant increase in the rough-
ess, as well as a considerable gain in the surface area difference
rom 1.42% to 2.3–2.84%, while preserving the granular aspect
ue to Nafion, as shown in Fig. 1 (c–e). In addition, the AFM
hase detection technique, applied to these three samples, does
ot show any significant differences over the entire surface, i.e.,
t must be homogeneous in composition. These results lead us
o think that the enzyme may possibly be introduced inside the
onic cluster region of the Nafion.

.2. Electrochemistry of dual LAC-TYR and individual
AC-based enzyme electrodes

Fig. 2 shows the current–potential curves firstly for bare and
afion-coated Sonogel-Carbon, and lastly for LAC, TYR and
ual LAC-TYR-based Sonogel-Carbon biosensors. As can be
een, the voltammogram of the TYR-based biosensor is sim-
lar to that of the Nafion-coated electrode; furthermore, when
he scan rate is varied between 25 and 500 mV s−1, this latter
iosensor does not show any Faradaic current. For these rea-
ons, we focussed all the studies on the individual LAC and
ual LAC-TYR-based biosensors. The curves of the non bio-
odified Sonogel-Carbon electrodes are almost flat, indicative

f purely capacitive behaviour. The curves (voltammograms)
f the LAC and LAC-TYR-based biosensors are different and

anifest redox waves with a proportional increase in the capac-

tive current due to the enzymatic modification of the electrode.
eversible double-layer capacitance can be obtained from the

elationship CDL = j/υ, where j is the current density in the

S
N
L
L

onogel-Carbon, Nafion/Sonogel-Carbon, TYR-Nafion/Sonogel-Carbon, LAC-
afion/Sonogel-Carbon, and LAC-TYR-Nafion/Sonogel-Carbon, respectively.
edium: aerated acetate pH 5 buffer solution. Scan rate: 200 mV s−1.

lateau current regions and υ is the scan rate [28]. We have
aried the scan rate from 50 to 500 mV s−1 for these four elec-
rodes, and no current corresponding to Faradaic process has
een found in the case of non bio-modified electrodes, contrary
o the case of the biosensors. Furthermore, to calculate CDL in
he case of the biosensors, the Faradaic current was eliminated
sing a linear correction from the peak’s beginning to its end.
rom the slope of the linear curve representing a limiting cur-
ent density (for the same absolute cathodic and anodic values)
ersus scan rate, capacitance values were obtained for all cases
s summarised in Table 1. An increase of capacitance with the
egree of modification can be seen. So, the unmodified elec-
rode shows the lowest capacitance and the electrodes modified
ith Nafion and the two enzymes show the highest capacitance
alue (i.e. 10 times higher than that of the unmodified electrode).
hese results are in accordance with the morphology study, and
an be attributed to the limitation of charge movement through
he modification layers, and to the changes in the active surface
xposed to the electrolyte, as seen in the AFM studies.

.3. Cyclic voltammetry behaviour in the absence of
rganic mediators

Laccase and Tyrosinase belong to the same family of oxi-
onogel-Carbon 0.083 ± 0.06
afion/Sonogel-Carbon 0.236 ± 0.019
AC-Nafion/Sonogel-Carbon 0.565 ± 0.102
AC-TYR-Nafion/Sonogel-Carbon 0.959 ± 0.106
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ig. 3. (A) Effect of scan rate on the cyclic voltammograms (from inner to ou
B) Dependence of peak potentials versus scan rate in logarithmic scale. Condi

or coupled binuclear copper site (T3), that catalyze the oxi-
ation of hydrogen atom from the hydroxyl group of various
romatics, mainly the large number of phenolic compounds,
olyamines, lignins and aryl diamines, as well as some inor-
anic ions, coupled to the reduction of molecular dioxygen to
ater [29]. It can be assumed that the donor substrates react

nitially near the T1 and one electron is transferred to a T2/T3
luster site where oxygen is reduced via four electrons exchange.
yrosinase (monophenol monoxygenerase) contains two copper
3 type centres, and therefore catalyzes two different oxygen-
ependent reactions: the o-hydroxylation of monophenols to
-diphenols (cresolase activity), and the successive oxidation
f o-diphenols to o-quinones (catecholase activity) [30]. For
pecial kinds of immobilization and electrode, LAC (of dif-
erent origin) and TYR (from Mushroom) have demonstrated

lectrochemical activities without any mediator [11]. This elec-
ron transfer can be described as a tunnelling process between
he enzyme catalytic centre and the electrode.

t
o
L

ig. 4. (A) Effect of scan rate on the cyclic voltammograms (from inner to outer
00 mV s−1. (B) Dependence of peak potentials versus scan rate in logarithmic scale
rves) of the LAC-Nafion/Sonogel-Carbon biosensor, from 100 to 500 mV s−1.
s in Fig. 1.

In this study, cyclic voltammetry was applied to illustrate the
lectron transfer between these multicopper enzymes and the
urface of the Sonogel-Carbon electrode. Two biosensors have
een compared in this respect, individual LAC/Sonogel-Carbon
nd a dual LAC-TYR/Sonogel-Carbon. As can be seen in the
oltammograms of Fig. 2, redox processes were not observed for
he uncoated or the Nafion-coated Sonogel-Carbon electrodes.
n contrast, two redox peaks can be seen for the LAC/Sonogel-
arbon and LAC-TYR/Sonogel-Carbon bio-electrodes: the

eduction/oxidation potential peaks are around −14 and 86 mV
vs. Ag/AgCl), with �Ep = 100 mV and Em = 36 mV, for the
AC-based biosensor, while the peaks are −131 and 3 mV,
ith �Ep = 116 mV and Em = −64 mV, for the dual LAC-TYR-
ased biosensor. The separation of peak values, much larger than
0 mV/n, prove the quasi reversible behaviour in the two elec-

rocatalytic biosensors [28]. On the other hand, it can also be
bserved that the reduction currents start at 300 and 330 mV for
AC, and LAC-TYR-based biosensors, respectively; these val-

curves) of the dual LAC-TYR-Nafion/Sonogel-Carbon biosensor, from 50 to
. Condition as in Fig. 1.
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es are more negative than others reported for similar Laccase:
round 550 mV at pH 3.5 for Trametes Ochrasera, and Tram-
tes Hirsuta Laccases entrapped at a HOPG electrode surface
31], and around 450 mV at pH 5.5 for Polyperous versicolor
accase adsorbed on the surface of a pyrolytic graphite elec-

rode [16]. Moreover, the quasi-reversible couple that appears
or our two biosensors is similar to that reported by Lee et al.
16], when 2,9-dimethyphenanthroline was added to the sup-
orting electrolyte, and also similar to that shown for Laccase,
rom Trametes Hirsuta, immobilized on a bare gold electrode in
erated citrate–phosphate buffer at pH 4 [32].

Figs. 3(A) and 4(A), show, respectively, the cyclic voltammo-
rams of the two biosensors at different scan rates, from 0.05 to
.5 V s−1. The anodic and cathodic peaks show linear increase in
urrent intensity with scan rate, thus indicating a surface control
lectrode process (data not shown). The average covered surface
an be calculated from the Faraday’s law as follows: Q = nFAΓ m;
here Q is the integrated peak value, A is the surface elec-

rode (0.0103 cm2), and n is the number of transferred electrons
ssumed equal to 4, so this is the number of electrons necessary
o reduce the molecular oxygen near the T2/T3 cluster site of
ctive enzymes. From the cathodic peaks recorded at a scan rate
f 0.5 V s−1, values of 1.7 × 10−10 and 1.9 × 10−10 mol cm−2

or LAC and dual LAC-TYR-based Sonogel-Carbon biosensors,
espectively, were obtained. These values are much higher than
hat obtained by a saturated pyrolytic graphite electrode surface
ith Polyperous versicolor Laccase [16], which indicates the
erformance of our immobilization matrix and electrode, tak-
ng into account the similar mass for the two Laccase enzymes
about 70 kDa).

The most important parameter for use as a criterion in inves-
igating the bioamplification procedure is the electron-transfer
ate constant kET, which quantifies the direct electron-transfer
fficiency in the two cases. Laviron’s model [33] for a diffu-
ionless electrochemical system has been used to determine this
arameter, which makes it possible to deduce the transfer coef-
cient and the rate constant of an electrochemical reaction from

he experimental study of the variation of the potential peak as
function of the scan rate. Figs. 3(B) and 4(B), show the linear
ependence of the anodic and cathodic potential peaks on scan
ate in logarithmic scale. According to the Laviron’s criterion,
hen nΔEp > 200 mV, the transfer coefficient α can be deter-
ined from the slope of the representation Ep = f(log (υ)) which

quals −2.3RT/αnF and 2.3 RT/(1 − α)nF for the cathodic and
nodic peaks, respectively, and kET can be obtained from the
ollowing equation:

og (kET) = α log (1 − α) + (1 − α) log (α)

−log

(
RT

nFυ

)
− α(1 − α)

nF�Ep

2.3RT

From these, we calculated α = 0.64 and kET 6.19 s−1 for the

accase biosensor, and 0.67 and 8.52 s−1 for the dual enzymes
iosensor. As expected, the bioamplification does not affect the
ransfer coefficient and possibly reflects that the active sites
resent in the dual enzymes layer and in the individual enzyme

a
c
t
c
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ayer do not differ qualitatively between the two cases. In addi-
ion, the kET values reported here for both cases are close to
hose obtained with Coriolus versicolor Laccase monolayer cov-
ring a pyrocarbon surface electrode [15], and lower than that
btained with Laccase, from the same origin, immobilized on
ighly dispersed colloidal graphite or carbon black [19].

.4. Effect of organic mediator

Fig. 5(A), shows the voltammograms of the two biosen-
ors when a 0.5 mM concentration of gallic acid was added
n the electrochemical cell. As expected, the shape of the
oltammograms changes completely from the unmediated
oltammograms: the change can be summarised as the shift of
he oxido-reduction peaks to positive potentials, and the appear-
nce of the catalytic wave at a potential beyond −50 mV. The
urrent collected in the catalytic wave, the origin of which is the
eduction of the enzymatic product, is larger in the case of the
ual enzymes modification than that obtained for the individual
accase modification, and indicative of the signal bioamplifica-

ion. Moreover, it is important to note that gallic acid is not an
deal substrate for Tyrosinase. Thus, in our investigation in this
ontext, we found that the sensitivity of the LAC-based biosen-
or to gallic acid is 100 times stronger than that shown by the
YR-based biosensor and the response of the dual electrode is
tronger than the sum of the responses of individual LAC and
YR-based biosensors [27].

Although this amplification has already been reported, the
echanism has not yet been adequately elucidated. Our results,

specially the Em potential, the average of covered surface
nd the calculated ks for the two biosensors, may demonstrate
hat this amplification can also be manifested in catalytic bio-
lectroreduction of oxygen as well as in the DET manifested in
ll cases.

In the catalytic cycle of the two enzymes, oxygen is reduced to
ater without the intermediate formation of hydrogen peroxide

32]. Furthermore, it has been demonstrated that the presence of
2O2 increases the oxy-Tyrosinase content for Tyrosinase and

he peroxide-level intermediate for Laccase [29]. Based on these
ndings, a speculative explanation of this signal amplification
as been reported, in the generation of H2O2 between the two
nzymes [2,6]. To check this assumption, we added peroxide
o the solution in the case of TYR and LAC-based individual
nzyme electrodes. In the presence of gallic acid no significant
hanges in the current was observed in the voltammogram for
he individual TYR-based biosensor, because of the low sen-
itivity of this enzyme to gallate, although in the presence of
atechol, as prototype substrate of this enzyme, the current reg-
stered at potential of −200 mV was amplified by approximately
0% compared with that without peroxide, and the irreversible
eak was not changed, as seen in Fig. 5(B). On the other hand, the
oltammograms for the individual LAC biosensor in the pres-
nce of gallic acid and peroxide displayed significant changes,

s shown in Fig. 5(C). These changes are an amplification of the
urrent of the peaks, the displacement of their potentials, and
he variation in the waveform with an increase in the catalytic
urrent up to the potential of about −200 mV.
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Fig. 5. Cyclic voltammograms of: [A] LAC-Nafion/Sonogel-Carbon (a), dual
LAC-TYR-Nafion/Sonogel-Carbon (b) in absence of peroxide, [B] TYR-
Nafion/Sonogel-Carbon in absence (a) and presence (b) of peroxide, and [C]
LAC-Nafion/Sonogel-Carbon in absence (a) and presence (b) of peroxide. Con-
dition: aerated acetate pH 5 buffer solution, 0.01 mM of peroxide for [B] and
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[3] S.C. Chang, K. Rawson, C.J. McNeil, Biosens. Bioelectron. 17 (2002)
1015.
C], 0.5 mM gallic acid for [A] and [C], and 0.5 mM of catechol for [B], scan
ate 100 mV s−1.

These results confirm a relative favourable effect on the cat-
lytic cycle of the two enzymes, depending on the nature of the
ubstrate, although this is not sufficient to give a clear response to
he question: At what stage of the catalytic cycles of the enzymes

oes the peroxide have this effect? Nor do the results illustrate
nequivocally the mechanism of the signal amplification in the
ase of dual enzymes electrode.
75 (2008) 1348–1355

However, considering all the collective results accumulated
n this research, we can postulate three hypotheses. The first
ypothesis is that the generation of peroxide, which is also
bserved in the catalyzed TYR system, increases the interme-
iate peroxide-level in the LAC cycle, and this promotes a
eduction of oxygen by this enzyme; the amplification of the
arameter in the DET and the increase in the current of the peaks
bserved in Fig. 5(C) serve as the basis for this hypothesis. The
econd hypothesis is that the effectiveness of the TYR biocatal-
sis is promoted by a radical phenol, as well as by the peroxide
enerated by LAC; the relatively favourable effect of H2O2 on
he catalytic wave in Fig. 5(B) is proof of that. Finally, simple
xplanations could be based on the data obtained in the charac-
erization study of the surface and/or the use of the crosslinkage
rocedure to immobilize the enzymes in both biosensors. The
ncrease in the protein quantity in the dual biosensor compared
o that used for the individual one conserving the same per-
entage of glutaraldehyde can protect the enzymes from the
ndesirable desnaturation caused by inter-crosslinkage phenom-
na and also increase the sensitivity of the resulting biosensor.
he roughness, together with the considerable gain in the sur-

ace area, demonstrated for the dual enzyme-based sensor (see
able in Fig. 1) might be advantageous for mass transfer or for
edox cycle-based amplification. In an attempt to confirm this
hird possible explanation, amperometric measurements were
erformed with three biosensors (TYR, LAC, and dual enzyme-
ased biosensors) in the presence of Ferulic acid. No response
as obtained for the TYR-based biosensor, as a consequence
f the ortho-occupation in this substrate; nevertheless, bioam-
lification phenomenon was observed in the case of the dual
nzymes based biosensor, with an increase in the sensitivity and
decrease in the apparent Michaelis–Menten constant, when

ompared with the response of the individual Laccase biosensor.
Although the definitive confirmation of one of these mech-

nisms is not easy, the use of a multi-transducer could help to
lucidate it, especially by proving the two first explanations, but
his strategy is considerably limited by the distance between the
ctive centres of the two different enzyme-based biosensors [6].
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bstract

Phthalates are a group of chemical compounds with increasing interest from the analytical point of view. The risks for human health associated
ith some of these compounds have unleashed the necessity to develop analytical methods with great sensitivity that allow us to detect their
resence at trace levels in order to assure protection for the population.

A simple and rapid method for determining a group of phthalate esters in aqueous samples was developed. The method was based on high-
erformance liquid chromatography–(electrospray)-mass spectrometry (HPLC–ES-MS), working in positive ionisation (PI) mode. A gradient
lution was performed with acetonitrile–ultrapure water starting from 5 to 75% acetonitrile in 5 min followed by isocratic elution during 5 min.
tandard calibration curves were linear for all the analytes over the concentration range 10–500 ng mL−1 .The LOD values found for DMP, DEP,

BP and DBP were 0.8, 3.4, 0.6 and 1.2 ng mL−1 respectively. The relative standard deviation ranged from 0.8 to 1.7%, which indicated good
ethod precision.
The proposed analytical method has been applied to the analysis of commercial physiological saline solutions in order to check the presence of

hthalates and to determine their concentration.
2008 Published by Elsevier B.V.
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. Introduction

Diesters of phthalic acid, commonly referred to as phthalates,
re a group of chemical compounds widely used in industry and
ommerce due to their large variety of uses. Because of their
roperties to improve softness and flexibility to the plastics they
re used mainly as plasticizers to give products to consumer and
ndustry versatiles, durables and accessibles such as medical
evices, children’s toys and all kind of packaging. Furthermore,
hthalates are also used as industrial solvents and lubricants, as
dditives in textile industry and pesticides and also in personal
are products such as deodorants, lotions and perfumes, to retain

he colour and fragrance [1–4].

Approximately 93% of all plasticizers are phthalates, the
emaining 7% corresponding to esters and polyesters based

∗ Corresponding author.
E-mail address: pbermejo@usc.es (P. Bermejo-Barrera).
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n adipate, phosphoric acid, sebacic acid, etc. [1]. The world
roduction of these compounds is estimated at several million
onnes per year. Phthalates are not chemically bound in the plas-
ics; therefore, they can be lost from plastic and released to the
nvironment [5].

Consistent toxicological evidence indicates association
etween several of these phthalate esters and risks for human
ealth and the environment. In particular, dibutyl phthalate
DBP), butyl benzyl phthalate (BBP), and di-(2-ethylhexyl)
hthalate (DEHP) are in the list of the proposed substances sus-
ected to produce endocrine alterations published by European
nion (EU) [6].
Section 307 of the US Clean Water Act establishes that

imethyl phthalate (DMP), diethyl phthalate (DEP), butyl ben-
yl phthalate, dibutyl phthalate, di-(2-ethylhexyl) phthalate and

ioctyl phthalate (DOP) must be considered priority toxic pollu-
ants [7]. These concerns have been further aggravated by recent
nalysis of human blood and urine samples, where traces of var-
ous phthalates (or their metabolites) have been found [8,9]. For
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hese reasons, the interest in the study of this type of chemical
ubstances has increased during the last few years, and there-
ore it is essential to develop a reliable and sensible analytical
ethod that allows us to determine and quantify this group of

ompounds at trace levels.
Several methods have been developed for their determination

n different matrices, including water (drinking water, surface
ater, wastewater), soil, sediment, sludge, dust, air and biota

vegetation, milk, fish, etc.) [2,10–12].
The analysis of phthalic acid esters is mostly performed

y gas chromatography (GC) [13–17]. Generally, GC methods
resent better sensibility than HPLC methods, although depend
n the pre-treatment step, the instrumental conditions and the
ample matrix [6]. High-performance liquid chromatography
HPLC) can be used as an alternative technique and is espe-
ially useful for analysis of isomeric mixtures and metabolites
f phthalates without derivatisation [18].

Phthalates can be detected using UV detection [8,19–21],
ame ionisation detection (FID) [22,23], electron capture detec-

ion (ECD) [24] or mass spectrometry (MS) [10,11,25,26]. Some
fficial methods (US EPA methods 606 and 8060) describe the
se of ECD for the phthalate determination. Although ECD
etectors are relative sensitive for phthalates, the specificity is
estricted. The most important detector for phthalate analysis is
ass spectrometric detection. All types of MS analysers, includ-

ng quadrupole analysers, triple quadrupole analysers, ion traps
nd magnetic sector instruments have been used for phthalates
etermination [27].

The major problem in phthalate analysis is the contamination,
esulting in false positive results or over-estimated concentra-
ions. The risk of contamination is present in the whole analytical
cheme, including sampling, sample preparation and chromato-
raphic analysis. Due to the fact that phthalates are widely used,
hey are present in air, water, and organic solvents and plastic
nd adsorbed on glass or other materials [27].

A recent study carried out by Reid et al. [28] shows significant
uantities of phthalates from various components commonly
ound in the environmental of analytical laboratory. Conse-
uently, plastic syringes, pipette tips, plastic filters and all type
f plastic material must be avoided, and glass material must be
sed instead. Once plastic materials containing phthalates are
voided, the main source of contamination are phthalates present
s vapours or part of the particulate matter in air, contaminating
ll surfaces, particularly glassware, plastic objects and our skin
29].

As a result of the contribution of all these sources of contam-
nation, the experiments to reduce its produce confusing results
ecause, the sources of contamination vary from one laboratory
o another and depend on factors such as season, weather and
entilation of the laboratory [29].

Different cleaning methods have been proposed to avoid the
ontamination problems due to the phthalates from the material
sed in the laboratory. In all of them glass material is rinsed with

rganic solvents after a rigorous washing [11,30–35].

The aim of this work is to develop a method for phthalates
etermination presents in trace levels in physiological saline
olutions, using HPLC–ES-MS.

m
T

2

5 (2008) 1184–1189 1185

. Experimental

.1. Reagents and standards

All reagents used were of analytical reagent-grade. Dimethyl
hthalate and butyl benzyl phthalate were obtained from Supelco
Bellefonte, PA, USA). Diethyl phthalate and dibutyl phthtalate
ere obtained from Riedel-de Haën (Seelze, Germany). The
urity of these reagents was over 98%.

Lichrosolv gradient grade acetonitrile and methanol were
urchased from Merck (Darmstadt, Germany). Technical-grade
cetone and acetic acid glacial (HPLC) for instrumental analy-
is were purchased from Panreac (Barcelona, Spain). Ultrapure
resi-analyzed) water for environmental inorganic and organic
race analysis was supplied by J.T. Baker (Phillipsburg, NJ,
SA).
Individual standard solutions of each phthalate ester at a con-

entration of 1000 mg L−1 were prepared in methanol, preserved
f light and stored at 4 ◦C in a Teflon-capped glass vial. From
hese solutions, a working mixture in methanol was prepared
eekly containing all standards of concentration 100 mg L−1

ach. All the working solutions were prepared daily by diluting
his solution.

Special care was taken to avoid the contact of reagents and
olvents with plastic materials. In order to reduce background
ontamination, all glassware was cleaned prior to the analysis
ccording to the recommendations specified in EPA method 506.
ll material was washed with hot water and soap, rinsed with tap

nd ultrapure water and finally thorough rinsed with technical-
rade acetone. Then, glassware was sealed with aluminium foil
nd stored in a clean environment to avoid adsorption of phtha-
ates from the air.

.2. Instrumentation

Phthalates separation and quantification was carried out using
iquid chromatography/electrospray ionisation-mass spectrom-
try system.

The HPLC system used was an 1100 Series equipped with
n automatic injector (Agilent Technologies, Waldbronn, Ger-
any) that is coupled to an API 150 EX single quadrupole
ass spectrometer equipped with a Turboionspray interface (PE
iosystems, Concord, Canada).

The analytical column was a ZORBAX Eclipse XDB-C8
f 50 mm length and 2.1 mm internal diameter (particle size
.5 �m) supplied by Agilent Technologies.

.3. Chromatographic and mass spectrometry conditions

The binary mobile phase consisted of ultrapure water and
cetonitrile, both solvents containing 0.1% (v/v) acetic acid. The
lution gradient started with 95% of ultrapure water, which was
educed linearly to 25% in 5 min. Then, this composition was

aintained for 5 min before returning to the initial conditions.
he column was equilibrated for 10 min.

The flow rate and the injection volume were
00 �L min−1and 10 �L, respectively and the chromato-
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Table 1
Optimal values of the compound parameters for the four phthalates studied

Compound Acronym m/z Potentials

DP FP EP
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imethyl phthalate DMP
utyl benzyl phthalate BBP
iethyl phthalate, dibutyl phthalate DEP, DBP

raphic separation was carried out at room temperature. Under
hese conditions the separation time was less than 10 min.

Electrospray ionisation was performed in positive ion mode.
he operational parameters were the same for all of analytes
ith an ionspray voltage of 5500 V; nitrogen was used as neb-
lizer and curtain gas at a pressure of 14 psi in both cases; air
urrent at 450 ◦C and 7000 cc min−1 was used as turbo heater
as.

The compound parameters such as declustering potential
DP), focusing potential (FP) and entrance potential (EP) were
ptimized for each analyte. The optimal conditions are shown
n the Table 1.

.4. Sample preparation

Samples were injected directly in the chromatograph, it
asn’t necessary any sample preparation process.

. Results and discussion

.1. ES-MS optimization

Four phthalate esters (DMP, DEP, BBP and DBP) were
elected for this study.

To evaluate the mass spectral fragmentation pattern of each
ompound and to optimize the set of parameters used, a stan-
ard solution (100 mg L−1) of each compound was analyzed by
irect injection in the spectrometer. For these experiments, a KD
cientific, model 100, syringe pump (New Hope, MN, USA) at
5 �L min−1, was used.

Full-scan data acquisition was performed from 80 to 400 m/z,
ith the target mass fixed to the following m/z values: 91.15

or BBP, 149.05 for DEP and DBP and 163.25 for DMP. The
pectral data provided ions in accordance with previous stud-
es reported in literature [2,15,16,36,37]. The selected ions were

hosen to attain the best response in the SIM mode acquisi-
ion. Characteristics as molecular weight, identification ions and
etention time corresponding to these compounds are given in
able 2.

D

D

able 2
olecular weight, selected ions and retention time to the analysis of the target phthal

hthalate Molecular weight SIM

imethyl phthalate 194 163
iethyl phthalate 222.24 149
utyl benzyl phthalate 312.40 91
ibutyl phthalate 278.35 149
163.25 40.38 73.87 8
91.15 25 225 6

149.05 25 290 8.5

.2. Optimization of HPLC separation

After optimizing the detection conditions, the following
xperiments were conducted to optimize the chromatographic
eparation of the analytes.

Experiments were carried out using different mobile phases
eported in the literature (methanol:water [38], acetoni-
rile:water [20], acetonitrile (1%methanol):water [21]), working
n isocratic mode. The best resolution was obtained using ace-
onitrile:water as a mobile phase. These results agree with
he experiments developed by López-Jiménez et al. [10]. In
rder to improve the resolution and to decrease the time of
nalysis, different experiments were carried out working in
radient mode. The best results were obtained started with
5% of ultrapure water and decreasing this percentage to 25%
n 5 min. Then, this composition was maintained for 5 min
efore returning to the initial conditions. Finally, the col-
mn was equilibrated during 10 min before each injection.
ther parameters optimized were the percentage of acetic

cid and the flow rate of the mobile phase. The optimal
onditions were 0.1% (v/v) acetic acid and a flow rate of
00 �L min−1.

The chromatogram obtained for a mixed of these compounds
nder the optimized conditions is shown in the Fig. 1.

.3. Analytical performance

To evaluate the linearity of the method, a direct calibration
urve was realized. Ten microliters of standard solutions in ultra-
ure water with concentrations ranging from 10 to 500 ng mL−1

ere injected by triplicate. Detector signals, measured in arbi-
rary units (peak areas), were plotted versus the amount of
nalyte injected, expressed in ng mL−1 and background levels
ere subtracted from de results. The equations obtained for each

ompound were as follows:
MP : QA = 46399 C + 377217 r = 0.9964

EP : QA = 1784 C + 16643 r = 0.9987

ates

ion Identification ions RT (min)

149, 163, 181 6.90
149, 177, 195 7.59
91, 149, 205, 223, 247 9.18
149, 205, 223 9.44
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Fig. 1. LC/MS extracted ion chromatogram obtained from a standards solution
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Table 3
Linear range, correlation coefficients, LODs and LOQs values obtained from
the standard addition method in physiological saline solutions

Phthalate Linear range
(ng mL−1)

Correlation
coefficient (r)

LODs
(ng mL−1)

LOQs
(ng mL−1)

DMP 10–500 0.9998 0.99 3.29
DEP 10–500 0.9979 22.13 73.78
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are shown in Table 5. The average recoveries were 101.5%,
94.7%, 108.3% and 101.4% for DMP, DEP, BBP and DBP,
respectively.

Table 4
Relative standard deviation (%) obtained for three concentration levels (based
on six determinations) in interday assay

Phthalate R.S.D. (%)

50 ng mL−1 100 ng mL−1 300 ng mL−1
100 ng mL−1) in a physiological saline sample purchased in a glass bottle to
he following m/z values: (a) 163.25 for DMP, (b) 149.05 for DEP and DBP, and
c) 91.15 for BBP.

BP : QA = 18218 C + 153056 r = 0.9978

BP : QA = 5166 C + 66474 r = 0.9963

here QA is the peak area and C is the concentration in ng mL−1.
Standard addition method was applied over the same range of

oncentrations using a commercial physiological saline solution
urchased in a glass bottle. The equations obtained for each
ompound were as follows:

MP : QA = 12334 C + 12308 r = 0.9998

EP : QA = 114 C + 1686 r = 0.9979
BP : QA = 5319 C − 20441 r = 0.9988

BP : QA = 639 C − 8128 r = 0.9985

D
D
B
D

BP 10–500 0.9988 5.32 17.73
BP 10–500 0.9985 24.07 80.23

To compare slopes of the calibration and addition graphs for
he four compounds, the t-test (95% significance levels) [39] was
pplied and differences were observed for all compounds. This
eans that the sample matrix had influence in the sensitivity

f the method, so, standard addition graphs had been used to
nalyze these samples.

The limit of detection (LOD) and limit of quantification
LOQ) for the method were calculated according with the equa-
ions:

OD = 3S.D.

m
; LOQ = 10S.D.

m

here S.D. is the standard deviation of 11 measurements of a
lank and m is the slope of the addition graph. The commercial
hysiological saline solution purchased in a glass bottle was
sed as a blank. The results obtained for LODs and LOQs are
hown in the Table 3. As can be seen in the Table 3, LODs are
etween 0.99 and 24.07 ng mL−1 for all compounds, and the
ighest levels obtained were for DEP and DBP.

To check the precision an interday assay was developed.
physiological saline solution sample purchased in a glass

ottle and spiked with three concentration levels (50, 100 and
00 ng mL−1) were analyzed during different days (six determi-
ations per concentration each day) for all compounds studied.
he results obtained are shown in the Table 4. The R.S.D. values
ere between 1.9 and 10.9% so, the method is precise for all

tudied compounds.
The recovery of the method was evaluated by injection of the

hysiological saline solution purchased in a glass bottle spiked
ith three different concentrations of these compounds. The

olutions were injected by triplicate and the recovery calcu-
ated using the standard addition graph. The results obtained
MP 10.9 3.5 3.6
EP 8.0 4.5 4.1
BP 5.6 6.2 2.2
BP 5.1 7.5 1.9
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Table 5
Recovery percentage for physiological saline solutions ± standard deviation

Phthalate % Recovery

50 ng mL−1 100 ng mL−1 300 ng mL−1

DMP 103.7 ± 1.4 105.4 ± 1.0 95.0 ± 1.2
DEP 89.7 ± 3.3 99.5 ± 3.5 95.1 ± 3.1
BBP 111.3 ± 9.5 104.2 ± 2.0 109.5 ± 1.5
DBP 105.8 ± 2.7 89.8 ± 2.1 108.7 ± 3.5

Table 6
Concentrations (ng mL−1) ± standard deviation (based on three replicates)
found in different physiological saline solutions

Physiological saline solutions DMP DEP BBP DBP

Brand A 5 ± 1 335 ± 5 <LOD 50 ± 2
Brand B <LOD <LOD <LOD <LOD
Brand C <LOD <LOD 5 ± 1 <LOD
Brand D 153 ± 2 <LOD <LOD <LOD

<LOD: lower than the detection limit.

Fig. 2. LC/MS extracted ion chromatogram obtained from brand A physiolog-
ical saline solution to the following m/z values: (a) 163.25 for DMP, (b) 149.05
for DEP and DBP, and (c) 91.15 for BBP.

3

a
o
m
c
c

c
o
u
o

i
t
t
t
p

a
b
o
s
i
s

4

H
t
a

e
s
d
d
(

A

C

R

5 (2008) 1184–1189

.4. Application to physiological saline solutions

The proposed analytical method has been applied to the
nalysis of four commercial physiological saline solutions in
rder to check the presence of these phthalates and to deter-
ine their concentration. Samples were injected directly in the

hromatograph, it wasn’t necessary any sample preparation pro-
ess.

The original recipients containing three of these physiologi-
al saline solutions were made from plastic material. The other
ne was in a glass bottle. The phthalate esters are used in the man-
facture of the plastic recipients, so the influence of the material
n the concentration of the phthalates has been evaluated.

Physiological saline solutions were analyzed in order to ver-
fy the presence of different peaks at the same retention time as
he compounds studied. Some peaks appeared at the retention
imes corresponding to DMP, DEP, BBP and DBP. The spec-
ra of these peaks confirmed that they correspond to these four
hthalates.

The results obtained for these phthalates in the four samples
re given in the Table 6. The levels of these compounds in the
rand B, was less than the LODs of the method. The absence
f these compounds in this sample can be attributed to that this
ample is distributed in a glass bottle. Fig. 2 shows the LC/MS
on chromatograms obtained from brand A of physiological
aline solution.

. Conclusions

A method for the determination of different phthalates by
PLC–ES-MS was developed. The method is rapid (the separa-

ion and determination was realized in less than 10 min), precise
nd accurate.

Four commercial physiological saline solutions from differ-
nt brands were analyzed using the proposed method. The results
hown, that these compounds are present only in the samples
istributed in plastic bottles. In physiological saline solution
istributed in glass bottle, these compounds were not detected
<LODs).
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bstract

Biological sensing is explored through novel stable colloidal dispersions of pyrrole-benzophenone and pyrrole copolymerized silica (PPy-
iO2-PPyBPh) nanocomposites, which allow covalent linking of biological molecules through light mediation. The mechanism of nanocomposite
ttachment to a model protein is studied by gold labeled cholera toxin B (CTB) to enhance the contrast in electron microscopy imaging. The
iological test itself is carried out without gold labeling, i.e., using CTB only. The protein is shown to be covalently bound through the benzophenone
roups. When the reactive PPy-SiO2-PPyBPh-CTB nanocomposite is exposed to specific recognition anti-CTB immunoglobulins, a qualitative

isual agglutination assay occurs spontaneously, producing as a positive test, PPy-SiO2-PPyBPh-CTB-anti-CTB, in less than 1 h, while the control
olution of the PPy-SiO2-PPyBPh-CTB alone remained well-dispersed during the same period. These dispersions were characterized by cryogenic
ransmission microscopy (cryo-TEM), scanning electron microscopy (SEM), FTIR and X-ray photoelectron spectroscopy (XPS).

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

Immunodiagnostics are testing methods that harness an
ntigen–antibody binding reaction to measure, or simply iden-
ify the presence of one of these naturally occurring components
ithin a physiological fluid or cytologic/histologic specimen.
uch procedures have become an essential tool in the identifi-
ation of metabolic and disease markers.

Methods such as radioimmunoassays (RIA) [1], enzyme
mmuno assays (EIA) and enzyme-linked immunosorbent

ssays (ELISA) [2,3] are widely used for immunoassay diagnos-
ics, but require handling radioactive materials or sophisticated
quipment such as a scintillation counter, UV–vis spectrometers

∗ Corresponding author at: Department of Chemical Engineering, Ben-Gurion
niversity of the Negev, 84105 Beer-Sheva, Israel.

E-mail address: oregev@bgu.ac.il (O. Regev).
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XPS

r sophisticated luminometers or fluorometers. Another immun-
diagnostic tool in development is the immunosensor, which
sually couples immobilized biospecific recognition entities to
he surface of a transducer. The latter transduces a molecular
ecognition event into a measurable electric signal [4] such as
n the case of fiber-optic or amperometric [5] immunosensors.
owever, in the preparation of biosensors the immobilization of
iospecific entities onto the transducer [6], be it an electrode, a
iezoelectric crystal or optical fiber, is a key feature requiring
mprovement by way of better characterization methods such
s those proposed here in devising an alternative immunoassay
evice.

Polypyrrole-coated polystyrene latex and particularly silica
articles were extensively studied in the last years as they are

otentially useful in immunodiagnostics. Latex agglutination
ests [7] and hemagglutination [8] are very popular in clinical
aboratories. These tests have been applied to the detection of
ver 100 infectious diseases, and many other applications are
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urrently available. In agglutination assays, the visible phase of
he reaction is enhanced by binding one of the reactants to a solid
hase such as latex beads [9–11], red blood cells, or as will be
emonstrated here, to an alternative medium PPy-SiO2-PPyBPh
raspberries”. Particle immunoassays add sensitivity by enhanc-
ng surface area and visibility. By linking several antigens to the
article, the particle is able to bind many antibody molecules
imultaneously. This greatly accelerates the speed of the visible
eaction, and allows rapid and sensitive detection of antibodies
markers of diseases).

Molecular recognition receptors are usually prepared by
mmobilizing antigens or antibodies onto a substrate material,
y either physical adsorption or covalent binding. Since physi-
al adsorption is weak it is desirable to immobilize biomolecules
f interest by covalent binding to the carrier surface. Addition-
lly, the specific activity of these nanocomposites-based immuno
eagents can be enhanced by binding ligands through intervening
pacer molecule, especially to regions isolated from the binding
ite [12].

There are many methods to covalently bind bioreceptors
o particles via surface treatment of the particles through
hemical functionalization so as to facilitate analyte attach-

ent and to increase binding stability. Functional treatments

nclude carboxylation, amidation, amination, hydroxylation
nd even magnetization. Recently, novel ester-functionalized
olypyrrole-silica particles were used for the covalent attach-

a
b
t
p

ig. 1. (A) Mechanism for the photochemical reaction of benzophenone with a C H b
onomer. Schematic representation of the: (C) copolymerization process of silica bea

o the polymerized silica bead surface by illumination through the pyrrole-benzophen
alanta 75 (2008) 1324–1331 1325

ent of proteins [13]. A photoreactive benzophenone (BPh)
erivative is bound to silica surfaces via a silane anchor.
ig. 1A describes the elementary steps in the radical photo-
ttachment process of benzophenone, which includes: (I) triplet
tate excitation, (II) H-abstraction and (III) radical recom-
ination, thus allowing the formation of covalent binding
ith different substrates, such as nucleic acids or proteins,
earing amino acids with sterically accessible C H bonds
14–16].

In this study, we utilize benzophenone derivatives to
ynthesize novel pyrrole copolymerized silica nanoparticles
PPy-SiO2-PPyBPh). The combination of the two monomers,
amely Py and PyBPh, allows efficient and strong covalent link-
ng of biological molecules through light mediation (Fig. 1C
nd D), respectively. The immobilization of the receptor, (here
holera toxin B subunit (CTB) used as a model protein), to a
Py-SiO2-PPyBPh nanocomposite is carried out by the pho-

ochemical linkage to photoreactive benzophenone derivatives
hat are bound to the SiO2 surfaces (Fig. 1C and D). The
mmuno-conjugate is bound through C H bonds in the spacer
enzophenone molecule, without disruption of its biological
ctivity. Since the protein molecules have low mass-thickness

nd diffraction contrast in electron microscopy, we labeled them
y gold nanoparticles (GNP) having high mass-thickness con-
rast, which makes it then possible to follow the immobilization
rocess at nanometric resolution.

ond of an amino acid side chain [40] (B) Structure of the pyrrole-benzophenone
ds with PPy and PPyBPh and (D) photochemical attachment of the CTB subunit
one-coated silica beads immersed in the antigen solution.
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The resulting nanocomposite dispersion is characterized by
ryo-transmission electron microscopy (cryo-TEM) [17–20], its
orphology is determined by scanning electron microscopy

SEM) and atomic force microscopy (AFM), while information
bout its structure is done by FTIR and its surface chemi-
al composition by X-ray photoelectron spectroscopy (XPS).
he reactive PPy-SiO2-PPyBPh-CTB nanocomposites are then

ested in a qualitative visual agglutination assay.

. Experimental section

.1. Materials

Cholera toxin B subunit (C9903, lyophilized powder), anti-
holera toxin antibody produced in rabbit (C-3062), pyrrole
131709, reagent grade, 98%,), and Ludox colloidal silica sol
HS-30, 30% (w/v) water suspension) were purchased from
igma, iron (III) chloride-6-hydrate (31232) and chloroau-
ic acid (520918, ≥99.9%,) from Aldrich, while sodium
itrate dehydrate (S4641), was purchased from ACS. Tan-
ic acid (Mallinckrodt Baker Inc.) was used as received.
-(Cyclohexylamino)-1-propane sulfonic acid (CAPS) buffer
olution with pH 10.5 (25 ◦C) was purchased from Bio-
hemika (82607, concentration: 20 mM CAPS). The pyrrole
onomer, functionalized with a photoreactive benzophenone

roup (Fig. 1B) was prepared as previously described by
he esterification of the 3-benzoylbenzoic acid with the 1-
3-hydroxypropyl) pyrrole using the carbodimide method
21].

.2. Preparation

.2.1. Synthesis of 8 nm colloidal gold nanoparticles and
oupling of CTB to form a complex (CTB-Au8)

Colloidal gold particles with a diameter of 8 nm (σ = 1.2 nm)
ere synthesized by the reduction of chloroauric acid with tri-

odium citrate and stabilized by tannic acid [22]. 79 ml distilled
ater and 1 ml 1% (w/v) aqueous gold chloride is added to

olution consisting of 4 ml 1% (w/v) tri-sodium citrate·2H2O,
.08 ml of 1% (v/v) tannic acid and 16 ml distilled water. The
ixed a solution was warmed to 60 ◦C on a hot plate. When
red color appeared, the mixture was heated up to 95 ◦C and
nally cooled by ice. The diameters of GNPs were determined
rom digital electron micrographs using Digital Micrograph soft-
are/particles (Version 3.1). Zsigmondy’s test [23] was used

o determine the minimal concentration of protein required for
tabilizing the sols (27 �g/ml). Thereafter, 1.5 times of the min-
mal concentration of CTB was bound to gold nanoparticles
s previously described [24] to ensure that the GNPs are fully
tabilized. The CTB-Au8 complexes were first centrifuged at
0,000 × g for 1 h at 4 ◦C (Sorvall Discovery M120 ultracen-
rifuge, S120AT2 rotor). The supernatant was discarded, leaving
concentrated red precipitate, which was then re-suspended in

ouble distilled water and centrifuged several times to wash out
ll possible traces of non-adsorbed CTB. Thereafter, the precip-
tate was re-suspended in double distillated water and kept at
◦C.

t
C
T
w

alanta 75 (2008) 1324–1331

.2.2. Labeling confirmation
The samples were negatively stained and examined by TEM

t room temperature to confirm that CTB was labeled with GNPs.
low-discharged (under vacuum) carbon coated film on a copper
M grid was dipped for 2 min in a sample solution. The grid was

hen negatively stained with an aqueous solution of 2 wt% uranyl
cetate for 1 min and washed clean from the uranyl residues.

.2.3. Synthesis of
oly(pyrrole-benzophenone)/poly(pyrrole)-coated silica
anocomposites (PPy-SiO2-PPyBPh)

An aqueous dispersion of 100 �l of 12 nm silica parti-
les was suspended in 1 ml double distilled water to which
.5 g FeCl3·6H2O oxidant was added, with vigorous stir-
ing into a two-neck 25 ml round-bottom flask with a rubber
eptum containing a magnetic stirrer. After degassing with
itrogen/argon, 10 �l Pyrrole monomer and 60 �l Pyrrole-
enzophenone monomer (1:1 Pyrrole:Pyrrole-BPh feed ratio
25] for optimal copolymerization) were injected via a syringe
o the stirred solution and the polymerization allowed to pro-
eed for 3 h. The coated silica particles were then isolated and
urified by repeated centrifugation–redispersion cycles (succes-
ive supernatants being replaced by deionized water) in order
o remove the unwanted inorganic FeCl2 and HCl, produced
uring the pyrrole polymerization. The pH of the solution was
djusted to 10.5 by using CAPS buffer solution before the photo-
mmobilization step.

Macroscopic stability is determined by visual inspection and,
irect imaging of the dispersion is carried out via cryogenic-
EM. No aggregation and precipitation is observed upon a
rolonged standing of 10 month.

.2.4. Photo-immobilization of the gold labeled-antigen
nto PPy-SiO2-PPyBPh nanoparticles

To produce the desired activation radiation, we used a 100-
Xe lamp mount (Oriel 6271) connected to a light condenser

Oriel 66021). The light was reflected through a dichroic mirror
Oriel 66226). The large spectrum radiation was then condensed
nto the monochromator (Oriel 77250) using the appropriate
ens (Oriel, plano-convex lens). Thereafter, a 345 nm wavelength
ight output, with a light intensity of 80 mW cm−2, was projected
or 10 min into the solution consisting of PPy-SiO2-PPyBPh par-
icles and gold labeled protein (CTB-Au8 nm). The light intensity
as measured by an Ophir Optronics power meter Nova reader,
D300-UV. The excited polymerized radicals could then bind to
eighboring solvated cholera toxin B subunit, labeled with 8 nm
olloidal gold particles.

.2.5. Qualitative visual agglutination test
The new nanocomposites were tested in an immunodiag-

ostic assay: the CTB-coated PPy-SiO2-PPyBPh particles were
sed to detect the presence of the corresponding antibodies
y visual agglutination tests (precipitation indicated a positive

est). CTB-decorated nanocomposites were incubated with anti-
TB. The agglutination test is performed by ocular observation.
herefore, TEM measurements were not performed and labeling
as not required.
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The dry form of PPy-SiO2-PPyBPh particles is imaged by
AFM and SEM (Fig. 3A and B). The average size of nanocom-
posites is found to be 93 ± 18 nm, in good aggreement with the
cryo-TEM measurements (Fig. 2). AFM analysis of the PPy-
P. Goldberg-Oppenheimer et

. Characterization techniques

.1. Transmission electron microscopy (TEM)

PPy-SiO2-PPyBPh nanocomposites were imaged using
EM. Glow-discharged carbon coated film on a copper TEM
rid (lacey carbon, 300 mesh, Ted Pella, Inc.) was dipped
or 2 min in the PPy-SiO2-PPyBPh solution and then dried
ia blotting. The samples were examined at room tempera-
ure using a FEI Tecnai 12 G2 TWIN TEM, and the images
ecorded (Gatan model 794 charge-coupled device cameras) at
20 kV.

.2. Cryogenic transmission electron microscopy

Aqueous dispersions of PPy-SiO2-PPyBPh and PPy-SiO2-
PyBPh-CTB-Au8 nm were imaged using the cryo-transmission
lectron microscopy technique. Sample preparation was car-
ied out using a vitrobot [26] at room temperature and 100%
H. A drop of the solution is deposited on a TEM grid.
he excess liquid is blotted, and the specimen vitrified by
rapid plunging into liquid ethane pre-cooled to its melting

emperature by liquid nitrogen. The samples were examined
t −178 ◦C using the TEM described above in low-dose
ode.

.3. Scanning electron microscopy

Scanning electron microscopy was used to obtain informa-
ion about the surface morphology of the polymeric coatings.
amples for SEM imaging were prepared by placing a droplet
f the PPy-SiO2-PPyBPh dispersion on a lacey TEM grid, which
as then dried. Scanning electron micrographs were obtained
sing a JEOL 7400F cold FEG. The accelerating voltage was
et at 3.0 kV, and secondary electron images were recorded at
arious magnifications.

.4. Atomic force microscopy

Atomic force microscopy images of PPy-SiO2-PPyBPh were
btained by using a Nanoscope IV dimension 3100 multi-
ode scanning probe microscope operated in the tapping mode.
ne drop of dispersed PPy-SiO2-PPyBPh nanocopmosite was
eposited on the surface of a freshly cleaved silicon wafer, which
as first cleaned by methanol, followed by a snow jet and then
ried with nitrogen. A dry thin layer was accomplished by a spin
oating procedure.

.5. FTIR characterization of the PPy-SiO2-PPyBPh
anoparticles

FTIR spectra (KBr disks) for bare silica nanoparticles,

olypyrrole-coated silica and PPy-SiO2-PPyBPh nanoparticles
ere obtained using a Nicolet Protégé 460 spectrometer. In

he present study, FTIR spectra were recorded in the range of
00–2000 cm−1.

F
n
a

alanta 75 (2008) 1324–1331 1327

.6. Surface analysis by X-ray photoelectron spectroscopy

The surface composition of copolymerized nanocomposites
f PPy-SiO2-PPyBPh was examined by XPS using a Kratos HS
pectrometer equipped with an Al K� X-ray source (1486.6 eV).
ried samples were mounted on a powder sample holder and a
ood gun was used in order to minimize the static charging
ffects. The X-ray spot size was 500 �m and the pass energy
as set at 80 and 20 eV for survey and high resolution spectra,

espectively. Peak fitting was carried out using a Casa XPS soft-
are. Spectral calibration was determined by setting the main
1s component at 285 eV. Sensitivity factors were provided by

he manufacturer.

. Results and discussion

.1. Characterization of the PPy-SiO2-PPyBPh
anocomposites

PPy-SiO2-PPyBPh nanocomposites form macroscopically
table dispersions of homogeneous dark black solutions.
ryo-TEM micrographs show (Fig. 2) ∼85 nm in diameter
raspberry-like” shaped particle morphology. These consist
f copolymerized PPy-SiO2-PPyBPh nanocomposites prepared
rom 12 nm silica particles, and trapped within the conduct-
ng pyrrole matrix, as has been previously shown with similar
omopolypyrrole-silica nanostructures [27].
ig. 2. Cryo-TEM micrograph of dispersion of the PPy-SiO2-PPyBPh
anocomposites. Single arrows point at 12 nm silica particles and double arrows
t ∼80 nm “raspberry”-shaped nanocomposites.
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ig. 3. (A) Two- and three-dimensional AFM images of conductive PPy-SiO2

Py-SiO2-PPyBPh particles. Scale bar = 100 nm.

iO2-PPyBPh composites confirms the “raspberry-like” shape
ade by the silica nanoparticles.
FTIR spectra confirm the presence of benzophenone groups

n the copolymerized particles. Spectra of silica, PPy-SiO2 and
Py-SiO2-PPyBPh particles are shown in Fig. 4. For the bare sil-

ca particles (Fig. 4A), the typical absorption bands found are:
shoulder peak near 1630 cm−1 indicates OH bending vibra-

ion, a strong and broad characteristic band near 1095 cm−1 and
shoulder peak near 797 cm−1 that corresponds to the asym-
etric and symmetric stretching peaks of Si O Si [28] while a

eak near 950 cm−1 is due to the symmetric stretching peak of
i OH.

Fig. 4B shows an FTIR spectrum of pure PPy with bands at
547 (2,5-substituted pyrrole) and 1452 cm−1 to be assigned to

−1
ypical polypyrrole ring vibrations; a broad band at 1251 cm
o be assigned to the N C stretching band [29]. The IR peak
bserved at 889 cm−1 may be assigned to the C H out
f plane vibration indicating polymerization of pyrrole [30].

ig. 4. Fourier transform infrared spectrum of: (A) SiO2 nanoparticles (B) PPy-
iO2 particles and (C) PPy-SiO2-PPyBPh nanocomposites.
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BPh nanocomposites. (B) SEM micrographs of three different magnifications

rom the spectrum in 4C, �, � unsaturated ester stretching
Ar COOR’) is observed at 1712.2 cm−1. The recorded peak
t 1694.4 cm−1 is due to aromatic carbonyl (Ar C O) stretch-
ng. Skeletal vibrations of aromatic rings are observed at 1536.8,
566 and 1572.4 cm−1. The peaks at 1036, 1210.2, 1536.8,
555.9, 1566 and 1572.4 cm−1 are all due to in-plane bend-
ng of aromatic C H bonds. The assignment of the observed
requencies is in full conformity with the characteristic trans-
ission bands of benzophenone samples [31]. FTIR spectra

rovide a supporting evidence for the effective incorporation of
enzophenone-pyrrole monomer into the conjugated copolymer.

X-ray photoelectron spectroscopy, XPS, is used for the char-
cterization of the surface composition of PPyBPh (Fig. 5). In the
PS technique, the variations in the binding energy are used to
ifferentiate between different chemical forms and the intensity
f the peaks. The intensity (area under each peak) is proportional
o the abundance of species after correction for the instrumen-
al function and elemental photoemission cross-section. The low
esolution survey spectrum (Fig. 5A) of PPyBPh/PPy copolymer
onsists of 5 peaks: Si2s around 103 eV and Si2p at 154 eV, Cls
round 285 eV, Nls around 400 and Ols around 530. Peak fitting
f the carbon 1s and oxygen 1s signals for PPy-SiO2-PPyBPh
re shown in Fig. 5B and C. The C1s signal has a roughly similar
hape to that of frequently reported ones for a bulk polypyrrole
25,32].

Five peaks are used to curve-resolve the XPS carbon (1s)
ignal of the PPy-SiO2-PPyBPh. These occurred at 284, 285,
86.5, 288.2 and 291.5 eV (Fig. 5B). The 284 eV peak represents
ontributions from both the aromatic and aliphatic carbons. The
85 eV peak contributions are mainly from carbons adjacent to

arboxyl carbon (beta peak) and carbons bound to nitrogen (C C
nd C N, respectively), while the 286.5 eV peak are carbons
ound to single oxygen through a single bond (C O, C O C).
he 288.2 eV corresponds to carbon bound to oxygen by either



P. Goldberg-Oppenheimer et al. / Talanta 75 (2008) 1324–1331 1329

F
C

t
i
c
u
s
w
b

a
(
r
t
p
m

Table 1
Surface composition (atom%) of the PPy-SiO2-PPyBPh nanostructure deter-
mined by XPS

Material 0 Si C N (C + O)/N
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molecules are attached to the PPy-SiO2-PPyBPh nanocompos-
ites but do not fully cover the surface. The main reactive sites
found in CTB subunit polypeptides include the electron-rich ter-
tiary centers, such as C� H of leucine (7.3% of the amino acid
ig. 5. XPS spectra of PPy-SiO2-PPyBPh nanostructure: (A) survey scan, (B)
1s high resolution and (C) O1s high resolution spectra.

wo or three oxygen bonds (C O and O C O). In addition, there
s a shake up at 291 eV arising from the aromatic rings, this is in
ontrast to the homopolypyrrole spectrum where no �–�* shake-
p peak was observed, which is characteristic of aromatic carbon
pecies [33]. The PPy-SiO2-PPyBPh O1s signal was peak fitted
ith two components centered at 531 and 533.6 eV, which could
e attributed to the carbonyl and C O groups, respectively.

In order to quantify this effect, we determined the (C + O)/N
tomic ratio in PPy/PPyBPh from the high resolution spectrum
Fig. 5B and C and Table 1). The ∼25% increase in the (C + O)/N

atio copolymer in comparison to the PPy alone is indeed due to
he addition of three oxygen and twenty three carbon atoms per
yrrole-benzophenone repeat unit from the conducting copoly-
er shell.
Py-SiOz 47.5% 17.1% 28.2% 7.2% 10.5%
Py-SiOs-PPyBPh 48.1% 16.9% 29.1% 5.9% 13.1%

The CBPh fraction (determined by C1s peak fitting, Fig. 5B)
ncreases from 15% to 19% (∼24% increase) upon copolymer-
zation with PPyBPh while the OBPh fraction (determined by O1s
eak fitting) increases from 24% to 30%. These indicate incorpo-
ation of pyrrole-BPh repeat units in the copolymer over the layer
urrounding the SiO2 nanoparticles. The surface composition of
Py-SiO2-PPyBPh and PPy-silica is presented in Table 1.The
urface composition in atomic % of the nanocomposite, probed
y XPS, is estimated to be: 65% silica, 30.5 ± 4.7% pyrrole and
.5 ± 2.8% pyrrole-BPh [34].

.2. Protein attachment studies with gold-labeled CTB
mmobilized onto PPy-SiO2-PPyBPh nanocomposites

As mentioned, labeling CTB with 8 nm gold particles
nhances the visualization of the protein attachment to the syn-
hesized nanocomposites via electron microscopy [35]. The
ilica beads, coated by PPy-BPh, are further conjugated via
hoto-immobilization of the gold-labeled CTB subunits. The
nal composite (thereof PPy-SiO2-PPyBPh-CTB-Au8 nm) is
bserved via TEM imaging (Fig. 6).

It can be clearly seen that gold labeled CTB conjugate
Fig. 6. TEM image of PPy-SiO2-PPyBPh-CTB-Au8 nm nanocomposites.
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ig. 7. Views of the three-dimensional structure of the CTB-pentamer: (A) fr
DeepView/Swiss PdbViewer [38]). (For interpretation of the references to colo

omposition), C� H of valine (4.8%) and CH2 groups adjacent
o heteroatoms in Lys (8.9%), Arg (2.4%) and Met (3.2%) [14].
he three-dimensional structure of the CTB pentamer subunit is
resented in Fig. 7 [36].

Most aforementioned amino acids are buried inside the three-
imensional protein structure. Therefore, high steric hindrance
ill reduce their probabilities to participate in the photochemical
inding of the CTB subunit. However, lysine amino acid residues
marked in red in Fig. 7) are located on the periphery of the
rotein molecule [37,38], which makes them accessible binding
ites during the photochemical process. Therefore, the covalent
ttachment of the protein onto the benzophenone-functionalized
Py-SiO2 nanocomposites is believed to take place due to the
hotochemical process between lysine amino acids in the CTB
nd the pendent benzophenone groups from the functionalized
olypyrrole particles.
.3. Qualitative visual agglutination test

We tested the new PPy-SiO2-PPyBPh-CTB composite in an
mmunodiagnostic assay (here non-labeled CTB molecules are

m
B
b
a

ig. 8. (A) Clumping of the initially dispersed raspberry-shaped PPy-SiO2-PPyBPh-C
ispersion of SiO2-PPyBPh-CTB nanocomposites only (left), and agglutination of the
roposed agglutination process upon addition of anti-CTB to the dispersion of PPy-S
nd (B) back view. The residues marked in red correspond to the lysine units
is figure legend, the reader is referred to the web version of the article.)

sed); the raspberry-like particles are used to detect the pres-
nce of the corresponding antibodies by visual agglutination
est. The raspberry-like particles are incubated with anti-CTB.
isual agglutination (clumping together into visible composites)
f positive PPy-SiO2-PPyBPh-CTB-anti-CTB samples occurs
n less than 1 h. The solution of the PPy-SiO2-PPyBPh-CTB
control) remains well-dispersed during the same time period
Fig. 8A inset).

The visualized agglutination (clumping and precipitation)
ndicates that the test is positive. When clumping does not
ccur, the test is considered negative. Hence, simple macro-
copic observation insinuates that a molecular recognition takes
lace.

The reaction of antibody with protein antigen is reported to
onsist of two-steps [39]. The first step results in the formation
f an antibody–antigen complex. This reaction is followed by
ross-linking of individual immune complexes forming a macro-

olecular aggregate, which eventually precipitates (Fig. 8A and
). Experimentally, we indeed found that upon addition of anti-
ody the solution coagulates immediately (within a few seconds)
nd after about 1 h a complete phase separation is observed. The

TB nanocomposites as visualized via cryo-TEM. Inset: vials containing black
PPy-SiO2-PPyBPh-CTB-anti-CTB complex. (B) Schematic illustration of the

iO2-PPyBPh-CTB.
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low second reaction often requires some incubation to reach
ompletion.

. Conclusions

Novel PPy-SiO2-PPyBPh composite nanoparticles are
repared and characterized in terms of size, dispersion
tability, morphology and chemical structure. The reactiv-
ty of these nanocomposites is tested by model antigen
CTB), which is proved to be covalently bound to the
articles through benzophenone groups. Moreover, the reac-
ive PPy-SiO2-PPyBPh-CTB nanocomposites are tested in a
ualitative visual agglutination immunoassay. The agglutina-
ion reaction, i.e., formation of a precipitating PPy-SiO2-
PyBPh-CTB-(anti-CTB) aggregate, macroscopically detects

he presence of corresponding antibodies in the system.
hile a positive test includes composite clumping and pre-

ipitation, which can be ocularly detected, a negative test
etains the PPy-SiO2-PPyBPh-CTB nanocomposites in solu-
ion.

The successful development of a novel immunological agglu-
ination route for a rapid and simple detection of diseases via
uman vision provides an improved tool to immunodiagnostics
n laboratories or field tests for which sophisticated instrumen-
ation is a problem.
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bstract

This paper describes a new gas-chrormatography with electron capture detection (GC-ECD) method for determination of some pyrethroids in milk
amples. The extraction of the pyrethroids was carried out by liquid–liquid extraction with clean-up by precipitation at low temperature, without
dditional stages for removal of fat interferences. The method was efficient with recoveries of 93.0 ± 0.1% for cipermethrin and 84.0 ± 0.3%
or deltamethrin. The quantification limits were 0.75 �g L−1 for both pyrethroids. The method was simple, of easy execution, and used only

mall quantities of organic solvent. After optimization and validation, the method was used for the determination of residues of the pyrethroids
ipermethrin and deltamethrin in milk and in lactea drink commercialized in Viçosa (MG, Brazil). Some samples presented contamination with
eltamethrin at levels below the maximum contamination limits established by the FAO.

2008 Published by Elsevier B.V.
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. Introduction

The pyrethroids deltamethrin and cipermethrin are widely
sed in dairy farming to kill ticks. The contamination of milk by
yrethroids is caused by the application of these products on the
ody of the cows, in the cow barn, or even in the milk processing
reas [1,2]. The contamination of milk is an extremely preoccu-
ying factor, because milk is an essential food for human health
nd is widely consumed in the initial stages of life. Therefore,
he determination of residues of pyrethroids in milk is essential
o assure the quality of milk consumed as food.

For the determination of pyrethroids in milk or other matrices,
ethods of extraction and quantification by chromatographic

nd electrophoretic techniques are normally used [3–9]. Nor-
ally, the conventional techniques of pesticide extraction from

ilk, for quantification by gas chromatography, require large

mounts of solvent and involve a large number of steps, mainly
or the cleaning of extracts, often resulting in loss of analytes

∗ Corresponding author. Tel.: +55 31 3899 1430; fax: +55 31 3899 3065.
E-mail address: meliana@ufv.br (M.E.L.R. de Queiroz).

n
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039-9140/$ – see front matter © 2008 Published by Elsevier B.V.
oi:10.1016/j.talanta.2008.01.058
10,11]. Moreover, the main difficulty for the determination of
yrethroids in both complex and fatty matrices, such as milk,
s the co-extraction of fatty substances together with the pesti-
ides [12], making quantification of residues of these pesticides
n food impracticable.

An alternative liquid–liquid extraction technique was devel-
ped for extraction of organophosphorous insecticides in olive
il, in which the two phases are separated by freezing of the
ixture. In this separation, the phase that contains the organic

olvent and the pesticide residues remains liquid, whereas the
ther phase, composed mainly of the fatty matrix, is congealed.
nsignificant amounts of fat materials are transferred to the liq-
id phase, so this technique does not require the use of additional
tages for the purification of the extract [13].

The goal of the present work was the application of this
ew method for the extraction of deltamethrin and cipermethrin
rom milk, using gas-chrormatography with electron capture
etection (GC-ECD). This method was based on liquid–liquid

xtraction followed by precipitation at low temperature. The
ethod was used to evaluate the presence of pyrethroid residues

n milk and in lactea drinks commercialized in Vicosa—MG,
razil.
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. Experimental

.1. Chemicals

All the reagents used were at least of analytical grade.
eltamethrin (99.0%) and cipermethrin (92.4%) were pur-

hased from Chem Service (West Chester, PA, USA).
cetonitrile (Tedia/HPLC-spectro grade); anhydrous sodium

ulphate (Merck), hexane (Tedia/Pesticide level), ethyl ether
Tedia/Pesticide level), and acetone (Tedia/Pesticide level) were
sed as received.

Standards were prepared as stock solutions of 500.0 �g L−1

n acetonitrile. Working solutions of 50.0 �g L−1 were prepared
eekly by dilution of the stock solution with acetonitrile. The

olutions were stored at −18 ◦C.

.2. Equipment

For the pyrethroid determinations, a Shimadzu gas chromato-
raph, model 17A, with electron capture detector was used.
eparations were carried out with a HP-5 fused silica capillary
olumn (30.0 m × 0.25 mm I.D.; 1.00 �m film thickness). The
hromatographic conditions were: Injector port temperature of
80 ◦C; detector temperature of 300 ◦C, temperature program:
50 ◦C, 10 ◦C min−1 to 280 ◦C, held for 3 min. Nitrogen was
sed as carrier gas at 1.2 mL min−1. The sample volume injected
as 1.0 �L in the split mode (1:5).

.3. Liquid–liquid extraction with clean up by precipitation
t low temperature

To establish the best conditions for simultaneous extraction
f pyrethroids, pasteurized milk samples (4.0 mL) were fortified
ith 0.1 mL of standard 50.0 �g L−1 and left standing for 24 h

t 4 ◦C. After this period the samples were submitted to the
rocess of extraction with an organic solvent at a temperature
f 25 ◦C. The mixtures obtained in each assay were shaken on
shaking table (Tecnal TE - 420) at a rate of 175 rotations

er minute and then left in freezer at −20 ◦C for 12 h. After
his period, the organic phase, having the organic solvent with
he extracted compounds, remained liquid whereas the watery
hase and the fatty fraction of milk were frozen. The liquid
hase was passed through a previously cooled filter paper that
ontained anhydrous sodium sulfate (2.0 g). The extract obtained
as adjusted to 10.0 mL with acetonitrile and analyzed by GC-
CD.

For the optimization of the milk pyrethroid extraction con-
itions, fortified milk samples (4.0 mL) were placed in contact
ith several different organic solvents (8.0 mL): hexane, ethyl
cetate, acetone, acetonitrile and combinations of these. Using
he optimized organic solvent, sample/organic solvent ratios
1:1, 1:2; 1:3 and 1:4 by volume) and the effect of agita-
ion time (10, 20, 30, 40, 50 and 60 min) were evaluated to
ptimize the efficiency of the extraction of pyrethroids from
ilk.

b
b
u
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.4. Analytical curves

Quantification of extracts of milk containing deltamethrin
nd cipermethrin pyrethroids was carried out by the exter-
al standard method using analytical curves with seven
oncentration levels for each pyrethroid over the range of
.75–10.0 �g L−1.

.5. Method validation

Some analytical parameters of the liquid–liquid extraction
echnique with clean-up by precipitation at low temperature
ere evaluated, such as precision, accuracy, linearity, selectiv-

ty, limit of detection (LOD) and limit of quantitation (LOQ), as
uggested by the protocols of the principal Brazilian regulatory
gencies [14–17].

.6. Application of the liquid–liquid extraction method with
lean up by precipitation in low temperature

The validated method was applied for the determination of
eltamethrin and cipermethrin in samples of type B milk, UHT
hole milk, three different brands of pasteurized type C milk

nd two different brands of commercial lactea drink, purchased
n local stores during January and February of 2004.

. Results and discussion

The organic solvent, the effect of the ratios between the vol-
mes of the sample and of the organic solvent and the time of
gitation on the efficiency of the extraction were evaluated for
he determination of pyrethroids. Of all solvents evaluated, the
est results were with acetonitrile (93.0 ± 0.1% for cipermethrin
nd 84.0 ± 0.3% for deltamethrin), and a mixture of acetonitrile
nd ethyl acetate in the ratio of 7:1 (82.0 ± 1.6% for ciperme-
hrin and 95.0 ± 2.1% for deltamethrin). Other solvents, such as
exane, ethyl ether, ethyl acetate, acetone and mixtures of those
resented extractions below to 20% for the two pyrethroids.
lthough either acetonitrile or the mixture acetonitrile and ethyl

cetate (7:1) could be used as organic solvent, pure acetonitrile
as chosen. This solvent was also used by Rizos et al. [13] in

he extraction of organochloro pesticides from olive oil. In that
tudy, acetonitrile, amongst all evaluated solvents, presented the
ighest recoveries of the compounds under study.

The ratio of the volume of acetonitrile to that of the sample
hat showed the best results was 2:1, giving recoveries supe-
ior to 80%. Moreover, this ratio between organic solvent and
ample allowed an adequate separation of the frozen phase and
he liquid organic phase. Other sample/organic solvent ratios
esulted in recoveries lower than 63%. The time of contact
etween acetonitrile and the milk samples that resulted in the
est recoveries of cipermethrin and deltamethrin was 20 min

nder low frequency agitation on the shaking table. Under these
onditions, the percentage of recovery of pyrethroids in the milk
ample was 93.0 ± 0.1% and 84.0 ± 03%, for cipermethrin and
eltamethrin, respectively.
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ig. 1. Chromatogram of a milk extract fortified with 10 �g L−1 of deltamethrin
nd cipermethrin. Peaks identification: S—solvent, 1—cipermethrin,
—deltamethrin, *—unknown.

The optimizated technique consists in adding 8.0 mL of ace-
onitrile to 4.0 mL of milk sample, the mixture being agitated
or 20 min at 175 rpm. The extracts are frozen for approximately
2 h at −20 ◦C and what stays in the liquid phase are the ace-
onitrile and the extracted material. On removal from the flask,
he acetonitrile is passed through a pre-cooled filter that con-
ains anhydrous sodium sulfate (2.0 g). The extracted volume is
djusted to 10.0 mL with acetonitrile and analyzed by GC-ECD.

An important advantage of this liquid–liquid extraction tech-
ique with clean-up by partition at low temperature is that the
xtract obtained is clear and relatively free of fat interference, as
an be observed in the chromatogram of a milk extract obtained
fter extraction (Fig. 1). A chromatogram of a 100 �g L−1 stan-
ard solution of deltamethrin and cipermethrin is shown in
ig. 2. The presence of double peaks for pyrethroids is related
ith the presence of both isomeric forms produced during injec-

ion in the chromatograph [18]. The areas attributed to each
yrethroid are considered as the sum of the peak of areas of the
somers.

The quantification method, at optimized chromatographic

onditions, showed good detectability, with a limit of detec-
ion of deltamethrin of 0.25 �g L−1, calculated from the detector
esponse using a signal to noise ratio of 3 while the quantifica-
ion limit was 0.75 �g L−1 using a signal to noise ratio of 10.

o

t
w

able 1
ilk and lactea drinks analyzed for the presence of deltamethrin and cipermethrin

amples Delta

asteurized whole milk type B <LOD
asteurized whole milk type C, sample 1 1.45 ±
asteurized whole milk type C, sample 2 <LOD
asteurized whole milk type C, sample 3 0.98 ±
asteurized skim milk type C <LOD
HT whole Milk 0.25 ±
actea Drink (UHT) 1 0.92 ±
actea Drink (UHT) 2 <LOD

he assays were carried out in triplicate.
ig. 2. Representative chromatogram of a standard solution of 100.00 �g L
f deltamethrin and cipermethrin. Peaks identification: S—solvent,
—cipermethrin, 2—deltamethrin, *—unknown.

he detector response was linear over an ample range of con-
entrations, from 0.75 to 1000.0 �g L−1. Linearity expressed
y the linear regression coefficient, was 0.999 for both com-
ounds, which showed an acceptable adjustment of the linear
egression data. The time of the chromatographic analysis was
ess than 7 min. Cipermethrin, with a retention time of 3.99 min,
nd deltamethrin, with a retention time of 5.22 min, could be
imultaneously identified and quantified in the extracts.

Method repetitibility, expressed as the estimated coefficient
f variation (%CV), was evaluated by applying the method to
even samples (n = 7) that were fortified with deltamethrin and
ipermethrin standard solutions of 1.25 �g L−1. Coefficients of
ariation of 3.8% for deltamethrin and 8.5% for cipermethrin
ere obtained, values that are relatively low, considering the

ample complexity. In methods for impurity or trace analysis,
he accepted coefficients of variation are up to 20%, taking into
onsideration the sample complexity [15].

The intermediate precision was evaluated on 3 different days,
y the same analyst [14]. Assays with fortified milk samples
ere carried out at 1.25, 2.50 and 3.75 �g L−1. The coefficients
f variation were inferior to 8.0%.
After optimization and validation, the liquid–liquid extrac-
ion technique with clean-up by precipitation at low temperature
as applied to samples of milk and lactea drink commercialized

methrin (�g L−1) Cipermethrin (�g L−1)

<LOD
0.04 3.68 ± 0.54

<LOD
0.30 2.71 ± 0.02

<LOD
0.05 <LOD
0.40 1.51 ± 0.90

<LOD
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n Viçosa (MG, Brazil). The residual levels of deltamethrin and
ipermethrin found in these samples are presented in Table 1.

Considering that type C milk is a mixture having different
rigins and that the spraying of animals with pyrethroids is not
he only method used by producers to control ticks, a dilution
f pyrethroids in milk is observed. In this way, the amounts of
yrethroid residues found in the samples were below the lim-
ts demanded by international legislation [19,20], with values
anging from 1.0 to 5.0 �g L−1. Similar results were observed
n the lactea drink samples. For skim milk sample the pyrethroid
esidues were below the detection limit, because skim milk has
ess fat than whole milk.

. Conclusions

The conventional techniques of pesticide analysis in milk
ave many steps and use large quantities of organic solvents.
he method proposed here, based on liquid–liquid extraction
ith clean-up by precipitation at low temperature is simple, of

asy execution and efficient, using reduced amounts of organic
olvent, with few manipulation steps and no additional purifi-
ation step. Moreover, the analytical methodology proposed for
he determination of deltamethrin and cipermethrin residues in
amples of different types of milk and lactea drink is sufficiently
ractical, allowing detection and quantification of residual lev-
ls of pyrethroids, below of the maximum limits suggested by
ODEX Alimentarius (FAO/WHO) [19,20].
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bstract

A new method is developed for the determination of perfluorooctanesulfonate (PFOS) and perfluorooctanoic acid (PFOA) in sewage sludge
amples. The analytes in sewage sludge samples are extracted by methanol and formic acid, cleaned by C18 solid-phase extraction, then
eparated, identified and quantitated by liquid chromatography/quadrupole time-of-flight mass spectrometry (LC–QTOF-MS). A C18 column
150 mm × 2.1 mm, 3.5 �m) with gradient elution of MeOH–H2O (60:40) containing 5 mmol/L ammonium acetate and MeOH–H2O (80:20) is
sed for the chromatographic separation. [M−K]− ions at m/z 498.93 for PFOS and [M−COOH]− ion at m/z 368.97 for PFOA are selected for

TOF-MS in the negative electrospray ionization mode. The detection limits for PFOS and PFOA in sewage sludge samples are 0.5 and 0.8 ng/g,

espectively. The spiked recoveries are in the range of 85–114 and 71–98% for PFOS and PFOA, respectively. The proposed method is successfully
pplied to the analysis of PFOS and PFOA in 16 sewage sludge samples from China. PFOS and PFOA are detected in most sewage sludge samples
nd the concentrations of PFOS and PFOA are up to 5383 and 4780 ng/g (oven dry weight), respectively.

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

Perfluorinated surfactants perfluorooctanesulfonate (PFOS)
nd perfluorooctanoic acid (PFOA) are additives in a wide vari-
ty of industrial products and commodities, including protective
oatings for carpets and apparel, paper coatings, insecticide for-
ulations, and surfactants [1]. PFOS is also used as a surfactant

n firefighting foams [2]. It spreads widely in the environment,
ildlife, and humans [3–10]. Subchronic exposure to PFOS may

ead to significant weight loss accompanied by hepatotoxicity
nd reductions of serum cholesterol and thyroid hormones. It
as also been reported that PFOA can produce hepatotoxic-
ty, anorexia, alteration of fatty acid metabolism, reduction of

irculating thyroid hormones and androgen, bradycardia, and
ypothermia in the rat [11]. The 3M Company, one of the most
uorochemical manufacturing companies, has claimed to cease

∗ Corresponding author. Tel.: +86 10 62849179; fax: +86 10 62849179.
E-mail address: gbjiang@rcees.ac.cn (G. Jiang).
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039-9140/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2008.01.052
he manufacturing of perfluorooctanyl-related materials in 2000.
roducts made of perfluorooctanyl-related materials, however,
re still widely available all over the world. Some publications
ave demonstrated widespread distribution of PFCs in China
12]. The distribution mode and the contamination levels of
FCs in some matrices such as sewage sludge are still not clear
ow and worthy of being studied in China.

High-performance liquid chromatography (HPLC) with
riple quadrupole mass spectrometry in electrospray negative

ode is the most extensively applied method for the analy-
is of PFCs in various environmental and biological matrices,
ecause triple quadrupole mass spectrometry has high preci-
ion, wide linear range and high sensitivity for PFOS and PFOA
etermination in complicated matrices. It is able to determinate
pecific fragmentation of isolated precursor ions and eliminate
ackground noise. More and more laboratories have HPLC cou-

led with triple quadrupole mass spectrometry, however, most
f them have no ability to analysis PFOS and PFOA due to the
igh instrument blank. So auxiliary line fittings of LC/MS/MS
hould be stainless to avoid the contamination, which greatly
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ncreases the experimental cost. Now only a few laboratories
an afford it. The application of HPLC–MS in the selected ion
onitoring (SIM) mode and HPLC-ion trap mass spectrometry

as recently been reported as the attractive alternatives for the
nalysis of perfluorooctanesulfonate and related fluorochemi-
als [13–15]. However, when these methods are applied to detect
ow concentrations of PFCs in complicated matrix, the inter-
erence of matrix must be carefully gotten rid of. Other mass
pectrometric techniques such as quadrupole time-of-flight mass
pectrometry (QTOF-MS) are also applied in the environmen-
al samples analysis for structure elucidation or confirmation
urposes because it has high resolution and sensitivity. QTOF-
S has distinct advantages over other scanning instruments

ncluding the detection of a high percentage of ions, high mass
esolution and accuracy, fast acquisition rates, high sensitivity,
nd large mass range. QTOF-MS technique is considered to be
ne of the attractive alterations for the unequivocal identification
f unknown compounds using full-spectrum scan. However, it is
eldom applied to quantitative analysis because of its relatively
arrow linear range for most of the compounds. Recently, several
apers have reported about liquid chromatography/quadrupole
ime-of-flight mass spectrometry (LC–QTOF-MS) being used
o detect trace levels of organic pollutions [16,17]. It not only
an record selected precursor ions, but also can offer high mass
esolution and accuracy. Considering its specific advantage of
igh mass accuracy and sensitivity, we apply it to determine
FOS and PFOA in sewage sludge samples as there is no report
n the application of LC–QTOF-MS in the analysis of PFCs
n environmental samples. PFOS and PFOA can be confirmed
y the retention time and the accurate mass spectrometry. The
ingle MS mode is used for both qualitative and quantitative
nalysis. The MS/MS mode can be applied to identify PFOS
nd PFOA in more detail. The proposed method is applied to
ccurate and precise analysis of PFOS and PFOA in 16 sewage
ludge samples.

. Experimental

.1. Chemicals and reagents

Potassium PFOS was purchased from Fluka (Milwaukee,
I, USA). PFOA and perfluoroheptanoic acid (PFHpA, as lock
ass standard) were purchased from Aldrich (Milwaukee, MI,
SA). HPLC-grade methanol was purchased from J.T. Baker

Philipsburg, NJ, USA). Ultra-pure water was prepared by Milli-
system (Millipore, Milford, MA, USA). Ammonium acetate

CH3COONH4] and acetic acid (CH3COOH) were of analyti-
al reagent grade. The C18 SPE cartridge (500 mg, 6 mL) was
ought from Alltech (Deerfield, IL, USA).

The nitrogen gas (N2) was used as evaporation and nebuliza-
ion gas. The argon was used as collision gas. All stock solutions
ere kept in polypropylene volumetric flasks at 4 ◦C in the dark.
.2. Instrumentation

The analysis of PFOS and PFOA are carried out by the
yphenated system of HPLC with quadrupole time-of-flight

2
a
a
s

(2008) 1394–1399 1395

ass spectrometry. A model Alliance 2695 from Waters (Waters
orp., USA) is used to separate PFOS and PFOA. The separate
olumn is XTerra C18 column (particle size of 3.5 �m, 2.1 mm
.d. × 150 mm in length, Waters, Ireland) and the guard column
s XTerra C18 2.1 mm × 10 mm packed with particle size of
.5 �m (Waters, Ireland). Optimum separation is achieved with
binary mobile phase at a flow rate of 300 �L/min. A deion-

zed water solution containing 5 mmol/L ammonium acetate (pH
.0) and methanol serve as mobile phase. According to previous
tudies, volatile buffer ammonium acetate in the mobile phase is
ssential to the ionization of PFOA and PFOS [18,19] because
ts suppressing effect on the signal is weak. Additionally, as a
uffer compound, it is effective at pH 6.0, which is found to be
he optimum value of pH for the separation of PFCs. The gra-
ient starts at 60% methanol followed by 0.5 min ramp to 80%
ethanol, hold 9 min, and then reverting to initial conditions by

.5 min ramp allowing 8 min stabilization time.
A quadrupole time-of-flight (QTOF micro) mass spectrome-

er (Micromass, Manchester, UK) with a Z-spray ESI source
orking in negative mode is used for the identification and
uantitative analysis of PFOS and PFOA. Optimal ionization
ource working parameters are as follows: capillary and sam-
le cone voltages, 2.5 kV and 35 V; source and desolvation
emperatures, 120 and 250 ◦C; cone and desolvation gas flows
nitrogen), 100 and 650 L/h, respectively. The collision gas
s argon at the pressure of 5.0 × 10−5 Torr and the collision
nergy is 35 V. Both the high- and low-resolution for mass fil-
er are set at 10.0 V. The pressure in the TOF cell is lower
han 5.0 × 10−7 Torr (1 Torr = 133.322 Pa). m/z 498.93 ± 0.05
or PFOS and [M−COOH]− ion at m/z 368.97 ± 0.05 for PFOA
re monitored for their accurate identification and the selection
f precursor ions.

The TOF analyzer is calibrated every day for the accurate
ass analysis. The lock mass is utilized to guarantee the mass

ccuracy. Continuum mode TOF mass spectra are recorded using
ingle MS modes from m/z 50 to 600 with a duty cycle of 1.0 s.
he acquired data are converted to centroid (80% of the top
eak area) to implement lock mass adjustment and to gener-
te the accurate mass spectra. A window width of ±0.05 Da is
elected to obtain enough selectivity and to decrease the noise
i.e. better limits of detection). For MS/MS mode, the precur-
or ion is selected in the quadrupole analyzer and fragmented in
he hexapole cell by applying collision cell offset voltages 35 V,
epending on the compound. Product ion spectra are recorded
n the TOF analyzer from m/z 50 to 600, too. Afterwards, the
pectra are lock mass corrected using the m/z value of the pre-
ursor ion. Data are collected and processed by MassLynx v4.1
oftware.

.3. Sample collection

Sewage sludge samples were collected in polypropylene bot-
les from 16 municipal waste water treatment plants in February

004. They were transported in ice and frozen (−15 ◦C) until
nalysis. The sewage sludge samples were firstly grounded
nd homogenized in a methanol-rinsed carnelian mortar. Each
ewage sludge sample was dried in oven at 103 ◦C overnight
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o eliminate aliquots. The concentration of PFOS and PFOA in
ewage sludge samples were calculated and expressed in the unit
f ng/g (oven dry weight).

.4. Sample preparation

A simple and efficient sample pretreatment method includ-
ng extraction and cleanup steps used herein is similar to that
escribed elsewhere [20], which offers satisfying quantitative
ecoveries of anionic PFCs in sewage sludge matrix. Briefly,
pproximate 0.1 g of oven dried sewage sludge samples are
xtracted by the mixture of 1% formic acid and methanol. In
rder to enrich the analytes and to remove the acetic acid,
alts, and potential matrix interferences, the combined sludge
xtract is then loaded at a flow rate of 1–2 mL/min on a vacuum
anifold onto a 500-mg C18 SPE cartridges which has been

re-conditioned with 10 mL of methanol followed by 10 mL of
% acetic acid. The SPE cartridges are then rinsed with 10 mL
f Milli-Q water, dried under vacuum for at least 2 h. PFCs are
luted from the cartridge with 4 mL of methanol and collected in
:1 (v/v) methanol/acetone-washed graduated glass tubes. The
luent is then concentrated to 2 mL under nitrogen. In order to
et rid of the deposited impurities, the analyte is transferred into
10-mL glass vial. 800 �L of methanol is used to rinse the

raduated glass tubes for the complete transfer of the analytes
nd 1200 �L of 0.01% aqueous ammonium hydroxide solution
s added. To reduce matrix interferences and ensure the ana-
yte’s concentrations in the quantitative range of LC–QTOF-MS,
ewage sludge extracts are further diluted to 5 mL by adding
mL of a 70:30 (v/v) methanol/aqueous ammonium hydroxide

0.01%) solution. The extracts are stored at 4 ◦C until analysis.
500-�L aliquot of extract is transferred to a 1.5-mL glass auto

ampler vial.

.5. Analytical procedure

A sample volume of 10 �L is injected into the system of
PLC–QTOF-MS. After the base-lined separation by the C18

eversed column, PFOS and PFOA compounds are identified
nd further quantitatively analyzed by single mass mode using
haracteristic ions of [M−K]− at m/z 498.93 and [M−COOH]−
t m/z 368.97 for the determination of PFOS and PFOA, respec-
ively. Quantitative calculation is performed based on the ratio
f the peak areas of the analytes to that of the standards. Three
nalysis replicates are performed for all the standards and sam-
les.

In order to obtain the calibration curves of PFOS and PFOA,
he matrix-matched calibration graphs for PFOS and PFOA
re prepared by injecting extracted blank spiked with increas-
ng amounts of standard ranging from 0 to 200 ng/g. The

atrix-matched standards are then analyzed by the system of
PLC–QTOF-MS and the curves are drawn based on the aver-

ge peak areas of PFOS and PFOA, which give an acceptable

inearity (γ2 > 0.998) over the test range.

For the confirmation of the feasibility of the proposed method
n practical analysis of the sewage sludge samples, spiked recov-
ry experiments are carried out by adding three levels of PFOS

3
t
s
t

(2008) 1394–1399

5, 80, 125 ng/g) and PFOA (8, 80, 160 ng/g) into a blank sewage
ludge from Haikou and processed the pretreatment steps as
escribed above, finally analyzed by HPLC–QTOF-MS. Five
eplicates are carried out to evaluate the precision of the analyt-
cal procedure.

. Results and discussion

.1. Optimization of buffer levels in mobile phase

According to previous reports, the volatile buffer ammonium
cetate at pH 6.0 is found the optimum buffer for the ionization
f PFOA and PFOS [18,19]. Additionally, the concentrations of
he buffer may affect the intensity of signal to noise (S/N) ratio
f the tested chemicals. Effects of concentration on the intensity
f signal to noise (S/N) ratio are studied by adding different
oncentrations of ammonium acetate (0, 1, 5 and 10 mmol/L)
o the inorganic phase. With the increase of the concentration
f buffer, the intensities of PFOS and PFOA are enhanced. But
0 mmol/L ammonium acetate leads to less intensity both of
FOS and PFOA (data not shown). The highest S/N ratio of
FOS and PFOA are obtained using 5 mM ammonium acetate

n water–methanol. The optimized mobile phase composition is
pplied to the following experiments.

.2. Optimization of QTOF-MS parameters

The impacts of mass spectrometric parameters, such as cone,
apillary and collision voltage, are investigated by the analysis
f standard solution of PFOS (10 ng/mL) and PFOA (10 ng/mL).
t is found that the intensity of PFOS and PFOA varies with the
ncreasing of cone voltage from 20 to 60 V. With the increase
f cone voltage, the response of PFOS and PFOA increase ini-
ially, and then they reach the maximum, followed by a fall trend.
he curves of ion intensity versus cone voltage are obtained. As
hown in Fig. 1, a sample cone voltage of 35 V is finally selected
or further experiments. Under these experimental conditions,
ingle MS spectra of PFCs obtained with the QTOF-MS instru-
ent agree with those previously reported using quadrupole and

on trap mass spectrometry [21].
Capillary voltage is another important parameter greatly

ffecting the sensitivities. The responses of PFOS and PFOA
ignificantly increase with capillary voltage varying from 1.0
o 2.5 kV, and then obtain stable state. As we all know, at rela-
ively high voltages, the tip of the capillary can discharge, which
ould damage the ion source. So a 2.5 kV of capillary voltage

s ultimately chosen.
With the enhancement of collision energy, the ratios of the

ntensities of specific fragment ions to those of the precursor
ons increased significantly, whereas it is essential to maintain
nough intensity of precursor ions to confirm the existence of
FOS and PFOA. In the proposed method, MS/MS mode is
pplied to confirm the feasibility and veracity of single mode.

5 V collision voltages are selected to produce specific fragmen-
ation ions. In the determination of PFOS and PFOA in sewage
ludge samples, single ms mode is used to confirm and calculate
hem. Individual analyte standard is directly infused to tune the
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Fig. 1. The effect of sample cone voltage on the intensity of PFOS and PFOA
(10 ng/mL for PFOS, 10 ng/mL for PFOA), flow rate is 10 �L/min; capillary
v
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Fig. 2. The fragmentation ions of PFOS. The concentration of PFOS is
100 ng/mL; flow rate is 10 �L/min. Capillary voltage and sample cone: 2.5 kV
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ratio are 1.5 and 2.4 ng/g for PFOS and PFOA, separately. The
limits of quantitation (LOQ), defined as S/N ratio of 10 are
5 and 8 ng/g for PFOS and PFOA in sewage sludge samples,
respectively.
oltage is 2.5 kV; collusion energy is 5 V; source and desolvation temperatures,
20 and 250 ◦C; cone and desolvation gas flows (nitrogen), 100 and 650 L/h,
espectively.

nstrument based on the parent ion and to determine the frag-
ent ions of interest. All the optimal values achieved are used

or the following analysis of the standards and the sewage sludge
amples.

.3. Fragmentation pathways of the PFOS and PFOA

Previous studies using triple quadrupole mass spectrometry
ave elucidated the structure of PFCs [20]. To obtain a more
ccurate assignment, the MS/MS spectra of PFOS and PFOA
sing the QTOF instrument are studied. Collision energies for
ll analytes are set at 35 V in order to obtain both the maximum
ignals for product ions and at least ∼10% for the parent ion
optimal values are given in Section 3). In general, the MS/MS
pectra of PFOS and PFOA are similar to those obtained pre-
iously with triple quadrupole mass spectrometry in terms of
ragmentation patterns [20]. However, high-resolution makes
t obtain more accurate mass. Fig. 2 shows the MS/MS spec-
rum obtained with the QTOF-MS instrument for PFOS, where
he assignments with their corresponding mass accuracies are
lso indicated. For PFOS, the fragment at m/z 79.95 and 98.95
orrespond to the SO3

− and FSO3
−, respectively [10]. For

FOA (Fig. 3), m/z 368.97, 168.98 and 118.99 correspond to
he C7F15

−, C3F7
− and C2F5

−, respectively.

.4. Method validation

Linear response range and the limits of quantitation of PFOS
nd PFOA using the LC–QTOF-MS system are studied to eval-
ate the feasibility and veracity of the proposed method in the
pplication to analyzing sewage sludge sample. For sewage

ludge samples, matrix-related ion interference may exist using
C–MS/MS analysis [20], which leads to the decrease in detec-

or response. Using a matrix-matched standard can compensated
or the interference. The analytical characteristics of the method,

F
5
a
2
A

nd 35 V; collusion energy is 35 V; source and desolvation temperatures: 120 and
50 ◦C; cone and desolvation gas flows (nitrogen): 100 and 650 L/h, respectively.
window width of ±0.05 Da is selected.

uch as linear response range, reproducibility and limits of quan-
itation are investigated and the results depicted in Table 1. The
inearities of the PFOS and PFOA are calculated from the five-
evel calibration curve over the range from 5 to 125 ng/g for
FOS and 8 to 160 ng/g for PFOA, and an acceptable linear-

ty (γ2 = 0.998) in the test ranges are obtained. Quantification is
ased on the response of the external standards that bracketed
he concentrations found in samples.

The limits of detection (LOD) based on three times of S/N
ig. 3. The fragmentation ions of PFOA. The concentration of PFOA is
00 ng/mL; flow rate is 10 �L/min. Capillary voltage and sample cone: 2.5 kV
nd 35 V; collusion energy is 35 V; source and desolvation temperatures: 120 and
50 ◦C; cone and desolvation gas flows (nitrogen): 100 and 650 L/h, respectively.
window width of ±0.05 Da is selected.
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Table 1
The standard curves of the analytical method

Analyte Quantitation ions Linear curve γ2 Linear range (ng/g) LOD (ng/g) LOQ (ng/g)
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c
ucts. Previous study also suggests PFOS can be come from the
biotransformation of N-ethyl-N-(2-hydroxyethyl) perfluorooc-
tanesulfonamide [20]. PFOA, as the precursor of many surface
materials, might remain in the product and be released when
FOS [M−K]− m/z 498.93 y = 0.9834x + 1.0869
FOA [M−COOH]− m/z 368.97 y = 1.0568x + 1.1667

The accuracy, precision, and stability of the developed
ethod are evaluated by the spiked recovery experiments at low-
middle- and high-spiked concentrations of PFOS and PFOA,
espectively. The results shown in Table 2 indicate that the spiked
ecoveries are in the range of 85–114% for PFOS and 71–98%
or PFOA. The relative standard deviations are less than 15%.
he results are in compliance with those reported in the liter-
ture [20]. The results reveal that the method developed here
ould be applied to the analysis of PFOA and PFOS in sewage
ludge samples.

.5. Application

The proposed method is successfully used to analyze 16
ewage sludge samples from China. These samples collected
rom 16 cities, which distribute in large area of China, to some
egree, could represent the contamination level of PFOS and
FOA in China. Fig. 4 shows the mass chromatogram com-
arison of the standards and the sewage sludge sample from
inchuan. PFOS and PFOA are confirmed by comparing the
ass spectrum and the corresponding retention time of samples
ith those of the standards. The concentrations are estimated by

xternal standard method based on the matrix-matched standard
alibration curves. Table 3 shows the contamination levels of
FOS and PFOA in sewage sludge samples. It could be found

hat PFOS and PFOA compounds are detected in most of the
ewage sludge samples and the concentrations range from 278
o 5383 ng/g (dry weight), which is generally higher than the
evels reported previously [20]. According to Table 3, it could
e found that the contamination of PFOS and PFOA spreads
idely in China, though there are no large production plants for
FCs. The values of PFOS and PFOA detected in Xiamen1 and
iamen2 differ from each other greatly, it is might due to dif-
erent waste water sources. According to previous reports, the
aste water from industry plants, the concentrations of PFCs are
igh, while from domestic products, the concentrations of PFCs
re low. The current contamination might come from the release

able 2
piked recoveries of PFOS and PFOA in a Haikou sewage sludge samplea (n = 5)

nalyte Spiked level (ng/g) Mean recovery ± R.S.D. (%)

FOS 5 99 ± 15
80 96 ± 11

125 105 ± 9

FOA 8 83 ± 12
80 88 ± 10

160 84 ± 8

a The Haikou sewage sludge sample served as the blank matrix. The experi-
ental conditions are same as those in Fig. 4

F
s
f
s
c
v
s

.998 5–125 1.5 5

.999 8–160 2.4 8

f PFC-containing products. The volatile precursors of PFOS
nd PFOA might be another potential source for the widespread
ontamination. PFOS may be present as unreacted residual in
onsumer products such as clothing and surface-treatment prod-
ig. 4. The comparison of LC–MS ion chromatogram of PFOS and PFOA in
tandard mixture (45 ng/mL for PFOS, 100 ng/mL for PFOA) with a sample
rom Yinchuan (PFOS 2560 ng/g, PFOA 3259 ng/g). The condition of mass
pectrometry is same as those in Fig. 2 except the collusion energy is 5 V. The
ondition of separation is same with mentioned in Section 2.2, the injection
olume is 10 �L. (A) The chromatogram of standard. (B) The chromatogram of
ample.
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Table 3
Concentrations of PFOS and PFOA (ng/g dry weight) in sewage sludge samples
(average concentration ± standard error) (n = 3)

Sample site PFOS PFOA

Baoding N.D. N.D.
Beixiaohe 280 ± 34 492 ± 69
Guangzhou1 5383 ± 108 4591 ± 89
Guangzhou2 1015 ± 51 1680 ± 118
Haerbin N.D. 1650 ± 82
Haikou N.D. N.D.
Hangzhou N.D. N.D.
Hefei 236 ± 19 493 ± 49
Linyi N.D. N.D.
Liuzhou 2522 ± 76 1792 ± 90
Shanghai 472 ± 52 454 ± 54
Shenyang 973 ± 78 2159 ± 86
Wulumuqi 1081 ± 65 4780 ± 143
Xiamen1 4257 ± 85 2365 ± 95
Xiamen2 278 ± 25 563 ± 62
Y

N
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[
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[

[

[

[

[

[

[

inchuan 2560 ± 77 3259 ± 75

ote: N.D. = not detected. The experimental conditions are same as those in
ig. 4.

verheated. Other potential sources might include industrial
ources, consumer products containing residuals, and releases
f PFC-containing aqueous film-forming foam (AFFF) from
refighting activity and training, etc. It still needs further inves-

igations on the potential sources of the PFOS and PFOA in
hina. There is not enough toxicological data affirming the

afe levels of PFOA and PFOS for environmental organisms
nd human health. It should cause more concerns on the occur-
ence of these compounds in environment and organisms. More
esearches should be carried out for the further risk assessment
f environmental contamination of PFCs.

. Conclusion

LC–QTOF-MS is a powerful tool of yields full-scan mass
pectrum about structure of the molecule to enable unequivo-
al confirmation of the presence of the PFOS and PFOA. The
ethod using C18-SPE for sample pretreatment and LC–QTOF-
S system for the analysis of PFOS and PFOA in sewage

ludge samples is firstly developed herein. The satisfying spiked

ecoveries and R.S.D.s confirm the reliability of the proposed
ethod. The acceptable sensitivities endue it practical applica-

ion to analyze PFOS and PFOA contamination in sewage sludge
amples.

[

[

(2008) 1394–1399 1399

cknowledgement

This research is supported by a grant from the Chinese
cademy Sciences no. KZCX3-SW-431.

eferences

[1] 3M, Health and Environmental Assessment of Perfluorooctane Sulfonic
Acid and its Salts, EPA docket AR-226-1486, US Environmental Protection
Agency, Washington, DC, 2003.

[2] M.M. Schultz, D. Barofsky, J.A. Field, Environ. Sci. Technol. 38 (2004)
1828.

[3] G.W. Olsen, T.R. Church, J.P. Miller, J.M. Burris, K.J. Hansen, J.K. Lund-
berg, J.B. Armitage, R.M. Herron, Z. Medhdizadehkashi, J.B. Nobiletti,
E.M. O’Neill, J.H. Mandel, L.R. Zobel, Environ. Health Perspect. 111
(2003) 1892.

[4] J.P. Giesy, K. Kannan, Environ. Sci. Technol. 35 (2001) 1339.
[5] J.P. Giesy, K. Kannan, Environ. Sci. Technol. 36 (2002) 147A.
[6] K. Kannan, J. Koistinen, K. Beckmen, T. Evans, J. Garzelany, K.J. Hansen,

P.D. Jones, J.P. Giesy, Environ. Sci. Technol. 35 (2001) 1593.
[7] K. Kannan, S.P. Hansen, C.J. Franson, W.W. Bowerman, K.J. Hansen, P.D.

Jones, J.P. Giesy, Environ. Sci. Technol. 35 (2001) 3065.
[8] K. Kannan, J.L. Newsted, R.S. Halbrook, J.P. Giesy, Environ. Sci. Technol.

36 (2002) 2566.
[9] K. Kannan, S. Corsolini, J. Falandysz, G. Oehme, S. Focardi, J.P. Giesy,

Environ. Sci. Technol. 36 (2002) 3210.
10] K. Kannan, J.W. Choi, N. Iseki, K. Senthilkumar, D.H. Kim, S. Masunaga,

J.P. Giesy, Chemosphere 49 (2002) 225.
11] C. Lau, J.L. Butenhoff, J.M. Rogers, Toxicol. Appl. Pharmacol. 198 (2004)

231.
12] M.K. So, S. Taniyasu, N. Yamashita, J.P. Giesy, J. Zheng, Z. Fang, S.H.

Im, P.K.S. Lam, Environ. Sci. Technol. 38 (2004) 4056.
13] C.L. Tseng, L.L. Liu, C.M. Chen, W.H. Ding, J. Chromatogr. A 1105 (2006)

119.
14] A. Karrman, B. van Bavel, U. Jarnberg, L. Hardell, G. Lindstrom, Anal.

Chem. 77 (2005) 864.
15] B. Boulanger, J. Vargo, J.L. Schnoor, K.C. Hornbuckle, Environ. Sci. Tech-

nol. 38 (2004) 4064.
16] E. Barcelı̌o-Barrachina, E. Moyano, M.T. Galceran, J. Chromatogr. A 1054

(2004) 409.
17] X. Fang, X. Fan, Y. Tang, J. Chen, J. Lu, J. Chromatogr. A 1036 (2004)

233.
18] C.A. Moody, W.C. Kwan, J.W. Martin, D.C.G. Muir, S.A. Mabury, Anal.

Chem. 73 (2001) 2200.
19] J.W. Martin, S.A. Mabury, K. Kannan, U. Berger, P. de Voogt, J. Field,

J. Franklin, J.P. Giesy, T. Harner, D.C.G. Muir, B. Scott, M. Kaiser, U.
Järnberg, K.C. Jones, H. Schroeder, M. Simcik, C. Sottani, B. Van Bavel,
A. Kärrman, G. Lindström, S. van Leeuwen, Environ. Sci. Technol. 37

(2004) 248A.

20] C.P. Higgins, J.A. Field, C.S. Criddle, R.G. Luthy, Environ. Sci. Technol.
39 (2005) 3946.

21] C.Li. Tseng, L.L. Liu, C.M. Chen, W.H. Ding, J. Chromatogr. A 1105
(2006) 119.



A

I
N
e
p
o
s
t
©

K

1

a
p
s
p
i
c
a
F

a
d
a
o
s
s
o

0
d

Available online at www.sciencedirect.com

Talanta 75 (2008) 1175–1183

PVC membrane electrode for the potentiometric determination of
Ipratropium bromide using batch and flow injection techniques

M.E.M. Hassouna ∗, S.A.A. Elsuccary
Faculty of Science, Beni-Suef University, Beni-Suef, Egypt

Received 14 September 2007; received in revised form 7 January 2008; accepted 9 January 2008
Available online 17 January 2008

bstract

Ipratropium (IP+) ion-selective electrode (ISE) has been constructed from poly(vinyl chloride) matrix membrane containing
pratropium–tetraphenylborate (IP–TPB) as the electroactive component using 2-nitrophenyloctylether as plasticizer. The electrode exhibits near
ernstian response to Ipratropium bromide (IPBr) over the concentration range 10−5 to 10−2 mol L−1 and detection limit 5.1 × 10−6 mol L−1. The

lectrode offers significant advantages including long lifetime (>2 months), excellent stability and reproducibility, fast response time (<10 s), wide
H working range (pH 2–9), high thermal stability (isothermal coefficient 0.37 mV/◦C) and superior selectivity for IPBr over a large number

f inorganic and organic substances. The electrode was successfully used as indicator electrode in the potentiometric titration of IPBr versus
odium tetraphenylborate (NaTPB) and in the determination of IPBr in Atrovent® vials and spiked urine samples applying batch and flow injection
echniques, with satisfactory results.

2008 Elsevier B.V. All rights reserved.
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eywords: Ipratropium bromide; PVC membrane electrodes; Potentiometric de

. Introduction

Ipratropium bromide (IPBr), chemically described as 8-
zoniabicyclo [3,2,1]-octane-3-(3-hydroxy-1-oxo-2-phenylpro-
oxy)-8-methyl-8-(1-methylethyl) bromide monohydrate, is a
ynthetic quaternary ammonium antimuscarinic agent with
eripheral effects similar to those of atropine. It is admin-
stered by inhalation as a bronchodilator in the treatment of
hronic reversible airways obstruction, particularly in asthma
nd chronic bronchitis [1,2]. The structural formula is shown in
ig. 1.

HPLC [3–8], HPLC/MS [9], CE/MS [10], radio-receptor
ssay [11,12], non-aqueous titration [13], kinetic and first-
erivative spectrophotometry [14] have been reported as suitable
nalytical methods for the determination of IPBr. However, most
f these methods are generally involved in the use of more

ophisticated instrumentation or more complex procedures, and
ome of them suffer from poor linearity of the calibration curve
r from long response times.

∗ Corresponding author. Tel.: +20 123861504.
E-mail address: mhassouna47@yahoo.com (M.E.M. Hassouna).

2

2

f
o

039-9140/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2008.01.014
nation; Flow injection analysis

Potentiometric detection based on ion-selective membrane
lectrodes (ISMEs), as a simple method, offers several advan-
ages such as speed and ease of preparation and procedures,
imple instrumentation, relatively fast response, wide dynamic
ange, reasonable selectivity, application in colored and turbid
olutions and low cost.

Although ion-selective membrane electrodes have been
idely used in pharmaceutical analysis [15–22], no electrodes

esponsive to IPBr have so far been published.
Therefore, the aim of this work is the development of
polymeric ion-selective electrode (ISE) for IPBr. Studies

n the determination of IPBr in pharmaceutical preparations
Atrovent® vials) and in spiked urine samples were carried out
o illustrate the analytical utility of the proposed method in both
atch and FI conditions.

. Experimental

.1. Reagents and materials
All reagents were of analytical grade and used without any
urther purification. Doubly distilled water was used through-
ut. IPBr·H2O (95.8% as anhydrous IPBr) was kindly provided
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Fig. 1. Structure formula of Ipratropium bromide (IPBr).

y Boehringer Ingelheim, Germany. High relative molecular
eight poly(vinyl chloride) (PVC), nitrobenzene (NB), benzyl

cetate (BA), and tetrahydrofuran (THF) were from Aldrich.
ibutylphthalate (DBP) was from Riedel de Hein, dioctylphtha-

ate (DOP) was from Merck, 2-nitrophenyl octyl ether (NPOE)
as from (Fluka), sodium tetraphenylborate (NaTPB) was from
anreac. Atrovent® unit dose vials, labeled to contain 250 �g
nhydrous IPBr per 2 mL, which were assayed for IPBr content
n this study were purchased from a local pharmacy in Beni-
uef

Stock IPBr·H2O solution 0.1 mol L−1 was prepared by dis-
olving 2.246 g IPBr·H2O in 50 mL of water. NaTPB was
reshly prepared in hot water. Ionic strength adjustor buffer
ISAB), Composed of acetate buffer (pH 4.5; 0.5 mol L−1)
nd 1.0 mol L−1 NaCl, was prepared from acetic acid, sodium
cetate and sodium chloride and was diluted as nece-
sary.

.2. Preparation of Ipratropium–tetraphenylborate
IP–TPB) ion pair

The IP–TPB ion pair was prepared by mixing 25 mL of

.01 mol L−1 solution of IPBr with 25 mL of 0.01 mol L−1 solu-
ion of NaTPB. The formed white precipitate was filtered, and
ashed thoroughly with water until no bromide ion was detected

n the washing solution. The white precipitate was then dried

T
p
j
o

able 1
nfluence of the membrane composition on the characteristics of the electrodes

lectrode no. IP–TPB (mg) PVC (mg) Plasticizer (mg) Slope
(mV/decade

1 3 61.1 DBP (121) 41.7
2 4 60.5 DBP (120.9) 57.53
3 5 60.0 DBP (120) 59.8
4 5 60.0 NB (120) 42.7
5 5 60.3 BA (121.1) 43.3
6 5 60.0 DOP (122) 60.2
7 5 60.0 2-NPOE (120) 59.4
8 4 60.3 2-NPOE (120.7) 61.4
9 4 91.3 DBP (91.1) 57.83
0 4 91.8 2-NPOE (91.5) 58.81
Talanta 75 (2008) 1175–1183

nder vacuum and finely powdered. The composition of the ion
air was found to be 1:1 as confirmed by elemental analysis done
t the central laboratory unit (United Arab Emirates University,
l-Ain, UAE). The percentage values that were found are 80.94,
.66, and 2.08 and the calculated values are 81.1, 7.73, and 2.15
or C, H, and N, respectively.

.3. Preparation of membranes

The components listed in Table 1 were mixed and dis-
olved in 2 mL THF. The resulting solution was transferred
nto a 2.5-cm diameter glass ring placed on a glass Petri dish.
fter slow evaporation of THF at room temperature for 36 h,
embranes with ∼0.2 mm thickness were formed. These mem-

ranes were used for electrode construction in batch and FI
odes.

.4. Batch setup

.4.1. Electrode construction
Electrodes were assembled by cutting 6-mm diameter disks

rom the prepared membranes and mounting them into the pol-
shed end of PVC tubing (4-mm i.d.) using 5% PVC–THF
olution. The electrodes were then filled with a mixture of
.1 mol L−1 NaCl and 10−3 mol L−1 IPBr as the internal fill-
ng solution and were conditioned in a solution of the same
omposition.

.4.2. Electrochemical system
The electrochemical cell may be represented as fol-

ows: Ag/AgCl(s)/filling solution/membrane/sample solution/
.0 mol L−1 CH3COOLi salt bridge/44.0 mol L−1 KCl/Ag/
gCl. The cell potential was measured using an Orion 420Aplus
igital pH/mV meter (Thermo Electron Corporation, USA) and
n some runs a four-channel high-input impedance module [23]
ttached to ADC-16 data acquisition card (purchased from Pico

echnology Limited, London, UK) connected to a personal com-
uter. The reference electrode was a Jenway Ag/AgCl double
unction containing 1.0 mol L−1 lithium acetate solution in the
uter compartment.

)
Regression
coefficient

Linear range
(mol L−1)

LOD (mol L−1) Response
time (s)

0.9999 7.9 × 10−5 to 10−2 1.0 × 10−5 <15
0.9995 1.0 × 10−5 to 10−2 6.8 × 10−6 <10
0.9991 1.0 × 10−5 to 10−2 5.6 × 10−6 <10
0.9993 9.8 × 10−5 to 10−2 1.3 × 10−5 <20
0.9991 2.4 × 10−5 to 10−2 5.5 × 10−6 <20
0.9999 2.6 × 10−5 to 10−2 5.7 × 10−6 <15
0.9995 1.0 × 10−5 to 10−2 5.4 × 10−6 <10
0.9999 1.0 × 10−5 to 10−2 5.1 × 10−6 <10
0.9993 1.0 × 10−5 to 10−2 6.8 × 10−6 <10
0.9998 1.0 × 10−5 to 10−2 5.1 × 10−6 <10
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.5. Flow injection setup

.5.1. Construction of electrode unit
A laboratory-made tubular flow-through IP+-selective poly-

er membrane electrode was prepared as described by
eyerhoff et al. [24,25]. The polymer ISE-membrane casting

olution was made by re-dissolving 6-mm diameter piece from
he previously mentioned membrane in 0.5 mL of THF.

The tubular IP+-ISE was made by the following method. A
0-gauge syringe needle (1.5-in. long) with its tip rounded off
as inserted into the bore of a small piece (50-mm) of PVC

ubing (1.0-mm i.d.). A small part of the tubing wall near its
idpoint was cut away using a razor blade. With the needle

till in place, six drops of IP–TPB casting solution were added
lowly, covering the hole. Between drops, the THF was allowed
o evaporate. The final ISE-tube was allowed to dry completely
or an additional 1–2 h. The tube was then mounted into an outer
lastic jacket in which a hole slightly larger than the outer diam-
ter of the electrode tube had been drilled. The tube was sealed
n place with rubber glue (to prevent leakage of the internal ref-
rence solution) while the ISE-membrane was facing down. The
yringe needle was removed after the glue had dried. The elec-
rode assembly was completed by filling the inside of the jacket
ith the filling solution (sufficient to cover the tubular electrode)

nd inserting Ag/AgCl reference wire.

.5.2. Setting up the IP+-ISE-FIA system
Fig. 2 shows a schematic diagram of the setup for the IP+-ISE-
IA system. The carrier stream reagent (acetate buffer (pH 4.5;
.05 mol L−1), NaCl 0.1 mol L−1) was kept in a polyethylene
ottle and delivered through the system by a four-channel vari-
ble speed peristaltic pump (Masterflex model 7519-20, Cole

e

t
i

ig. 2. Schematic diagram of the flow injection system: C, carrier stream reagent; P
g/AgCl reference electrode; W, waste; HIM, high-input impedance module; ADC-1
Talanta 75 (2008) 1175–1183 1177

armer Inc.). The outlet of the pump was connected to a rotary
njection valve (Rheodyne, P/N 7125) which had a 100 �L sam-
le injection loop with 30 cm polyethylene tubing coiled in
.5-cm diameter reel. The outlet of the valve was connected
o the IP+-ISE through 5-cm stainless steel tubing. The outlet
f the IP+-ISE assembly was allowed to flow over the surface of
double junction Ag/AgCl reference electrode to complete the

lectrochemical cell, and then the sample solution was allowed
o drip into a waste collector. Potentiometric measurements were

ade by connecting the IP+-ISE and reference electrode to the
igh-input impedance module and the ADC-16 data logger. The
otential was continuously output to PC through the PicoLog
ecorder software.

.6. Sensor calibration and selectivity

In batch measurements, the IP+-ISE and the reference
lectrode were immersed in 2.5 mL ISAB diluted to 25 mL
ith water, and suitable increments of standard IPBr solution
ere added, so as to span the concentration range 10−7 to
0−2 mol L−1 IPBr, while the solution was constantly stirred
t ∼25 ◦C. The EMF was continuously recorded using PicoLog
ecorder software. Additionally, a series of standard IPBr solu-
ions covering the concentration range 10−7 to 10−2 mol L−1

ere separately prepared and the EMF of each solution was
easured using a pH/mV meter, under constant stirring. The
MF readings were plotted against pIPBr. The calibration pro-
ess was repeated at 20, 30, 40, 50, 60 and 70 ◦C to study the

ffect of temperature.

In FI mode, a series of freshly prepared standard IPBr solu-
ions in the concentration range of 10−6 to 10−2 mol L−1 were
njected into the flow stream at room temperature, and the cal-

, peristaltic pump; S, sample injection valve; FTE, flow-through electrode; R,
6, ADC-16 data logger; PC, personal computer.
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bration curve was constructed by plotting the average peak
otential of three signals for each standard versus pIPBr.

The selectivity coefficients KPot
IP,B were evaluated by the

eparate solution method [26,27] in which the potential of a
ell, comprising IP+-ISE and a Ag/AgCl reference electrode,
as measured with each of two separate solutions: one is
0−4 mol L−1 IP+, and the other is 10−4 mol L−1 interferent B.
he value of KPot

IP,B was calculated from the equation:

og KPot
IP,B = E2 − E1

S
+

(
1 −

(
ZIP

ZB

))
log[1.0 × 10−4]

here E1 and E2 are the measured EMF values for the two
olutions, respectively, and S is the slope of the calibration graph.

The selectivity coefficients in case of neutral and organic
pecies were determined by the matched potential method
MPM) [27]. In this method, the potentiometric selectivity coef-
cient is defined as the activity ratio of primary and interfering

ons that gives the same potential change under identical con-
itions. At first, a known activity (aA

′) of IPBr solution is
dded into a reference solution that contains a fixed activity
aA; 1 × 10−6 mol L−1) of IPBr, and the corresponding poten-
ial change (�E) is recorded. Next, a solution of an interfering
on is added to the reference solution until the same potential
hange (�E) is recorded. The change in potential produced at
he constant background of the primary ion must be the same
n both cases. The selectivity factor KMPM

IP,B for each interferent
as calculated using the following equation:

MPM
IP,B = a′

A − aA

aB

.7. Potentiometric determination of IPBr

.7.1. Direct calibration method
ISAB (1 mL) was added to a 3 mL aliquot of the Atrovent®

ials and the solution was diluted to 10 mL with water. The
MF values were measured using both batch and FI modes, and

he IPBr concentration was calculated from their corresponding
alibration curves.

.7.2. Standard additions method
The standard additions method was applied as described else-

here [39]. Atrovent® test solutions were prepared as previously
escribed in the direct calibration method. The EMF values
ere recorded before and after addition of small increments

50–200 �L) of standard IPBr solution (0.01 mol L−1) using
atch as well as FI modes.

The sample concentration was calculated using the equation:

x =
(

CstVst

Vx

) (
1

10�E/S − 1

)

here Cx is the IPBr concentration of the test sample, Cst is

he concentration of the standard solution, Vx and Vst are the
orresponding volumes, S is the slope of the electrode response
nd �E is the difference in (mV) between EMF after and before
ddition of the standard solution.

f
a
p
a
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.7.3. Potentiometric titration of IPBr
Three solutions containing 10.7, 17.2, and 22.4 mg IPBr·H2O

ere diluted to 20 mL with water, ISAB (2.5 mL) was added
o each solution, and the solution was titrated with standard
olution of 0.01 mol L−1 NaTPB.

A 3 mL aliquot of Atrovent® sample adjusted with ISAB
2.5 mL) and diluted to 10 mL with distilled water was titrated
gainst 0.001 mol L−1 NaTPB. The volumes of titrant at the end
oints were obtained using the differential method.

.7.4. Determination of IPBr in urine
Two series of solutions were prepared by adding varied

uantities of IPBr·H2O (5.0 × 10−4 to 1.0 × 10−2 mol) to urine
ample (2.5 or 1.0 mL), the pH and the ionic strength were
djusted by adding ISAB (2.5 or 1 mL), and the volume is
ompleted to 25 or 10 mL with distilled water to cover the con-
entration range 2 × 10−5 to 4 × 10−4 mol L−1 and 5 × 10−5 to
× 10−3 mol L−1, respectively. The IPBr contents in the first

eries were recovered by the batch mode, while those in the sec-
nd one were recovered by the flow injection mode, using the
irect calibration method. Appropriate aliquots of standard IPBr
olution (0.01 mol L−1) was then added to each solution of the
bove two series and the IPBr contents were recovered by the
tandard additions method as described in Section 2.7.2.

.8. HPLC measurements

The measurements were carried out with isocratic conditions
lose to those reported in Ref. [8] using Agilent HPLC 1100 sys-
em, Agilent ZORBAX Eclipse XDB-C8 (4.6 mm × 150 mm)
olumn, acetonitrile/phosphate buffer (pH 4; 0.1 mol L−1)
20:80) as a mobile phase with a flow rate of 1 mL min−1 and
V detection at 210 nm at room temperature.

. Results and discussion

.1. Optimization of the membrane composition

The effect of the amount of ion pair in the membrane phase on
he potentiometric response was investigated. The data shown
n Table 1 clearly indicates that the electrode with small amount
1.6 wt%) of IP–TPB ion pair has a sub-Nernstian slope. In order
o obtain Nernstian response, the electrode must have sufficient
mount of lipophilic ion-pair. The electrodes with sufficient
mounts (2.2–2.7 wt%) of IP–TPB exhibited improved sensi-
ivity and working range. However, increasing the wt% above
.7 turns the membrane turbid and the response deteriorates due
o the membrane inhomogeneity.

Plasticizers play an important role in the behavior of ISEs.
or the plasticizer to be adequate for its use in a polymeric ISE,

t should gather certain properties and characteristics such as
aving high lipophilicity, high-molecular weight, low tendency

or exudation from the polymeric matrix, low-vapor pressure
nd high capacity to dissolve the substrate and other additives
resent in the polymeric membrane. Additionally, its viscosity
nd dielectric constant should be adequate [28–30].
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Five plasticizers namely BA, NB, DOP, DBP and 2-NPOE
ere evaluated. As shown in Table 1, the best performances, in

erms of slopes, linear range and detection limit obtained have
he following order: 2-NPOE ≥DBP > DOP > BA > NB. These
esults show that the plasticizer molecule should be sufficiently
arge as not to be lost to the aqueous solution; smaller molecules
f very high polarity such as nitrobenzene (εr = 34.8) are not
uitable since they are readily lost from the membranes when it
s contacted by an aqueous medium [31].

The best results were obtained for 2-NPOE (εr = 24) and
BP (εr = 6.4), being slightly better for 2-NPOE, since they
ave greater polarity, their lipophilicity is in principle high
nough to avoid exudation. Membranes with DOP (εr = 5.1)
howed slightly higher LOQ and LOD, since it has a slightly
igher lipophilicity and lower polarity compared with DBP and
-NPOE.

Membranes constructed with BA (εr = 5.0) had the worst
esults. This is due to the fact that the membrane does not reach
he minimum polarity required for improving mobility and dif-
usion of the active centers, which is impeded, at the same time,
s a result of high lipophilicity of the employed plasticizer.

These results seem to indicate a synergism between
ipophilicity and polarity, where the best results were obtained
hen these properties reach an intermediate value [30]. Fur-

hermore, the plasticizer/PVC ratios were examined; the results
howed that 1:1 and 2:1 are comparable.

Based on the above-mentioned response characteristics of
ll the examined electrodes, electrode no. 8 was chosen for all
ubsequent studies.

.2. The effect of the internal filling solution

Ionophore-based membranes are prone to suffer from elec-
rolyte coextraction at the inner membrane side; as a result, the
omposition of the internal solution influences both the achiev-
ble lower detection limit and the shape of the response function
32–35].

With ionophore-free ion-exchanger-based membranes, no
onophore is present in the membrane that could lead to unde-
ired coextraction of electrolyte at the inner membrane side,
nly a marginal influence of the inner solution composition on
he detection limit is found [36].

To investigate the effect of the internal filling solution compo-
ition, different solutions of pure IPBr (10−4 to 10−2 mol L−1)
r mixed with NaCl (0.1 mol L−1) were tested. The obtained
esults showed that the variation of the internal solution compo-
ition did not produce any significant difference in the potential
esponse, except for an expected change in the intercept of the
esulting Nernstian plots. Hence, a mixture of (10−3 mol L−1

PBr, 0.1 mol L−1 NaCl) was chosen as internal solution in all
ubsequent studies.

.3. Influence of pH and electrolyte concentration
The effect of pH on the electrode response was studied by
easuring the electrode response at IPBr concentrations of

0−5, 10−4 and 10−3 mol L−1 over a wide pH range. The pH

T
o
o
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f the solution was adjusted by adding small volumes of con-
entrated hydrochloric acid or concentrated sodium hydroxide
o the test solution. The electrode response was found to be
ndependent on the pH range from 2 to 9. At lower pH values,
he potential increased probably due to the response of the mem-
rane to H3O+, while at high pH (pH > 9), the potential decreased
ue to the interference from OH−. It should be noted, however,
hat such convenient working pH range of the electrode covers
wide range of samples that can be measured without prior pH
djustment.

The choice of a suitable ionic strength value at which the
embrane electrode exhibits the best response is also of prime

mportance in quantitative analyses. Since the Atrovent® sam-
le contains NaCl as additive, NaCl was chosen to adjust the
onic strength. The potential values of the membrane electrode
t different electrolyte concentrations (0.02–0.2 mol L−1 NaCl)
ere determined at pH 4.5. It was found that the electrode fol-

owed Nernstian behavior towards IPBr at all the examined ionic
trength values.

The effect of NaCl on the electrode response was also exam-
ned by addition of NaCl to 10−4 mol L−1 IPBr solution prepared
n acetate buffer (pH 4.5; 0.05 mol L−1). The electrode showed a
light anionic response (decrease in potential) towards chloride
on in the concentration range (0.02–0.08 mol L−1). Increasing
he NaCl concentration up to 0.2 mol L−1 did not cause any
urther decrease in potential.

ISAB ,composed of acetate buffer (pH 4.5; 0.05 mol L−1) and
.1 mol L−1 NaCl, was chosen for further investigations.

.4. Conditioning and storage

There was no significant difference in the response obtained
hether fresh membranes or the soaked ones were used, though

eproducible calibration graphs were obtained after soaking the
lectrodes in the internal filling solution for at least 30 min. The
lectrodes were rinsed with water between measurements and
tored in the filling solution when not in use.

.5. Effect of temperature

Calibration graphs (EMF vs. pIPBr) were constructed at test
olution temperatures of 20, 25, 30, 40, 50, 60 and 70 ◦C. The
lope, dynamic range, detection limits and the standard poten-
ial (E◦) of the electrode were calculated at each temperature.
or the determination of the isothermal coefficients (dE◦/dt) of

he cells, the standard electrode potentials E◦, obtained from the
alibration graphs as the intercepts at pIPBr = 0, were plotted
ersus (t − 25), where t is the temperature (◦C) of the test solu-
ion. A straight-line plot was obtained according to the following
quation [37]:

◦ = 0.37(t − 25) + 227.4
he slope of the line, which represents the isothermal coefficient
f the cell (0.37 mV/◦C), reveals a fairly high thermal stability
f the cell within the investigated temperature range.
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Table 2
Potentiometric selectivity coefficients for the IP+-ISE

Interferent −log KPot
IP,B

a Interferent −log KMPM
IP,B

b

KNO3 3.52 Glucose 5.25
NH4Cl 3.62 Maltose 5.16
LiNO3 3.75 Fructose 5.08
MgCl2 2.96 Lactose 5.35
CaCl2 3.15 Starch 5.13
SrCl2 2.94 Caffeine 4.75
BaCl2 2.88 Ascorbic acid 5.12
CoCl2 3.56 Citric acid 4.94
NiSO4 3.67 Benzoic acid 4.85
Cu(NO3)2 3.36 Glycine 4.52
ZnCl2 3.18 Alanine 4.74
Al(NO3)3 3.42 Valine 4.55
C

3

d
e
t
h
o

i
t
(
t
d
I
a
h

3

c
(
I
s
a

F
1
c

r(NO3)3 3.53 Urea 4.67

a Values obtained using the separate solution method (SSM).
b Values obtained using the matched potential method (MPM).

.6. Selectivity of the electrode

The selectivity of an ion-pair-based membrane electrode
epends on the physico-chemical characteristics of the ion
xchange process at the membrane–sample solution interface,
he motilities of the respective ions in the membrane, and
ydrophobic interactions between the primary ion and the
rganic membrane [38].

The response of the electrode to different substances has been
nvestigated and the selectivity coefficient was used to evaluate
he degree of interference. The selectivity coefficients obtained
Table 2) show that the proposed electrode is highly selective
owards IP+ ion. The inorganic cations did not interfere due to the

ifferences in their mobility and permeability, compared to IP+.
n case of sugars and amino acids, the high selectivity is mainly
ttributed to the difference in polarity and to the moderately
ydrophobic nature of their molecules relative to IP+ [18].

w

1
m

ig. 4. FI output for injection of IPBr standards and spiked urine sample solution
× 10−4 mol L−1, (5) 5 × 10−4 mol L−1, (6) 1 × 10−3 mol L−1 and (7) 1 × 10−2 m
alibration curve.
Fig. 3. Dynamic response and recovery time of IP+-ISE.

.7. Lifetime, reproducibility and response time

The electrode lifetime was investigated by performing the
alibration curve and the periodic testing of standard solutions
10−7 to 10−2 mol L−1 IPBr) and calculating the response slope.
t was observed that the investigated electrodes exhibit good
tability in terms of slope in the linear domain of concentration
nd the electrodes can be used continuously for about 2 months

ithout considerable decrease in its slope value.
The repeatability of the potential measurement for a

0−4 mol L−1 standard IPBr solution for five replicate measure-
ents gave a R.S.D. of 1.2%.

s: (1) 1 × 10−5 mol L−1, (2) 2.5 × 10−5 mol L−1, (3) 5 × 10−5 mol L−1, (4)
ol L−1 IPBr. Spiked urine sample solutions (U1–U6). Insert: corresponding
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Atrovent® vials were also analyzed by the direct potentiom-
etry and standard addition methods applying both batch and FI
conditions.

T
D

M

B

F
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The dynamic response time [39,40], is defined as the time
hich elapses between the instant at which an ion-selective

lectrode and a reference electrode (ISE cell) are brought into
ontact with a sample solution, or at which the activity of the
on of interest in a solution is changed, and the first instant at
hich the EMF/time slope (�E/�t) becomes equal to a lim-

ting value on the basis of the experimental conditions and/or
equirements concerning the accuracy. This response time is
easured by successive 10-fold increases in IPBr concentrations

anging between 10−6 and 10−2 mol L−1 IPBr. The response
ime was fast, being nearly instantaneous (5–10 s), as shown
n Fig. 3, and the potential readings remain constant for a pro-
onged period of time. A very short baseline recovery time was
lso observed when the electrode was washed with water. These
haracteristics assure the feasibility of using this electrode in
ow measurements.

.8. Flow injection

Flow injection analysis (FIA) is a simple, rapid, and ver-
atile technique that is now firmly established, with widespread
pplications in quantitative chemical analysis. ISEs in flow injec-
ion potentiometry (FIP) have several advantages compared to
teady-state measurements. They include, fast sample through-
ut, high precision, small sample volumes, economical use of
eagents, correction of electrode drift by the measurement of
eak heights and ease of computer automation [41–43].

Important variables of a single-line flow setup are confined to
ampling volumes and flow-rates. The length of the tubing from
njection valve port to electrochemical cell was made as small as
ossible to minimize dispersion and dilution. The optimization
as carried out by measuring the analytical signals produced

fter injecting 20, 50, 100 and 200 �L of 10−3 mol L−1 IPBr,
repared in carrier solution, at flow rates of 1.5, 2.6, 4.5 and
.5 mL min−1.

A sample loop of size 100 �L and flow rate of 2.6 mL min−1

ere found to give optimal peak height, low consumption of

eagents, and a short base line recovery time. Under these con-
itions the electrode provides for a practical detection limit of
.5 × 10−6 mol L−1, a linear response in the range 2.5 × 10−5

o 10−2 mol L−1 with slope of 52.7 mV/decade and correlation
F
I

able 3
etermination of IPBr in Atrovent® vials

ethod Atrovent® (261 �g/2 mL)

Found (�g/2 mL) Recoveryc

atch technique
Direct calibration 261.16 100.06
Standard additions 259.00 99.23
Potentiometric titration 261.13 100.05

I technique
Direct calibration 259.02 99.24
Standard additions 264.43 101.3
Reference method [8] 261.67 100.3

a The tabulated F-value at 95% confidence level, Fc (0.05, 3.3) = 9.28.
b The tabulated t-value at 95% confidence level, tc (0.05, 4) = 2.776.
c % of the nominal values, average of three determinations.
Talanta 75 (2008) 1175–1183 1181

oefficient of 0.9998, and a sampling frequency of about 40
amples/h that can be assayed with excellent precision in the con-
entration range of interest. The higher level of detection limits
hat observed in FI technique relative to batch one is due to the
ifference in dispersion coefficients between the two modes and
he short time of contact between the sample and the electrode
n case of FI [44]. A typical FI recording and its corresponding
alibration graph are shown in Fig. 4.

.9. Analytical applications and statistical evaluation of
esults

The electrode was utilized as an indicator electrode in the
otentiometric titration of different concentrations of IPBr and
trovent® vial samples with standardized NaTPB solution. Typ-

cal titration curves with sharp inflection breaks were obtained
s found in Fig. 5. The signal change at the inflection breaks
as found to be ∼70–150 mV depending on the starting IPBr
ig. 5. Potentiometric titration curve of (1) 10.7 mg, (2) 17.2 mg and (3) 22.4 mg
PBr·H2O against 0.01 mol L−1 NaTPB using IP+-ISE as indicator electrode.

S.D. R.S.D. (%) F-Testa t-Testb

3.77 1.44 2.26 0.195
1.8 0.7 1.94 1.5
2.84 1.09 1.28 0.25

1.89 0.73 1.76 1.46
3.51 1.33 1.96 1.11
2.51 0.96
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Table 4
Determination of IPBr in spiked urine samples

Taken (mg) Method

Batch Technique Fl Technique

Direct calibration Standard additions Direct calibration Standard additions

Found (mg)a Recoveryb Found (mg)a Recoveryb Found (mg)a Recoveryb Found (mg)a Recoveryb

0.215 0.302 (2.5) 140.5 0.32 (2.03) 148.9 0.27 (3.67) 125.4 0.276 (2.15) 128.4
0.43 0.497 (1.3) 115.5 0.5 (1.01) 116.7 0.465 (1.77) 108.1 0.461 (0.65) 107.2
0.861 0.93 (0.31) 107.8 0.873 (0.65) 101.4 0.89 (0.68) 103.3 0.89 (0.98) 103.1
1.722 1.79 (3.4) 104.2 1.673 (0.91) 97.2 1.717 (0.48) 99.7 1.786 (2.84) 103.8
3.44 3.53 (3.2) 102.4 3.26 (1.04) 94.5 3.54 (2.4) 102.7 3.35 (3.5) 97.4
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a Values in parentheses represent the percentage relative standard deviation o
b % of the taken values.

As shown in Table 3, good agreement between the recov-
ries is obtained by the proposed and the reported methods
8]. Statistical evaluation of the results [45] showed that there
s no significant difference between the proposed and reported

ethods in terms of accuracy and precision.
The prepared electrode has been successfully used for the

etermination of IPBr in urine samples spiked with known
mounts of IPBr, applying batch and FI conditions. As can be
een in Table 4, urine samples containing IPBr concentration
own to 1 × 10−4 and 8 × 10−5 mol L−1 could be determined
ith excellent recovery using batch and the FI modes, respec-

ively.

. Conclusion

The proposed electrode based on IP–TPB with PVC matrix,
ffers a valuable technique for the determination of IPBr in
ure solutions, in urine and in pharmaceutical preparations.
he inherent advantages of the proposed electrode are its rapid

esponse, simple operation, precise results, low cost, direct
pplication to the determination of IPBr in complex matrix
ithout prior separation, high selectivity for IPBr, and the appli-

ability in flow injection systems.
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40] C. Maccá, Anal. Chim. Acta 512 (2004) 183.
41] J. Ruzicka, E.H. Hansen, Flow Injection Analysis, 2nd ed., Wiley, New

York, 1988.

[

[

Talanta 75 (2008) 1175–1183 1183

42] J.M. Calatayud, Flow Injection Analysis of Pharmaceuticals: Automation
in the Laboratory, Taylor & Francis, London, 1996.

43] M. Trojanowicz, Flow Injection Analysis: Instrumentation and Applica-

tions, World Scientific, London, 2000.

44] M. Trojanowicz, W. Matuszewski, Anal. Chim. Acta 138 (1982)
71.

45] P.C. Meier, R.E. Zünd, Statistical Methods in Analytical Chemistry, 2nd
ed., John Wiley & Sons Inc., New York, 2000.



A

w
i
o
P
p
w
s
w
©

K

1

t
o
o
c
t
p
f
s
l
w
a

0
d

Available online at www.sciencedirect.com

Talanta 75 (2008) 1151–1157

Encapsulation of glucose oxidase within poly(ethylene glycol)
methyl ether methacrylate microparticles for developing an

amperometric glucose biosensor
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bstract

Poly(ethylene glycol) methyl ether methacrylate (PEGMEM) microparticles were synthesized and glucose oxidase (GOx) was immobilized
ithin the microparticles. An amperometric biosensor was fabricated using the microparticles with GOx as biological component. The enzyme

mmobilization method was optimized by investigating the influence of monomer concentration and cross-linker content used in the preparation
f the microparticles in the response of the biosensor. The best analytical results were obtained with the microparticles prepared with 0.21 M
EGMEM and 0.74% cross-linking. Furthermore, we have investigated the influence on the biosensor behaviour of parameters such as working
otential, pH, temperature and enzymatic load. In addition, analytical properties such as sensitivity, linear range, response time and detection limit

ere determined. The biosensor was used to determine glucose in human serum samples and to avoid common interferents present in human serum

uch as uric and ascorbic acids. A Nafion layer was deposited on the electrode surface with satisfactory results. The useful lifetime of the biosensor
as at least 520 days.
2008 Elsevier B.V. All rights reserved.
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. Introduction

Glucose biosensors have attracted great interest because of
he increasing incidence of diabetes in the population of devel-
ped countries [1,2]. The performance of a biosensor depends
n the materials and fabrication techniques. The use of bio-
ompatible materials will allow the monitorization in vivo of
he different compounds such as glucose or cholesterol. Future
rogress and development in biosensor design will inevitably
ocus upon the technology of new materials that promise to
olve the biocompatibility problems. Materials with hydrogel-

ike properties are generally biocompatibility due to their high
ater content [3] and can be used to immobilize enzymes such

s GOx. The immobilization of enzymes with complete reten-

∗ Corresponding author. Tel.: +34 91 394 1756; fax: +34 91 394 1754.
E-mail address: bealopru@farm.ucm.es (B. López-Ruiz).
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p
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039-9140/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2008.01.030
ion of its biological activity in matrices with good diffusion
roperties for substrates is a decisive factor for the develop-
ent of biosensors. Various methods for enzyme immobilization

ave been reported, such as covalent binding [4,5], entrapment
n a suitable matrix [6,7], adsorption onto insoluble materi-
ls [8], conjugation [9], ionic–covalent hybridization [10,11],
tc.

Besides, GOx (EC 1.1.3.4) is a very robust enzyme that is
ften used as model for testing and developing new immobiliza-
ion systems such as polymer films, polymer gels, conducting
olymers, and methacrylate-based polymers that have been
ssayed for developing glucose biosensors [12–17].

After the pioneer work in the 1960s [18], the use of methacry-
ate hydrogels in biomedical applications has made remarkable

rogress in the field of biosensors, drug delivery systems, contact
enses and synthetic membranes [7,11,19–23].

PEGMEM (see Scheme 1) has been copolymerized with dif-
erent cross-linkers to form comb-like copolymers with hydrogel
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Scheme 1. Structure of PEGMEM.

roperties because it is a non-cytotoxic, monofunctional and
iocompatible polymer [24–26].

In this work we have prepared biocompatible microparticles
f p-PEGMEM and we have used them as a new system of
mmobilization of GOx for application as biological component
f an amperometric glucose sensor. The biosensor was opti-
ized by studying the influence on the biosensor response of

arameters used in microgel synthesis such as monomer concen-
ration and cross-linking content as well as working conditions
uch as working potential, pH of the medium, temperature, and
nzymatic load.

. Experimental

.1. Chemicals

PEGMEM, GOx (425 IU/mL) from Aspergillus niger,
+glucose, ascorbic acid, uric acid and Nafion 5 wt.%
ere purchased from Sigma (St. Louis, MO, USA). N,N′-
ethylenebisacrylamide (BIS) from Aldrich (St. Louis,
O, USA), ammonium persulfate, N,N,N′,N′-tetramethyl-

thylendiamine (TEMED) and the surfactant Span 80 from
luka (Buchs, Switzerland). Acetate/phosphate buffer solutions
ere prepared from stock solutions of sodium dihydrogen phos-
hate and sodium acetate (Panreac). The dialysis membrane
12,000–14,000 MWCO) was purchased from Spectrum Medi-
al Industries. All reagents were used as received and the water
as Milli Q quality (Millipore, Milford, MA, USA).

.2. Apparatus and measurements

The microgel particles were examined using scanning
lectron microscopy (SEM) in a JEOL JSM-6400 micro-
cope operating at an acceleration voltage of 20 kV and
000 magnification. The grid with the microparticles was dried,
nd replicas were produced by shadowing with gold deposited
ith a Balzers Sputter Coater (SCD-004). Particle size measure-
ents in the range 2–150 �m were performed with a Galai-Cis-1

article analyzer system. The instrument consists of a laser-

ased analyzer which evaluates the particle diameter from
he time it takes to cross a laser beam and a video-based
nalyser shows the shape of the microparticle. Amperomet-
ic measurements at constant potential were carried out at a

v
o
o
4

ta 75 (2008) 1151–1157

etrohm Polarecord potentiostat, Model E-506. The pH of the
uffer solution was adjusted using a Metler Toledo MP-230
H-meter. Electrochemical measurements were performed in
.05 M acetate/0.05 M phosphate buffer, in a three-electrode cell
ith a platinum electrode as working electrode, a SCE reference

lectrode and a platinum counter electrode.

.3. Emulsion preparation

p-PEGMEM microgels with varying amounts of BIS were
repared using the concentrated emulsion polymerization
ethod [27]. The immobilization of GOx was carried out

y adding the enzyme (425 IU/mL) in the aqueous phase
f the concentrated emulsion. The amount of cross-linking
(%) = nBIS/(nBIS + nmonomer) where nBIS and nmonomer are the
umber of moles of BIS and monomer, respectively was varied
etween 0.34% and 5.82%. Since the time of synthesis is about
.5 h, the temperature was controlled and kept below 25 ◦C to
reserve the enzyme properties.

.4. Overall reaction of the glucose biosensor

The electrode surface (diameter 3 mm) was polished with
.05 �m alumina slurry paste. After polishing, any residual
brasive particles were removed ultrasonically in ethanol and
ubsequently in distilled water. An exactly weighed amount
f microgel particles was placed on the electrode surface and
xed with a dialysis membrane. The resulting electrode was
ashed with phosphate buffer and overoxidized at +0.6 V ver-

us SCE until the background current decreased to a constant
evel.

The biosensor response is based on an indirect measurement
hat correlates the amount of glucose with the concentration
f hydrogen peroxide. Because the redox centres in GOx are
nsulated within the enzyme molecule, direct electron transport
o the surface of the electrode does not occur to any measurable
egree. GOx is first reduced by the substrate glucose and then
eoxidized by oxygen. Oxygen behaves as electron acceptor for
educed GOx leading to the formation of hydrogen peroxide
hat is oxidized at the electrode and results in the current that is
etected by amperometry.

. Results and discussion

.1. Characterization of the microparticles

Fig. 1 shows a micrograph of p-PEGMEM microparticles
ith entrapped GOx prepared with η = 0.74%. The microgels

re spherical and polydisperse.
As Fig. 2 shows, the concentrated emulsion polymerization

ethod produces microparticles with entrapped GOx whose
iameters lie between 2 and 12 �m. The average size is 5.2 �m

ery close to the average size 5 �m of the microparticles with-
ut GOx and cross-linking η = 0.74%. As Fig. 2 illustrates, 50%
f the microparticles present a size comprised between 2 and
�m.
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ig. 1. SEM micrograph of freeze-dried p-PEGMEM microparticles with
ntrapped GOx.

.2. Optimization of the synthesis method

.2.1. Monomer concentration
The steady-state response curves, obtained at the platinum

lectrode with p-PEGMEM microparticles synthesized at pH
.5, η = 0.74%, containing 425 IU/mL of GOx and different pro-
ortions of monomer in the aqueous phase (0.10, 0.21, 0.83 and
.17 M) are illustrated in Fig. 3a. The maximum current response
as found when the monomer concentration was 0.21 M. A

urther increase in the monomer concentration decreases the
urrent response and we attribute this behaviour to a higher dif-
usional barrier that hinders the motion of the substrate towards
he enzyme catalytic site as well as the diffusion of the prod-
ct of the enzymatic reaction towards the electrode. Decreasing
he monomer concentration at 0.10 M also results in a decrease
f the response, due to the loss of immobilized enzyme when
mall amount of monomer is used. The enzymatic activity
bserved in the supernatant liquid obtained after the synthesis of
he microparticles when the monomer concentration is 0.10 M
eems to support this interpretation.
.2.2. Effect of the cross-linking contents
In order to find the optimum pore size of the polymer matrix,

iosensors based on microparticles with different amount of

a
s
f
d

ig. 3. Response of the glucose biosensor to different monomer concentrations (a) an
hosphate buffer, pH 6.5, potential of +0.6 V vs. SCE and 25 ◦C.
ig. 2. Size distribution of the p-PEGMEM microparticles with entrapped GOx,
n phosphate buffer pH 6.5 and 25 ◦C.

ross-linking (η) were prepared. Fig. 3b shows the calibration
urves of the biosensor response versus glucose concentration
or microparticles with cross-linking between 0.34% and 5.82%.
he monomer concentration selected to obtain these curves was
.21 M, and the amount of GOx 425 IU/mL.

The optimum response occurs in microgels with η = 0.74%.
icroparticles prepared with lower fractions of cross-linking

resent a pore size too large to efficiently retain the enzyme

s it was confirmed by the enzymatic activity measured in the
upernatant. The decrease of the response when the cross-linking
raction is higher than 0.74% is attributed to a higher substrate
iffusional barrier imposed by the cross-linking. Accordingly

d to different cross-linking (b), by calibration plot for glucose in stirred 0.1 M
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ig. 4. Effect of working temperature (a) and Arrhenius plot (b) for GOx imm
xperimental conditions: 0.1 M phosphate buffer, pH 6.5 and +0.6 V vs. SCE.

icroparticles with cross-linking 0.74% and monomer con-
entration 0.21 M were selected for subsequent measurements
erformed in this work.

.3. Optimization of the biosensor response

.3.1. Working potential
The dependency of the biosensor response (steady-state cur-

ent at the electrode) on the applied potential was investigated
n 0.1 M phosphate buffer solution, pH 6.5 containing 0.25 mM
lucose. The response of the enzyme electrode increased with
he applied potential up to a value of +0.60 V versus SCE and
evels off after this value. The operating potential of +0.60 V
ersus SCE was used in all subsequent measurements.

.3.2. Temperature
The effect of temperature on the biosensor response at 30 mM

lucose was studied in the interval 0–60 ◦C performing all mea-
urements under oxygen saturation condition and keeping the
H constant at 6.5.

As it can be seen in Fig. 4a, the optimum temperature for
nzymatic activity is between 35 and 45 ◦C. The temperature of
aximum activity of the free enzyme is 30 ◦C [28]. It seems that

he immobilizing support slightly protects the enzyme. Although
e have checked that the highest enzyme activity takes place
etween 35 and 45 ◦C, we wanted to verify that to these temper-
tures the enzyme was staying stable. To probe this, the kinetics

f degradation to different temperatures that suffers the biosen-
ors with 30 mM of glucose was studied, keeping constant the
emperature for 1 h, verifying the intensity on time 0 and on
0 min (Table 1). When the temperature was overcoming 30 ◦C,

3

3

able 1
inetics of degradation of enzyme entrapped in microparticles with 0.74% cross-link

emperature (◦C) Current, t = 0 s (nA)

5 120
0 145
5 175
0 205

xperimental conditions: 0.1 M phosphate buffer, pH 6.5 and +0.6 V vs. SCE.
ed in p-PEGMEM η = 0.74%, on the biosensor response to 30 mM of glucose.

decrease of the activity with time was observed, due to the
nzyme denaturation.

The temperature of 30 ◦C was chosen as working temperature
o all further experiments.

As Fig. 4b also illustrates, the Arrhenius plot for GOx immo-
ilized in p-PEGMEM microparticles with η = 0.74% presents
wo regions. The activation energies were calculated from the
lopes and were found to be 15.43 and 48.58 kJ/mol, respec-
ively. The activation energy observed in the low temperature
egion is significantly higher than the one reported for the free
nzyme, which was found to be 14.6 kJ/mol [29]. The activation
nergies values reported by Rubio Retama et al. [30] when GOx
as immobilized in polyacrylamide were found to be 26.60 and
0.46 kJ/mol, quite similar than we observed.

As we reported in previous articles, the temperature at which
he slope changes is related with the volume phase transition
f the microgel around the enzyme [30–32]. At a temperature
igher than the temperature of the volume phase transition, the
icrogel is swollen, the enzyme is surrounded by water and its

ctivation energy comes closer to that of the enzyme in solu-
ion. However, in the shrunk phase the amount of water retained
nside the hydrogel decreases, hindering access of the substrate
o the enzyme and the enzyme–substrate union so the activation
nergy is increased. These results, as the ones obtained in pre-
ious works [30–32], seem to indicate that the changes in the
rrhenius plots are not due to changes in enzyme, but to the
edium around it.
.3.3. pH
The influence of pH on the glucose biosensor response to

0 mM glucose was checked in 0.05 M acetate/0.05 M phosphate

ing

Current, t = 60 s (nA) Percentage of degradation

120 0.00
145 0.00
150 14.29
165 19.51
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uffer solutions from pH 4.0 to 8.0 at 25 ◦C. The optimal pH was
ound to be 6.5 coincident with the optimum pH reported to the
ree enzyme, which indicates that the catalytic function of the
Ox does not seem to be affected by the immobilization process
roposed in this work.

.3.4. Loading
The glucose levels of diabetic patients are higher than 5 mM,

herefore, we have extended the calibration range of the biosen-
or studying the effect of enzymatic load on the biosensor
esponse. Based on previous works [31] we have chosen an
nzymatic load of 425 IU/mL and we tested two methods of
odifying the amount of enzyme in the surface of the electrode:

arying the amount of microparticles placed on electrode sur-
ace, and changing the amount of enzyme immobilized within
he microgel.

The linear range reaches to 8.0 × 10−3 M when the amount
f GOx in aqueous phase goes from 255 to 765 IU/mL and is
lightly increased when the microparticles placed on the elec-
rode surface from 1 up to 3 mg. In both cases the sensitivity is
ncreased when the amount of GOx in aqueous phase goes from
55 to 765 IU/mL and when the microparticles placed on the
lectrode surface from 1 up to 3 mg. In base of the above results
e have selected for later experiments 3 mg of microparticles

oaded with 765 IU/mL GOx. Table 2 shows the analytical prop-
rties of the biosensor prepared with p-PEGMEM microgels as
function of the amount of microparticles placed on electrode

urface and the enzyme immobilized into the microgel.
Under all the optimal experimental conditions (0.74% cross-

inking, potential +0.6 V, pH 6.5 and 30 ◦C), we realized a
alibration curve in which the glucose biosensor presented a
ensitivity of 17.78 mA M−1 cm−2, a maximum current den-
ity of 148.57 �A cm−2, a linear range between 2.0 × 10−6

nd 7.6 × 10−3 M and a detection limit of 1 �M. When com-
aring the results obtained with the proposed biosensors and
hat previously reported using a similar immobilization sys-
em (polymeric microparticles), an improvement is observed
n the analytical properties as sensitivity, that was found to be
7.78 mA M−1 cm−2, and the maximum current density which

ncreases from 114.3 to 148.57 �A cm−2 [30,31]. Also when this
evice was compared with others using different immobiliza-
ion system as layer-by-layer self-assembly films or deposition
n the electrode surface [33–36], it appears that the stability,

w

m
w

able 2
nalytical properties of the p-PEGMEM biosensors as a function of the quantity of m
icroparticles

nzyme load Jmax (�A cm−2)

uantity of microparticles
n the biosensors (mg)

Quantity of enzyme in the
microparticles (IU/mL)

425 62.58
425 77.71
425 83.49
255 54.36
765 148.57

a Points of linear range in calibration curve.
ta 75 (2008) 1151–1157 1155

he detection limit and the linear range improved significantly.
he detection limit decreased up to 10 times versus the reported
evices, the linear range increased at least one order of mag-
itude and the stability changed from 30 and 150 days in the
est of the case (microparticles) to 520 days observed with this
iosensor.

.4. Interference study

It is required that the enzymatic electrode operates at a
otential of +0.6 V versus SCE for producing the oxidation of
ydrogen peroxide. At this high potential, the H2O2 detection
ay be disturbed by the presence of interfering species such as

ric acid (UA) and ascorbic acid (AA) when physiological sam-
les are analyzed because these acids present a negative charge
t the working pH (6.0–7.0). The interferences caused by elec-
roactive molecules were reduced by the use of Nafion layer
ver the electrode surface. Nafion is a negatively charged poly-
lectrolyte whose effect on the negatively charged substrates is
oticeable.

A layer of Nafion (50 �L) was applied on the electrode sur-
ace. The layer was dried in air for 15 min and, the electrode
ith Nafion film was kept at 80 ◦C for 45 min. Then micropar-

icles of p-PEGMEM were placed over the Nafion film and
ubsequently covered with the dialysis membrane. For biosen-
or prepared without Nafion (GOx-biosensor), the interfering
ignals of 0.25 mM uric acid and ascorbic acid are significant
Fig. 5). On the contrary, when the GOx-Nafion-biosensor was
sed, the signals arising from interferents disappeared. However,
urrent due to 0.25 mM of glucose was near constant, vary-
ng from 150 nm in the biosensor without Nafion to 145 nm in
iosensor with Nafion.

.5. Human serum sample analysis

The glucose concentration of five serum pools were ana-
yzed by the GOx-biosensor and GOx-Nafion-biosensor. The
lucose of these serums is analyzed also by the spectrophoto-
etric method of hexokinase described by Young [37], which

ere used as reference method.
The result showed a good correlation with the reference

ethods, especially in the case of the biosensor prepared
ith Nafion. Measurements of glucose in serum samples

icroparticles placed on electrode surface and the enzyme immobilized into the

Sensitivity (mA M−1 cm−2) Linear range (M) R2 (n)a

4.09 1.0 × 10−5 to 1.0 × 10−2 0.9949 (15)
6.63 1.1 × 10−5 to 4.0 × 10−3 0.9944 (12)
6.78 1.0 × 10−5 to 4.0 × 10−3 0.9963 (12)
6.13 1.0 × 10−5 to 3.0 × 10−3 0.9962 (11)

17.78 2.0 × 10−6 to 7.6 × 10−3 0.9985 (15)
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Table 3
Quantitative results obtained from the analysis of the serum by the spectrophotometric method (reference), GOx-biosensor and GOx-Nafion-biosensor

Sample Glucose (mg/dL)
reference method

Glucosea (mg/dL)
GOx-biosensor

R.S.D.
(%)

GOx-biosensor
deviationsb (%)

Glucosea (mg/dL)
GOx-Nafion-biosensor

R.S.D.
(%)

GOx-Nafion-biosensor
deviationsb (%)

1 81 83 ± 1 1.7 +2.0 81 ± 1 1.3 −0.1
2 89 93 ± 2 2.3 +4.3 89 ± 2 2.2 −0.2
3 176 179 ± 1 1.2 +1.5 174 ± 1 1.9 −1.1
4 116 117 ± 1 1.2 +1.0 115 ± 1 1.8 −0.8
5 89 93 ± 1 2.0 +4.5 88 ± 1 1.3 −1.3

a Average of the three measurements.
b Deviation between the reference method and the biosensor results.
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ig. 5. GOx-biosensor response to 0.25 mM glucose, ascorbic and uric acids (a).
Ox-Nafion-biosensor response to 0.25 mM glucose, ascorbic and uric acids (b).

btained with GOx-Nafion-biosensor were similar with to
hose of the reference method, and differences between them
ever overcame 1.3% and with good precision (R.S.D. < 2.3%)
Table 3). The GOx-biosensor gave values 1.0–4.5% higher than
hose obtained by the reference methods that confirm that the

erum samples have interferences. The GOx-Nafion-biosensor
ave values −0.1/−1.3% smaller than those obtained by
he reference methods, possibly because the layer of Nafion
revents the step of the whole glucose. The recoveries obtained

3

b

able 4
ecovery studies using both glucose oxidase biosensorsa

ample Glucose added (mg/dL) GOx-biosensor

Glucose founda (mg/dL)

70 70 ± 1
70 70 ± 1
70 70 ± 1
70 70 ± 1
70 70 ± 1

a Average of the three measurements.
ig. 6. Storage stability profiles for p-PEGMEM biosensor. The biosensor was
tored frozen in phosphate buffer at −4 ◦C when not in use.

ith both biosensors are between about 94.8 and 101.5%
Table 4).

.6. Stability

To characterize the electrode stability, they were stored in a
rozen phosphate buffer solution pH 6.0 and, periodically, the
esponse of the biosensor to 0.25 mM glucose solution, at poten-
ial +0.6 V versus SCE, 30 ◦C was measured. We have found that
iosensor exhibits an 85% of the initial signal after 520 days.
his study is still on course (Fig. 6).
.7. Analytical properties

The repeatability and reproducibility of glucose biosensors
ased on p-PEGMEM microparticles were evaluated in buffer

GOx-Nafion-biosensor

Recovery (%) Glucose founda (mg/dL) Recovery (%)

100.2 71 ± 2 101.2
100.1 71 ± 2 101.5
97.5 70 ± 2 100.0
94.8 70 ± 2 99.6
99.3 70 ± 1 100.0
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olution. For the repeatability, 10 successive measurements of
.25 mM glucose solution were performed. The relative standard
eviation (R.S.D.) was 5.7%. The reproducibility of the analyt-
cal response obtained for three different electrodes when 5 mM
f glucose was added (three measurements with each biosensor),
btained a R.S.D. of 0.88%.

. Conclusions

Microparticles based on p-PEGMEM are presented as inter-
sting matrix for GOx immobilization. We have demonstrated
ts application as enzyme immobilization support for an amper-
metric glucose biosensor. The optimal conditions of the
ynthesis medium were initiator’s concentration of 10.96 mM,
onomer concentration of 208.25 mM and 0.738% cross-

inking content. Furthermore, the response of the biosensor was
ptimized for glucose detection. The optimal conditions of the
iosensor response were: pH 6.5, 30 ◦C, 3 mg and 765 IU/mL.
or eliminating the interferences caused by species with neg-
tive net charge, we have utilized a Nafion layer covering the
lectrode surface. The biosensor has been successfully applied
o the determination of glucose in serum samples. The biosensor

aintains 85% of the initial response 15 months later of the first
se.
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(2003) 2965.
28] L. Ying, E.T. Kang, K.G. Neoh, J. Membr. Sci. 208 (2002) 361.
29] S. Cosnier, S. Szunerits, R.S. Marks, A. Novoa, L. Puech, E. Perez, I.

Rico-Lattes, Talanta 55 (2001) 889–897.
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bstract

A high sensitive portable biosensor system capable of determining the presence of neurotoxic agents in water has been developed. The system
onsists of (i) a screen-printed electrode with acetylcholinesterase (AChE) immobilized on it, (ii) a self-developed portable potentiostat with
n analog to digital (A/D) converter and a serial interface for transferring data to a portable PC and (iii) an own designed software, developed
ith Lab-Windows CVI, used to record and process the measurements. The system has been developed to perform high precision amperometrical
easurements with low drifts, low noise and a good reproducibility. In the configuration depicted, the percentage of AChE inhibition is proportional

o the content of neurotoxic agents in a sample. This type of measurement is performed by the steady-state method from the first steady current

by a phosphate buffer solution) and the second steady current (by an enzymatic reaction produced by the addition of acetylthiocholine chloride
o the solution). Validation was performed by analyzing spiked water samples containing pesticides. The design is specially suited for screening
urposes, does not need sample preconcentration, is totally autonomous and suitable for the field detection of neurotoxic agents in water.

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

Pesticides are neurotoxic agents used in agriculture, indus-
ry, housework and as war gases. Neurotoxic pesticides mainly
ill by the inhibition of acetylcholinesterase enzymes (AChE)
1], an essential enzyme that permits the transmission of elec-
rical signals in the nervous system of most animal beings.

ost common types are organophosphorus, but also carba-
ates, which are considered less toxic since the reversibility

f their coupling with AChE. Due to their high acute toxic-
ty and risk towards the population, some neurotoxic pesticides

re included in Directives 76/464/CEE and in 60/2000/EU or
n food regulations [2]. However, in the recent years there is a
ear towards the poisoning of water tanks and drinking water

∗ Corresponding author. Tel.: +34 934006169; fax: +34 932045904.
E-mail address: slbqam@iiqab.csic.es (S. Lacorte).
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eservoirs by neurotoxic agents which at very low concentra-
ion can produce acute poisoning to the general population,
eing then a great need to have tools to quickly determine with
igh reliability and preferably at low cost the presence of com-
ounds which can affect the nervous transmission in humans or
auna.

Several analytical methods are used to detect neurotoxic
esticides in water matrices. Routine methods are based on
xtraction, clean up and analysis normally performed by gas
hromatography (GC) or liquid chromatography (LC) coupled
o sensitive and specific detectors such as nitrogen–phosphorus
etectors (NPD) [3–5], flame ionization detectors (FID) [4,5],
ltraviolet detectors (UV) or diode array detectors (DAD) [6–8],
lthough recently most methods involve the use of mass spec-

rometry (MS) as detector to provide ultimate confirmation
9,10]. These methods are highly sensitive and are capable to
etermine a large number of compounds but they are costly,
ong and/or complex.
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Biosensors are alternative methods capable to monitor the
otal concentration of a chemical family in terms of neuro-
oxicity and if properly designed, are very helpful tools for
nvironmental/food monitoring [11,12]. AChE biosensors per-
it to detect the concentration of total neurotoxic agents by
easuring the inhibition of AChE [13–15]. By performing an

dequate calibration, biosensors can quantify the concentration
f total neurotoxic compounds in a sample. The main advan-
age of AChE-based biosensor is that above a threshold value,
hey can discern between positive and negative samples with
igh precision, thus reducing the number of samples to be mon-
tored by analytical tools to determine the exact composition or
oncentration.

Among different configurations, basically AChE biosensors
onsist in the enzyme immobilized on a graphite working
lectrode, and the measurement is performed with 2-electrode
mperometry using a potentiostat. Commercial potentiostats are
ble to perform a wide range of measurements [16] but the main
nconvenient is that they are bulky, expensive and cannot be
ransported to the field/facility for in situ measurements. Labo-
atory biosensors permit to determine neurotoxic agents at the
pb level with reproducibility below 10% and high precision
17]. Their main problem, for early warning stages, is that the
ample has to be transported to the laboratory and thus, in an
larm situation, decisions cannot be established with enough
ffectiveness.

Portable biosensors for pesticide analysis have already
een reported in the literatures [18,19] with similar analyti-
al characteristics but with fiber-optics technology or expensive
ulti-parametric features which would increase the price of the

nstrument. Also, some portable potentiostats have been devel-
ped using electrochemical detection [20,21]. The biosensor
erein reported is tailored in such a way that it has the advan-
age that the system is simplified and analyte specific, while
till fulfils the specifications of high-quality commercial poten-
iostats. Therefore, the goal of this study was to develop a tailored
ortable biosensor, which permits the measurement of neuro-
oxic agents in water with high sensitivity. The own designed
otentiostat only performs amperometric measurements with
wo- or three-electrode sensor and has user friendly features like
he adjustment of the applied voltage between the electrodes
nd an internal calibration system. In this study we describe
he design and performance of the biosensor in terms of noise,
ensitivity, reproducibility, portability and validation.

. Experimental

.1. Chemicals and reagents

The pesticides carbaryl (CA), chlorpyrifos (OP) and chlor-
envinphos (OP) (99% purity pesticides from Sigma–Aldrich,
t. Louis, U.S.A.) were used as model AChE toxic compounds
elonging to the carbamate (CA) and organophosphorus (OP)

amily. Stock standard solutions at 1000 �g/mL were prepared
n methanol and kept at −20 ◦C. Chlorpyrifos oxo-derivative
as prepared by oxidizing the parental compound with N-
romosuccinimide, which rendered chlorpyrifos-oxon of 99%
75 (2008) 1208–1213 1209

urity. Chlorpyrifos is applied in the environment in the sul-
ured form (C9H11Cl3NO3P S) but its oxidation is very fast
iving the more active and toxic metabolite chlorpyrifos-oxon
C9H11Cl3NO3P O) [22]. Working standard solutions were
repared daily by successive dilutions in HPLC grade water.

0.05-M phosphate buffer solution with 0.1 M KCl (reagents
rom Merck, Darmstadt, Germany) at pH 8.0 was used to give

stable aqueous medium for enzymatic reaction. Acetylth-
ocholine chloride (substrate of AChE) was obtained from
igma–Aldrich.

.2. System description

The developed portable amperometric biosensor consists of a
ecognition element, in this case a sensor strip or screen-printed
lectrode where AChE has been immobilized, a transducer based
n a thiol oxidation at a potential of 100 mV and a detection
lement which measures the total circulating current. The system
s formed by three parts:

(i) A screen-printed electrode, with a graphite working elec-
trode and an Ag/AgCl reference electrode. The sensor strip
was manufactured by successive screen-printing of six lay-
ers upon a polyvinyl chloride (PVC) sheet. The first layer
is a silver track used as the conductor. The second layer
is a graphite film used to isolate the silver conducting
track from solution. The reference electrode (RE), made
of Ag/AgCl, is printed in the third layer. The working elec-
trode (WE) is printed in the fourth layer; it is made of
graphite and 7,7,8,8-tetracyano quinodimethane as a medi-
ator. The fifth layer is an insulating ink to fix the working
surface. The sixth and last layers are manually deposited on
the WE; it is Drosophila melanogaster acetylcholinesterase
enzyme entrapped in a polyvinyl alcohol photopolymer –
named PVA-SbQ – with a polymerization degree of 2300
from Toyo Gosei Kogyo Co., Ltd. Photopolymers are easy
to handle and have shown excellent performance when
immobilizing enzymes over screen-printed electrodes; the
procedure used is based with that described previously [23].
The electrodes are designed for single use.

(ii) Potentiostat: the potentiostat is a circuit designed in such
a way that it ensures that the voltage between the working
and reference electrodes of the sensor is set at a predeter-
mined value, and also gives a path for electron flow around
the sensor. The potentiostat includes a current to voltage
converter that yields an output voltage proportional to the
sensor current. This output voltage is converted to a digital
format using an analog to digital converter (A/D). Data is
transmitted to a PC via a serial port and displayed with a
customized software.

iii) The circuitry needed for analog to digital conversion and
serial port interface with a personal computer (PC) and a
program in C for Virtual Instrumentation (Lab-Windows),

designed to control the biosensor: the user can have a
graph of the current plotted, autoscale the graph, make
calibrations and store data and information about current
waveforms in files.
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.3. Experimental setup

The system has been characterized by testing the noise
both electronic and overall), drift, temperature dependence and
epeatability of the measurements. Calibration curve has been
onstructed using hydrogen peroxide. Only the simple and com-
on 2-electrode configuration has been tested.

.3.1. Electronic noise
There are two main sources of noise: the electronics and

he biosensor. Electronic noise has been measured for three
ifferent full-scale ranges (5 �A, 500 nA and 50 nA, which cor-
espond to Rfeedback = 1 M�, 10 M� and 100 M�, respectively).
o perform the measurements, the sensor was replaced with a
esistance equal to Rfeedback placed between auxiliary and work-
ng electrodes. The applied voltage was 600 mV. Measurement
f the noise was performed without any further processing.

.3.2. Overall system noise and drifts
The overall system noise included the noise generated by

he electronics and the biosensor. The measurements were per-
ormed by dipping the sensor into 500 mL of phosphate buffer
ept at constant 25 ◦C with stirring. Full-scale range was set
o 5 �A. Data was analyzed in raw and filtered with a mov-
ng average to demonstrate the benefits of this signal processing
echnique. Low frequency noise, which includes drifts, was mea-
ured for 400 sample points.

.3.3. Temperature dependence
Temperature coefficient of the biosensor has been calculated

easuring the steady-state current by dipping the sensor into
00 mL of phosphate buffer with a small temperature change
etween 22.6 ◦C and 25.1 ◦C. This range has been chosen
ecause only small changes in temperature should be expected
etween consecutive measurements.

.3.4. Repeatability and repetitivity of the measurements
To certify the reliability of the self-made electrodes, repeata-

ility tests were carried out during three consecutive days with
ydrogen peroxide. Additions of 10 �L of hydrogen peroxide
olutions into 10 mL of fresh phosphate buffer were performed
or a final concentration of 7.5 × 10−4 M using the same elec-
rode without an enzyme. Four measurements were as well
ompleted to check the repetitivity of the biosensor to 10 �L
ubstrate addition into 10 mL of fresh phosphate buffer, using
he same electrode with 5 mU of AChE enzyme. The temperature
emained mainly constant during these experiments.

.3.5. Calibration
Calibration curve has been done using hydrogen peroxide

ith nine calibration points from 7.50 × 10−4 to 6.75 × 10−3 M
sing electrodes without an enzyme. Hydrogen peroxide was
dded to the biosensor’s reaction cell and a potential of 600 mV

increasing this value to 1 V which corresponds to the maximum
esponse of hydrogen peroxide at electrode based on carbon
ould represents extra power consumption from (limited) bat-

eries and besides, extra noise) was applied for its oxidation into

m
a
a

75 (2008) 1208–1213

xygen following the reaction:

2O2 → O2 + 2H+ + 2e−

his reaction is usually used to determine the efficiency of elec-
rodes in amperometrical analysis.

To investigate the dynamic range of the AChE electrodes,
PLC grade water was spiked at different levels from 0 �g/L to
6 �g/L with chlorpyrifos-oxon, known to be one of the most
oxic compounds to D. melanogaster AChE [24]. Experimental
as conducted as depicted in Section 2.4.

.4. Experimental procedure

Measurement of neurotoxic agent is achieved in a two-step
atiometric measurement. In the first step the amperometric
esponse of the biosensor is measured as the current increases in
elation with the base current when the substrate is added to the
uffer (�I1 = Ibuffer with substrate − Ibuffer). After that, the biosen-
or is placed for 10 min in contact with the sample containing the
eurotoxic agents, which inhibit the AChE and the same mea-
urement is repeated (�I2). The relative inhibition is calculated
s follows:

nhibition (%) = �I1 − �I2

�I1
× 100

Concentration of neurotoxic agents is proportional to the
nhibition of AChE and, if quantification is required, it can be

easured using linear regression calibration.
Samples with inhibition lower than 10% are considered free

f neurotoxic agents. If the inhibition is greater than 90%, the
oncentration of neurotoxic agents cannot be measured because
f the sensor saturation and thus sample should be diluted.

.5. Application to water samples

The biosensor was used to determine total neurotoxic agents
rom waters. Carbaryl, chlorpyrifos and chlorfenvinphos were
sed as inhibitors. Four wastewater samples from different
astewater treatment plants were collected using ambar glass
ottles. These samples were filtered and spiked with carbaryl to
oncentrations from 0 �g/L to 4.1 �g/L. Electrodes with 1 mU
f enzyme were used for this experiment. Four other sam-
les of groundwater and bottled water were tested spiked with
hlorpyriphos, chlorfenvinphos or a mix of organophosphorus
nd carbamate pesticides. As these pesticides are the greater
nhibitors of AChE, electrodes with 10 mU of enzyme were used
llowing a greater linear range. Spiked concentrations are shown
n Table 1.

. Results and discussion

.1. Performance of the portable potentiostat
A portable potentiostat was designed and tested to deter-
ine neurotoxic agents at the low microgram/liter levels, which

re the lowest limits imposed for individual pesticides in water
nd food. The initial requirement was to develop a portable,
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Table 1
Matrix and pesticides studied, concentrations spiked and inhibitions measured with the biosensor

Matrix Compound Units of AChE (mU) Concentration spiked (in �g/L) Biosensor inhibition (%)

Wastewater 1 None 1 0.0 0
Wastewater 2 Carbaryl 1 0.3 11
Wastewater 3 Carbaryl 1 3.4 60
Wastewater 4 Carbaryl 1 4.1 72
Groundwater Chlorfenvinphos 10 34.0 29
G
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roundwater Chlorpyrifos-oxon 10
ottled water None 10
ottled water Mix of OP and CA 10

utonomous system capable to be used in the field. The first step
as then to reduce the size of the potentiostat and the weight,
hich by the present design is kept at only 45 g, making it light

nough for field use. A picture of the developed potentiostat is
hown in Fig. 1.

The main requirement of the potentiostat for low level pes-
icide measurements was to achieve high sensitivity. This can
nly be obtained with a wide dynamic range, which in turn
alls for a low noise system. The voltage applied between
lectrodes is obtained from a low noise voltage source inte-
rated circuit and can be adjusted between −1.2 V and 1.2 V.
he current-to-voltage converter uses a low-noise operational
mplifier (OA) combined with a single high-quality, high-value,
feedback resistor in the feedback loop of the current-to-voltage
onverter. Increasing the value of Rfeedback increases the signal
nd the noise. Signal is increased proportionally to the value
f Rfeedback. Noise can be split into two main sources: thermal
oise, which increases with the square root of Rfeedback and the
oise of the OA which in turn can be split into voltage and cur-

ent noise. Both noises are independent of the resistance, but
urrent noise is converted into voltage in Rfeedback and therefore
t also increases linearly with its value. The aggregated signal-to-
oise ratio increases with Rfeedback up to a certain value, which

ig. 1. Picture of the miniaturized electronic plate that functions as a potentio-
tat.
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s mainly given by the noise figures of the OA. The use of a
ow-noise OA allows the use of very high-value resistors, which
ermits low level measurements. Power supply is obtained from
wo batteries, which also helps to lower the overall noise of the
ystem. With ±7.2 V and 1500 mA batteries, an autonomy of 3
eeks was achieved using it daily.
In order to process the response of the biosensor the voltage

ignal is digitized using a 24-bit A/D delta-sigma converter. This
/D was chosen because of its very high resolution and low noise
ermitting to obtain a very wide dynamic range.

The software was designed to collect real-time data. In order
o record the response of the biosensor, the digitized signal is
ransmitted to a PC via an RS-232 serial port. The signal is
lot in a strip-chart by means of a customized software made
ith Lab-Windows CVI. This program permits to select sev-

ral parameters like sampling rate, number of samples averaged
n each time slice and value of the feedback resistance. A 3-
oint calibration algorithm [25] can be applied to reduce linear
nd non-linear errors. Data can be filtered with a user-selectable
oving average to further reduce the noise. Raw data can be

aved in ASCII files and retrieved for display.

.2. Electronic noise

The electronic noise measurements for the tested ranges are
hown in Table 2. In each case, the noise was approximately
aussian. As it can be seen, there is a noise reduction as Rfeedback
ncreases, which permits us to conclude that noise is mainly due
o voltage sources and theoretically higher resolution could be
chieved by further increasing the Rfeedback. In practice, this is
ot feasible as will be shown in the following section.

.3. Overall system noise, drifts and temperature

ependence

Overall system noise was found to be around 160 pA and fol-
owed a gaussian distribution as shown in Fig. 2. This overall

able 2
lectronic noise for different Rfeedback tested

feedback (M�) Range (nA) I (mean) (nA) σI (pA)

1 5000 603.99 31
10 500 60.921 1.4
00 50 6.0866 0.19
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ig. 2. System noise and its reduction with a moving average. Noise in a steady
egment (n = 400 samples) s = 0.16 nA and 0.5 nA resolution. Applying a moving
verage tf = 10 s, s = 0.03 nA and 0.1 nA resolution.

oise is much higher than the electronic noise and therefore it is
ue to the biosensor noise, it is the one which determines the res-
lution of the system. Averaging the output signal it is possible
o reduce the noise to 30 pA, which is close to the limit posed by
he electronics. It should be noted that averaging reduces elec-
ronic noise to 5 pA, so we can still affirm that biosensor is, by
ar, the main source of noise.

The temperature dependence has been established in
% ◦C−1. Fig. 3 shows the drift of the current intensity with
he temperature. The values indicated in Fig. 3 correspond to
he amperometric response of the first step before inhibition.
iosensor measurements were performed at laboratory temper-
ture (23–24 ◦C).

.4. Calibration and quality parameters of the
easurements for AChE electrodes
As a first approach, calibration points were performed
ith hydrogen peroxide, which showed a good linearity
ith R2 = 0.997 in the chosen range of 7.50 × 10−4 M to

Fig. 3. Temperature dependance on the biosensor’s current.
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.75 × 10−3 M. This performance proves the good propor-
ional response of the electronic system versus different analyte
oncentrations. Moreover different quality parameters tested
howed a good performance of the method:

Low drifts: once the reactions have reached the stationary
state, the intensity current is constant. The maximum deriva-
tive of the averaged intensity is 0.001% s−1.
Low noise: when measuring currents of mean μ (in nA),
equivalent noise due to the electronic components present a
gaussian distribution with a standard deviation σ < 0.002�.
Wide dynamic range: the dynamic range is higher than four
orders of magnitude, specifically from 1 to 50,000, equivalent
to a resolution of 15.7 bits.
Repeatability: differences between measurements performed
in different days under the same conditions are below 5%.

In a second step, the neurotoxic agent chlorpyrifos-oxon was
sed as a test compound. With such, the following parameters
ere measured:

Narrow dynamic range: concentrations between 0 �g/L and
16 �g/L were tested in HPLC grade water with the analysis
of six calibration points with five replicates. Four calibration
points showed linearity at a narrow concentration range from
2 �g/L to 8 �g/L for electrodes with 10 mU of AChE. Linear
regression in this interval gave the following equation:

y = 9.646x + 9.576, r2 = 0.9969

Detection limits: the system permitted to detect selected pes-
ticide below 2 �g/L using a 10-mU enzyme screen-printed
electrode. The limit was achieved by successive tests at dif-
ferent concentrations with replicates searching for the lower
concentration that would give a significant inhibition over
blank values (over 10% as described in Section 2.4).
Repetitivity: the repetitivity of the amperometric response was
better than 5% for both 1 mU and 10 mU electrodes. The addi-
tion of 10 �L of substrate to both types of biosensors was
repeated four times washing the sensor before each addition.
This performance certifies the correct setup of the electrodes
and the efficient entrapment of the enzyme on their surfaces.

.5. Application to water samples

The level of saturation of the enzyme immobilized in the
creen-printed electrode (and then, the linear working range)
ill depend on the toxicity of the pesticide but it would be
enerally very short (a range of some �g/L for the most toxic
esticides). So, the use of the biosensor to determine neurotoxic
gents permitted to discern between positive (spiked) and nega-
ive samples, being an appropriate measurement to discriminate

etween contaminated and non-contaminated samples. Table 1
eports the samples tested, the type of compound tested, the
oncentration spiked and the percentage of inhibition deter-
ined.
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According to Table 1, a high inhibition was observed in
wastewater 3” and “wastewater 4” what was in agreement
ith the spiked concentrations of carbaryl. 3–4 �g/L of con-

entration gave an inhibition close to the saturation point (near
5–90%). The low enzyme charge immobilized on the electrode
1 mU) was easily inhibited by carbaryl even though it is a weak
nhibitor of the AChE [26]. For other compounds like chlor-
yrifos and chlorfenvinphos, a very significant difference was
bserved in groundwater: 10 �g/L of spiked chlorpyrifos-oxon
ave higher inhibition (44%) than 34 �g/L of spiked chlorfen-
infos (29%). In those experiments, the enzymatic charge was of
0 mU to obtain a greater linear range when working with more
oxic compounds. The explanation of the different inhibition
ates is found in the toxicity of each compound, being the oxi-
ized form of chlorpyrifos much more toxic towards AChE than
hlorfenvinphos [22]. Finally, two samples of bottled water were
ested without and with 100 �g/L of a mix of pesticides (sum
f all) to demonstrate the biosensor capacity to discern between
on-contaminated and contaminated samples. The bottled water
ample spiked with a high level of pesticides (100 �g/L) gave a
omplete AChE inhibition while the unspiked sample gave no
nhibition at all (lower than 10%).

Sample measurements can be performed in situ with a total
nalysis time of 20 min per sample, no need of sample prepa-
ation or processing and thus, a high sample throughput can be
nvisaged. However, the results indicated in this study are only
reliminary and ongoing studies are being performed to deter-
ine neurotoxic agents in water and food samples using the

roposed biosensor.

. Conclusions

The portable biosensor depicted in this study is capable to
etermine the presence of neurotoxic compounds in situ. The
im of this biosensors is to be used where high-speed analysis
nd excellent performance is needed to discern between positive
samples containing neurotoxic agents) and negative samples,
ithout the need of transporting the sample to a laboratory. At

his point it can be concluded that (i) the developed potentiostat
roduces low noise and low drift, (ii) the biosensor shows good
mperometric response to buffer tests and the ability to detect
ow neurotoxic agents concentrations and (iii) the developed
iosensor is totally autonomous and suitable for the field detec-
ion of pesticides, as has been demonstrated for different types of

ater samples where a good agreement was found between the
iosensor response and pesticide concentration. However, the
ain feature of the developed biosensor is its versatility and pos-

ibility to increase the sensitivity and specificity by assembling

[
[

75 (2008) 1208–1213 1213

ifferent screen-printed electrodes thus providing a multisensor
ystem which has clear technical and competitive advantages in
he food and environmental field. In addition, by changing the
ype of enzyme immobilized, different types of organic pollu-
ants can be measured, thus, enlarging the future applicability of
he biosensor.
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bstract

A flow system designed with solenoid micro-pumps is proposed for the determination of paraquat in natural waters. The procedure involves
he reaction of paraquat with dehydroascorbic acid followed by spectrophotometric measurements. The proposed procedure minimizes the main
rawbacks related to the standard chromatographic procedure and to flow analysis and manual methods with spectrophotometric detection based
n the reaction with sodium dithionite, i.e. high solvent consumption and waste generation and low sampling rate for chromatography and high
nstability of the reagent in the spectrophotometric procedures. A home-made 10-cm optical-path flow cell was employed for improving sensitivity
nd detection limit. Linear response was observed for paraquat concentrations in the range 0.10–5.0 mg L−1. The detection limit (99.7% confidence

evel), sampling rate and coefficient of variation (n = 10) were estimated as 22 �g L−1, 63 measurements per hour and 1.0%, respectively. Results
f determination of paraquat in natural water samples were in agreement with those achieved by the chromatographic reference procedure at the
5% confidence level.

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

Paraquat (1,1′-dimethyl-4,4′-bypiridilium) is one of the most
idely used herbicides in the world in several crops in view of

ts great efficiency and low cost. However, undesirable charac-
eristics include high toxicity for plants and aquatic organisms
1] and several cases of accidental or intentional intoxication of
umans have been reported [2]. Paraquat exposure can induce
euronal cell death, oxidative stress and stroke [3].

Several controversies are related to the use of paraquat, con-
idering the effects in the environment and health of farmers
4,5]. Recently, the Environmental Protection Agency (EPA) of
he United States [6] included paraquat as a possible human
arcinogen, establishing the drink water equivalent level as

.2 mg L−1 and permitting the commercialization only in a
estricted category. Diverse studies have shown that the cationic
orm of paraquat is strongly [7] and quickly [8] bonded to ground

∗ Corresponding author. Fax: +55 11 38155579.
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araquat; Waters

olecules and mineral clays. Thus, risks of water contamina-
ion are reduced, but monitoring in natural waters is important
ecause the mobility and bioavailability of the herbicide in the
nvironment were not completely clarified [9].

The procedure for paraquat determination in waters rec-
mmended by the EPA is based on high performance liquid
hromatography with spectrophotometric detection in the ultra-
iolet [10]. However, some spectrophotometric methods are
vailable based on the classical reaction with sodium dithionite
11–13]. According to the most accepted reaction mechanism,
ithionite in alkaline medium [14] reduces paraquat forming a
lue free radical [15], which is measured at 600 nm.

Despite the extended use and application to different kind of
amples [16,17], the aforementioned procedures present some
rawbacks: large amounts of reagents, sample and organic sol-
ents are generally required, also generating large amounts of
astes, specially in chromatographic procedures; severe matrix
ffects are caused by saturated ammonium chloride solution,
ypically used for elution in procedures involving solid-phase
reconcentration. In the spectrophotometric determination of
araquat based on the reaction with sodium dithionite both,
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he reagent and the free radical formed, are very unstable. In
hromatographic determinations, considering the ionic nature
f paraquat, a separation procedure based on ion-pair formation
s required [10,18], making difficult the determination, because
he equilibrium between mobile and stationary phases is slow
nd the separation is susceptible to variations of temperature, pH
nd concentration of organic compounds in the mobile phase.

The multicommutation approach [19] provides interactive
ow systems in which sample processing conditions can be
hanged by the control software as required by the analytical
rocedure. In recent years, multicommutation setups have incor-
orated solenoid micro-pumps [20,21] that can reproductively
ispense micro-volumes of solutions. These devices can replace
he injection and propulsion units, yielding compact manifolds
hat provide low reagent consumption and minimize waste gen-
ration. An additional advantage is the low power requirement
f solenoid micro-pumps as compared with the conventional
evices used in flow-based systems. The possibility of exploiting
eedback mechanisms to change sample processing conditions
akes this approach attractive to design flow systems for mon-

toring parameters of interest in the environment.
The aim of this work was to develop a flow system based on

ulticommutation for paraquat determination in natural waters.
he flow system was designed with independently controlled
olenoid micro-pumps and the dithionite reducing reagent was
eplaced by dehydroascorbic acid [22] in order to overcome the
reviously mentioned drawbacks. A home-made 10-cm optical-
ath flow cell was used to improve sensitivity and detection
imit.

. Experimental

.1. Apparatus

The flow system was designed with four solenoid micro-
umps (Biochem, 090SP) with a nominal volume of 8 �L per

ulse and one three-way solenoid valve (NResearch, 161T031),
.8-mm i.d. Teflon tubes and a Perspex connection (see Fig. 1).

parallel port of a Pentium III microcomputer was used for
ontrolling the active devices through a power drive based

ig. 1. Flow diagram of the system for paraquat determination. P1–P4: 8-�L
olenoid micro-pumps; V: three-way solenoid valve; S: sample; C: carrier (H2O);

1: dehydroascorbic acid reagent; R2: 1.0 mol L−1 NaOH; B: 10-cm long reac-
ion coil; D: diode-array spectrophotometer; X: confluence point; W: waste
essel.
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n an ULN2803 integrated circuit [23]. Spectrophotometric
easurements were carried out with a HP-8452A diode-array

pectrophotometer (Waldbronn, Germany). The home-made
ow cell was constructed from a glass tube of 10 cm length, 2 mm

.d. and ca. 300-�L internal volume. A quartz flow cell (Hellma)
ith 1-cm optical-path and ca. 50 �L internal volume was also

mployed. The control software was developed in Visual Basic
.0 (Microsoft) and the software furnished by the manufacturer
f the diode-array spectrophotometer was employed for data
cquisition.

A Dionex P680 liquid chromatograph (Sunny Valley, CA,
SA) with an UV detector (UVD 170U), equipped with a C-18

eversed phase (Kromasil) column (250 mm × 4.6 mm i.d. and
-�m particle diameter) was employed in the chromatographic
eference procedure as described by the EPA [10].

.2. Reagents and solutions

All solutions were prepared with analytical-grade chemicals
nd freshly distilled-deionized water. The chromogenic reagent
R1) was prepared by dissolution of 0.25 g ascorbic acid, 0.10 g
IO3 and 0.10 g EDTA (all reagents from Panreac, Barcelona,
pain), making the volume up to 100 mL with water. The R2
eagent was a 1 mol L−1 NaOH (Scharlau, Barcelona, Spain)
olution. A 1000 mg L−1 paraquat (Pq2+) stock solution was
repared by dissolution of the dichloride salt (Riedel-de-Haën,
eelze, Germany) in water. Working solutions within 0.10 and
.0 mg L−1 were prepared by dilution of this stock in water.

Natural water samples were collected from rivers in the region
f Valencia (Spain). Samples were filtered through a 0.22-�m
ylon membrane and preserved at −4 ◦C. Drinking water was
urchased from a local supermarket. Samples were stabilized at
mbient temperature immediately before analysis.

.3. Flow diagram and procedure

The flow system (Fig. 1) was designed with solenoid micro-
umps and one device was used for handling each solution.
uring actuation, the micro-pumps were operated at 5 Hz, thus
roviding a flow-rate of 2400 �L min−1 (mean volume of each
icro-pump = 8 �L per pulse).
The switching course of the active devices for paraquat deter-

ination is shown in Table 1. The micro-pumps P1–P3 were
imultaneously actuated to insert sample and reagent aliquots
nto the analytical path. This step was repeated 20 times (20
ampling cycles) for the 1-cm cell and 30 times (30 sampling
ycles) for the 10-cm flow cell. The small sample and reagent
liquots undergo fast mixing, starting the chemical reactions.
he effect of increasing the residence time was evaluated by
rocessing aliquots of a 5.0 mg L−1 Pq2+ solution in different
topping times (0–90 s). The sample zone was transported to
he flow cell and the analytical signal was based on the differ-
nce between the absorbance values measured as peak height

t 600 and 800 nm. It was verified that 220 pulses of P4 (ca.
.8 mL carrier) were enough to completely remove the sam-
le zone from the manifold with the 1-cm flow cell and 250
ulses of P4 were required for the 10-cm flow cell. The solenoid
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Table 1
Switching course of the active devices for paraquat determination

Step Description P1 P2 P3 P4 V Pulse number or time

1 Insertion of sample and reagents 1/0 1/0 1/0 0 0 20 or 30a

2 Stopped flow 0 0 0 0 0 7 s
3 Signal measurement and system washing 0 0 0 1/0 0 220 or 250b

4 Sample replacement
0 1/0 0 0 1 50
0 0 0 1/0 1 20

N y. Oth
he 10-
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umbers 1 and 0 indicate that the pumps were switched on and off, respectivel
a Twenty sampling cycles for the 1-cm flow cell and 30 sampling cycles for t
b Two hundred and twenty pulses for the 1-cm flow cell and 250 pulses for th

alve V was employed for sample replacement. It was carried
ut by simultaneously actuating the micro-pump P2 (50 pulses)
nd valve V, directing the solution towards the waste vessel. All
easurements were carried out in triplicate.
For sample analysis by the HPLC reference procedure

10], the mobile phase was composed by 25:75 (v/v)
cetonitrile–phosphate buffer (pH 3.2, 0.023 mol L−1) with
0 mmol L−1 1-octanesulfonic acid. The flow-rate of the mobile
hase was 1.5 mL min−1. The UV detector was set at 254 nm and
he injected sample volume was 20 �L. All chromatographic

easurements were performed at ambient temperature and the
unning time was 8 min per sample.

. Results and discussion

.1. Experimental conditions

The reduction of the analyte by dehydroascorbic acid was
arried out in alkaline medium forming a blue free radical. The
pectra of the reaction product obtained with sodium dithion-
te, ascorbic acid and dehydroascorbic acid showed analogous
ands, thus indicating the formation of the same species in the

resence of different reducing agents. However, reaction kinetics
as quite different, being faster in the presence of dithion-

te. Dehydroascorbic acid was preferred as reducing agent in
iew of its highest stability. A solution prepared from oxida-

i
t
p
e

ig. 2. Effect of experimental parameters: (A) reagents concentration: (a) EDTA; (b
ith the number of sampling cycles. Paraquat concentration was maintained as 10 mg
er symbols are defined in Fig. 1.
cm flow cell.
m flow cell.

ion of ascorbic acid by potassium iodate can be employed for
p to a week against the 2-h stability of the dithionite solu-
ion.

As expected, when concentrated sodium hydroxide solutions
ere employed in the flow system, perturbations by Schlieren

ffect [24] were observed. This resulted in high blank signals
ca. A = 0.200) even when the lowest sodium hydroxide con-
entration required for product formation (1.0 mol L−1) was
mployed. Measurements at two wavelengths, one at the absorp-
ion maximum of the reaction product (600 nm) and another
elected as reference (800 nm) were exploited to compensate
he perturbations by refractive index differences [24,25], thus
educing the blank signal to ca. A = 0.002.

The sample to reagent volumetric fraction was varied by
dopting the binary sampling strategy [19], but sensitivity and
epeatability were very poor. It was verified in an experiment
arried out in batch conditions that when the mixture of the
hromogenic reagent, sodium hydroxide and Pq2+ was shaken,
he color disappeared, being re-established after few minutes.
y considering this aspect, it is possible to suppose the presence
f an oscillating reaction [26], in which the free radical Pq•+

s formed from the analyte and the reducing reagents. Thus, for

mproving the stability of the reaction product, the micro-pumps
hat handled reagents and sample solutions were simultaneously
ulsed in the sampling step. Suitable mixing conditions were
stablished in view of the merging zones approach, the small

) potassium iodate, (c) ascorbic acid and (B) variation of the analytical signal
L−1.
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olume of the aliquots and the pulsed flow characteristic of fluid
ropulsion by solenoid micro-pumps.

The optimization of the experimental conditions was carried
ut by the univariate method, by changing the concentration
f each solution while the number of pulses was main-
ained constant. Results shown in Fig. 2A indicate that the
ighest analytical signal was achieved with reagent concen-
rations of 15 mmol L−1 ascorbic acid, 5 mmol L−1 KIO3 and
mmol L−1 EDTA (R1), for a sodium hydroxide concentration
f 1.0 mol L−1 (R2). Under these conditions, the number of sam-
ling cycles was varied, yielding the results in Fig. 2B. The
nalytical signal increased with the number of sampling cycles
ecause the sample zone dispersion diminished. For 20 sam-
ling cycles (480-�L sample zone), the dispersion coefficient
as 3.6 for the 1-cm flow cell and 4.1 for the 10-cm flow cell,
hich correspond to a medium dispersion [27]. These dispersion

oefficients are slightly higher than the expected by considering
he sample dilution caused by the addition of equal volumes of
ample and reagents.

The variation of temperature did not cause any effect in the
nalytical signal as opposite to that found in previous works
22,28], in which variations of up to 700% were observed when
emperature was increased to 60 ◦C. It is probably due to the
mproved mixing conditions characteristic of the flow systems
ith solenoid micro-pumps [19].
The stopped-flow approach was adopted to investigate the

ffect of increasing the sample residence time. Significant vari-
tions were observed for stopping times up to 7 s (analytical
ignal 2.5-fold higher than those obtained without stopping the
ow), being approximately constant for stopping times up to
0 s. These results confirm that the monitored reaction is rela-
ively fast and the reaction product was stable when maintained
ithout contact with oxygen. The efficient mixture of sample

nd reagents provided by the small volume of the aliquots and
he simultaneous introduction of the solutions by a pulsed flow
lso contributed to improve the reaction rate.

.2. Analytical figures of merit

For the 1-cm flow cell, linear response was observed for

araquat concentrations between 0.2 and 5.0 mg L−1, described
y the equation A = (−0.0011 ± 0.0001) + (0.0157 ± 0.0001)C,
ith a regression coefficient (r) of 0.999. The detection

imit was estimated as 57 �g L−1 at the 99.7% confidence

t
i
a
[

able 2
nalytical features of spectrophotometric procedures for paraquat determination

nalytical feature Proposed system

ampling rate (h−1) 63
etection limit (�g L−1) 22a

inear range (mg L−1) 0.1–5.0
oefficient of variation (%) 1.0 (9)
ffluent volume per determination (mL) 2.6
eaction temperature (◦C) 25c

a Estimated according to the IUPAC recommendations at the 99.7% confidence lev
b Calculated according to the criteria: LOD = 3 × intercept of calibration curve/slop
c The procedure was carried out at ambient temperature.
ell. Numbers indicate analyte concentrations in mg L−1. The inset shows the
orresponding calibration graph.

evel. The sampling rate and coefficient of variation (n = 10)
ere estimated as 63 measurements per hour and 1.0%,

espectively. The proposed procedure consumed 400 �g ascor-
ic acid, 160 �g potassium iodate and 160 �g EDTA per
etermination, which was 12-times for ascorbic acid and
6-times for EDTA lower than the reagent consumption in
he batch procedure [22]. The effluent volume was 2.0 mL
er determination. By using the 10-cm optical-path flow
ell, linear response was observed for paraquat concentra-
ions in the range 0.10–5.0 mg L−1 (Fig. 3), described by
he equation: A = (0.0010 ± 0.0010) + (0.1670 ± 0.0010)C, with
= 0.997. Sensitivity increased 10.4-fold using the 10-cm flow
ell, and the detection limit (99.7% confidence level) was
mproved to 22 �g L−1, making feasible the application to
he determination of paraquat in natural water samples [6].
omparison of the reagent consumption with other flow-based
rocedures is difficult in view of the use of different reduc-
ng reagents [11–13]. However, the proposed procedure can be
onsidered a greener alternative in view of the minimized con-
umption of low toxicity reagents. In addition, heating and strict
emperature control was not required. In spite of this, as shown

n Table 2, the analytical features are comparable with those
ttained by other flow procedures for paraquat determination
22,28].

Flow-injection [22] Batch method [28]

120 –
20b 1200

0.1–1.2 1.2–9.6
1.0 (6) 3.8
1 10

60 20–30

el.
e of calibration curve.



1380 C.M.C. Infante et al. / Talanta

Table 3
Effect of foreign species on paraquat determination

Added speciesa Concentration (mg L−1) Signal variation (%)

SO4
2− 500 +3.6

NO3
− 500 −1.1

Ca2+ 300 −2.0
CO3

2− 300 −7.4
Glyphosate 200 +4.0
Cd2+ 140 −1.7
Fe3+ 80 +6.3
Mg2+ 80 +3.6
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a The paraquat concentration was fixed at 1 mg L−1 and the concentration of
he foreign species was varied from 10 to 500 mg L−1.

.3. Effect of foreign species

The effect of foreign species was evaluated in the range
f 10–500 mg L−1 in the presence of 1 mg L−1 Pq2+ and the
btained results are presented in Table 3. Interference was con-
idered when the analytical signal varied more than 5% in the
resence of the foreign species. Selectivity was improved in
he flow-based procedure in view of the lower residence time
ca. 20 s) than that used in batch, which minimizes the exten-
ion of side reactions. This aspect can be verified by the results
btained for glyphosate that interfered only when present in a
00-times excess. Glyphosate is largely utilized as herbicide and
t is expected to be found in real samples. The main interference
as caused by a species with a similar structure (Diquat), even at

oncentrations of the same order than paraquat, being in agree-
ent with previous results [22]. Moreover, this interference can

e avoided with a previous treatment with NaOH [29]. Addi-
ionally, it should be taken into account that the expected levels
f the concomitant species in natural waters are lower than those
onsidered in this study.

.4. Analysis of water samples

The proposed procedure was applied to paraquat deter-
ination in natural waters from rivers and mineral sources,

fter spiking with 200 �g L−1 (the drink water equivalent level
stablished by EPA). Recoveries within 86 and 107% (mean

alue = 100.5%) were achieved, indicating the absence of matrix
ffects. In addition, results shown in Table 4 agreed with those
chieved by the HPLC reference procedure [10] at the 95% con-

able 4
araquat determination in spiked natural water samples

ample Proposed procedure HPLC procedure

Concentration
(�g L−1)a

R (%)b Concentration
(�g L−1)a

R (%)b

ucar river 215 ± 3 107 208 ± 10 104
uria river 204 ± 1 102 150 ± 13 75
uria Dam 215 ± 3 107 184 ± 5 92
ineral water 171 ± 4 86 200 ± 22 100

a Concentration of herbicide added to the samples = 200 �g L−1.
b Recoveries of the analyte spiked in the samples.

[

[
[
[

[

[
[

[

75 (2008) 1376–1381

dence level, by considering a paired Student’s t-test (n = 4).
nother profitable characteristic is the improvement of preci-

ion in the mechanized procedure (coefficients of variation lower
han 2% against to 8% found in the HPLC procedure) and reduc-
ion of the analyses time (ca. 1 and 8 min in the proposed and
PLC procedures, respectively).

. Conclusions

The proposed procedure overcomes some drawbacks of pro-
edures for paraquat determination. Sensitivity was improved by
sing a lab-made 10-cm optical-path flow cell yielding a linear
esponse range compatible with the environmental requirements
e.g. the limits established by the EPA). Interferences were less
ronounced, sampling throughput was improved (63 samples per
our) and reagent consumption was at least 12-fold reduced in
elation to previous works. As a consequence, the proposed pro-
edure can be considered as a clean alternative for fast paraquat
etermination in waters [30–32].
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30] F.R.P. Rocha, J.A. Nóbrega, O. Fatibello-Filho, Green Chem. 3 (2001) 216.
31] M. de la Guardia, J. Ruzicka, Analyst 120 (1995) 170.
32] M. de la Guardia, J. Braz. Chem. Soc. 10 (1999) 429.



A

s
d
p
c
a
b
©

K

1

c
s
c
M
i
t
h
p
w

0
d

Available online at www.sciencedirect.com

Talanta 75 (2008) 1284–1292

Time-resolved XANES speciation studies of chromium
on soils during simulated contamination

P. Kappen a,∗, E. Welter b, P.H. Beck c, J.M. McNamara c,
K.A. Moroney c, G.M. Roe d, A. Read c, P.J. Pigram a

a Centre for Materials and Surface Science and Department of Physics, La Trobe University,
Kingsbury Drive, Bundoora, Victoria 3086, Australia

b Hamburger Synchtoronstrahlungslabor HASYLAB at Deutsches Elektronen-Synchrotron DESY,
Notkestrasse 85, Hamburg D-22607, Germany

c Environmental Resources Management (ERM), 151 Clarendon Street,
South Melbourne, Victoria 3205, Australia

d Department of Innovation, Industry and Regional Development (DIIRD), L17/80 Collins Street,
Melbourne, Victoria 3000, Australia

Received 30 October 2007; received in revised form 16 January 2008; accepted 16 January 2008
Available online 1 February 2008

bstract

Time-resolved synchrotron X-ray absorption near edge structure (XANES) spectroscopy was used to study changes of chromium speciation in
oils upon soil–water interaction. The time resolution was 30–45 min. In a flow-column apparatus operated near the synchrotron beamline, two
ifferent types of soil were treated with potassium-dichromate solution, and soil samples were taken and directly analysed by XANES. The results
rovide insight into different equilibrium times of a few hours, depending on the type of soil. The XANES speciation analyses, based on a model

omprising insoluble Cr(III) and Cr(VI) compounds, show how the fate of Cr species on soils can be followed close to real-time. Since the method
llowed the soils to be investigated close to real-time, sampling in the field and preservation before analysis were made redundant. This study
enefits the development of corresponding in situ remediation techniques.

2008 Elsevier B.V. All rights reserved.
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. Background

The contamination of soil and water with hexavalent
hromium is an important environmental issue affecting many
ites around the world [1–6]. Hexavalent Cr is toxic, car-
inogenic and can pose significant risks to human health.
anagement of chromium contamination, for example, Cr(VI)

nfused into soil, may require remediation treatments involving
he addition of organic compounds to reduce Cr(VI) to the less
azardous Cr(III) [7,8]. In an ideal case, chromium-(III)-oxide

recipitates are formed during the reduction, which are neither
ater soluble nor bioavailable and thus are less toxic.

∗ Corresponding author. Tel.: +61 3 9479 1329; fax: +61 3 9749 1552.
E-mail address: p.kappen@latrobe.edu.au (P. Kappen).

o
c
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039-9140/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2008.01.041
Contamination; Soil; Remediation; Time-resolved

Detailed information on the chemistry of the chromium in
oils is a cornerstone in the development of successful and
fficient remediation strategies. Without this information, reme-
iation treatments may, for instance, impact the environment
hrough pollution side effects such as altered soil pH or raised
rganic matter contents.

Many studies analysing the structure and chemistry of
hromium in the environment employ laboratory methods such
s chromatography, atomic absorption spectroscopy, colorime-
ry, ultra-violet spectroscopy, nuclear magnetic resonance, and
thers ([8–12] and references therein). Such investigations
an be time consuming, requiring complex preparation and
hemical-based Cr extraction methods with the risk of altering

he Cr species before analysis. Laboratory methods also may
ot provide insight into the behaviour of particular chromium
pecies in real time or close to real time, making estimation of
eaction rates difficult.
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Chromium treatment was performed on two initially uncon-
taminated soils: standard commercial potting mix (as a model for
organic-rich soil), and natural soil sampled on-site at HASYLAB
P. Kappen et al. / Tala

Synchrotron-based X-ray absorption near edge structure
XANES) has the potential to fill these gaps. XANES has proven
o be a valuable tool for directly analysing the chemical specia-
ion of heavy metals [13–15] such as chromium [1,8,16–21],
ead [22], arsenic [23], copper [24,25], and others. XANES
s element specific and probes the local atomic environment
round the absorbing element, thus delivering chemical sen-
itivity. Since most XANES experiments are straightforward
nd do not require complex sample preparation procedures,
hemical information can be accessed directly and within short
ime scales (often minutes to tens of minutes). Hence, this
echnique may be employed for time-resolved and in situ
tudies.

In situ investigations of heterogeneous systems have been
eported routinely from a variety of fields including catalysis
26,27], fuel cell research [28], nanotechnology [29], and min-
ralogy [30]. In environmental research there have been a small
umber of reports of time resolved studies [25,31–34] dealing
ith Cu and As, for example, in situ studies of copper during

lectrokinetic remediation processes [25,31,33]. The advantage
f in situ studies is that sample information can be obtained in
eal environments and in real time; these are critical factors when
eveloping on-site remediation strategies.

Full in situ XANES measurements of Cr on soils, that is,
cquisition of absorption spectra during a treatment, have not
een reported previously. Such studies are likely to face signif-
cant technical challenges due to the comparably low photon
nergy of the Cr–K absorption edge (5989 eV). At this energy,
oil-loaded flow cells may not be operated in transmission mode
ue to the high absorption level of most of the mineral phases
omprising a soil. For example, about 63% (corresponds to
bsorption μd = 1) of the incoming photons would be absorbed
y thin layers comprising grains of common minerals such as
iO2 (50 �m) or Fe2O3 (10 �m). Some of the absorption issues
an be overcome by measuring XANES in fluorescence mode,
here a sample does not need to be X-ray transparent. While
corresponding in situ cell for gas treatment of a dry soil
ould be feasible (analogous to in situ fluorescence XANES

et-ups in catalysis research), a liquid treatment cell would still
ose absorption issues due to parasitic absorption by the liq-
id in a flow cell (for water: 63% per 350 �m). In addition,
isentangling the contributions of liquid and solid phases to
XANES spectrum may not be possible without additional

XAFS analyses. However, acquiring full fluorescence mode
XAFS data of sufficient quality is time consuming, assum-

ng that the element of interest (Cr) is present at realistically
ow concentrations. Thus, full EXAFS data collection is not
uitable for in situ studies of Cr on soils in a treatment cell,
nd even in situ XANES studies on mixed solid–liquid sys-
ems are challenging and rare [9]. More work is needed to
evelop rapid Cr speciation techniques, capable of in situ imple-
entation, to support the delivery of effective Cr remediation

utcomes.

In this paper, we present time resolved XANES measure-

ents of soils upon deliberate contamination with hexavalent
hromium from solution. The soils were treated at the syn-
hrotron facility in a flow column set-up and then prepared for

v
u

5 (2008) 1284–1292 1285

mmediate XANES measurements. The typical time resolution
f the experiments was 30–45 min.

. Experimental

Experiments were conducted at the Hamburg Synchrotron
adiation Laboratory (HASYLAB) at Deutsches Elektronen
ynchrotron (DESY) in Hamburg, Germany. Spill and con-

amination accidents were simulated by treating selected soils
n-site. XANES scans were acquired from a range of reference
amples, and from initially uncontaminated soils subjected to
queous solutions of K2Cr2O7.

The reference XANES spectra were used to evaluate chem-
cal species via linear combination fitting (for details on the
t procedures see below). Reference samples, all insoluble or
lightly soluble in H2O, comprised PbCrO4, CaCrO4, Cr(OH)3,
r-acetylacetonate (Cr–(O2C5H7)3), and Cr2O3.1 Water sol-
ble chromium salts, such as chromium-(VI)-oxide, sodium
nd potassium chromates and dichromates, or chromium-(III)-
itrate are unlikely to precipitate from an aqueous solution
nd were thus disregarded. PbCrO4 and CaCrO4 were chosen,
ince both Pb and Ca were detected on the soils using XRF.
hromium-(III)-acetylacetonate was included to represent Cr
mbedded in an organic matrix. In Cr–(O2C5H7)3 the Cr is com-
lexed by three organic ligands with the oxygen atoms forming
he first coordination shell. This structure is similar to other
r(III) materials, such as Cr in Cr(NO3)3 or Cr in humic acids.
r(OH)3 and Cr2O3 are further important, insoluble, trivalent
r species in soils.

It should be noted that the reference materials used describe
model of the soils based on the available data. This model is

ntended to demonstrate the capabilities of our approach to time-
esolved studies of Cr species. Choice of a different model using
dditional or different soil data may result in different outcomes
ith respect to the evolution of individual Cr species. Discus-

ions of the behaviour of hexavalent and trivalent chromium in
eneral (see below sections) are not affected by the choice of
eference compounds.

Materials for XANES analyses were pressed to form free-
tanding discs (13 mm diameter), using a standard hydraulic
ellet press (p ∼ 0.7 GN/m2 for 60 s). Prior to pressing, the
amples were dried on filter paper (if wet), ground and mixed
ith cellulose powder (Sigma–Aldrich, 20 �m particle size).
he reproducibility of sample preparation protocols was veri-
ed by XANES analysis of three identically prepared pellets
f Cr(NO3)3, using a total of 30 mg Cr(NO3)3 and 550 mg cel-
ulose. After careful grinding and mixing, the resulting sample

aterial was divided in three aliquots (193 mg each) and pressed
1 The spectrum of CaCrO4 was kindly provided by Prof. Alojz Kodre, Uni-
ersity of Ljubljanja, Slovenia. It was acquired at beamline E4 at HASYLAB
sing a Si(1 1 1) double crystal monochromator.



1286 P. Kappen et al. / Talanta 75 (2008) 1284–1292

F tion s
t te of t

c
r
m
(
e
p
P
t
T
c
s

a
fl
e
e
w
3
p
a
s
i
e

n
C
t
w
fi
(
d
X
(
t
d

t
w
o
(
X
o

c
o
s
t
h
2
c
c
b
s

(
a
i
t
s
p
g
t
w
t
t
D
n
(

3

3

s
e
k
q
C
t
p

ig. 1. Schematic representation of the flow column set-up used for contamina
hat the columns did not drain when opened for sample excavation. The flow ra

ontaining visibly high concentrations of sand (from hereon
eferred to as “sand-rich soil”). Approximately, 100 g of potting
ix and 200 g of sand-rich soil were used for the experiments

masses refer to dry weight). After removing larger stones (diam-
ter few mm), the corresponding soil was loaded into up to six
arallel flow columns connected to a peristaltic pump (Fig. 1).
otassium-dichromate (K2Cr2O7) solution was cycled through

he system from reservoir (V = 1100 mL, flow rate 100 mL/min).
he concentration of the solution was c = 14 g/L, approximately
orresponding to Cr levels used in, e.g., industrial leather tanning
olutions [35].

After specific times, the treatment was paused, and small
mounts of soil (ca 1 g) were sampled from any one of the
ow columns. During sampling, the liquid level was kept high
nough to cover the soils in the columns, avoiding direct air
xposure. After a flow experiment, soil from one of the columns
as drained on an unbleached paper filter. Approximately,
00–600 mg of material was used from each soil sample to pre-
are a pellet for XANES measurements. These scans were either
cquired directly after sample preparation, or, if immediate mea-
urements were not possible, samples were temporarily stored
n a small vacuum chamber (p < 10−2 mbar) to avoid prolonged
xposure to air and minimise changes in chemical state.

The XANES experiments were carried out at bending mag-
et beamline A1 at HASYLAB. Scans were acquired at the
r–K absorption edge using a channel cut Si(111) double crys-

al monochromator. The intensity of the monochromatic beam
as monitored and controlled using an ionisation chamber (I0,
lled with 1000 mbar N2) and a digital monochromator stabiliser
D-MoStab). Higher harmonics suppression was achieved by
etuning the monochromator to 50% of the peak intensity.
ANES spectra were collected over a slightly extended range

5850–6250 eV) to enhance the reliability of background sub-
raction and normalisation. The acquisition time per scan,
efining the experimental time resolution was about 30–45 min.

XANES scans of the reference samples were recorded in
ransmission mode using a second ionisation chamber (filled
ith 1000 mbar Ar); scans of soil samples were acquired in flu-

rescence mode using a seven-element Si(Li) solid state detector
custom made Gresham Sirius). Distortion of the fluorescence
ANES spectra due to self-absorption effects could be ruled
ut due to the low Cr content on the soil (�10 mg/g). Typi-

n
d
o
p

imulations. The reservoir holding the Cr containing solution was elevated, so
he peristaltic pump was set to 100 mL/min.

al total count rates for entire fluorescence spectra were of the
rder of 20–30 kcps for the potting mix and 5–10 kcps for the
and-rich soil. The detector signals were pre-amplified within
he experimental hutch. Further signal processing (outside the
utch) included seven digital signal processors (Canberra DSP
060) feeding individual MCA cards linked to the beamline
omputer. For the fluorescence XAS scans, only Cr K� fluores-
ence signals were selected (via software), thus resulting in least
ackground and optimised signal-to-noise ratios in the XANES
pectra.

After normalising to the incoming photon beam intensity
measured in the first ionisation chamber), the spectra were
dded using weight factors representing the statistical qual-
ty of the scans. The weight factors were calculated using
he magnitude of the absorption edge jump and the inten-
ity of the pre-edge absorption background. These steps were
erformed using self-developed software written in the pro-
ramming language IDL [36]. Cr species were evaluated using
he freeware XANDA Dactyloscope [37]. A linear fit routine
as employed to approximate a given XANES scan using

he Cr reference spectra. Principal components analysis and
arget transformation functions, as provided by the XANDA
actyloscope software, were used to assist the linear combi-
ation. The fit routine yields relative species concentrations
as mol%).

. Results and discussion

.1. Reference spectra and fit routine verification

Fig. 2 shows spectra of the reference materials used for
peciation. The scans of hexavalent Cr exhibit a distinct pre-
dge feature at approximately 5993 eV. This feature is well
nown, characteristic of hexavalent chromium [38]. It is fre-
uently used for differentiating between trivalent and hexavalent
r [39–42]. In Cr(VI) compounds, Cr is generally co-ordinated

etrahedrally while it is octahedrally co-ordinated in Cr(III) com-
ounds. Hence, in Cr(VI) the chromium is sitting on sites with

o inversion symmetry. This lack of inversion symmetry permits
ipole transitions from a 1 s level to unoccupied antibonding t2*
rbitals ([43] and references therein), resulting in the distinct
re-edge peak.
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Fig. 2. XANES spectra of at the Cr–K absorption edge of chromium reference
s
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Fig. 4. (a) Linear combination fitting of XANES spectra of well defined mixtures
of K2Cr2O7/Cr2O3, showing very good agreements of fit results and expected
v
g

pectra. The spectra are presented as after background removal and normali-
ation. Note the distinct pre-edge feature by which Cr(VI) compounds can be
istinguished from Cr(III) species.

Prior to speciation analyses of real systems, sample prepa-
ation and data processing tests were conducted using three
dentically prepared Cr(NO3)3 reference samples. For each sam-
le, three XANES spectra were acquired at different sample
ositions. The resulting nine spectra are shown in Fig. 3. The
ariation of the spectra at the maximum intensity is of the
rder of 1%. This result demonstrates a good reliability of the
ample preparation and data handling methods (in particular,
ackground subtraction), thus introducing only a small error to

he speciation process.

The fitting procedure to speciate Cr compound mixtures
as tested using defined mixtures of powders of K2Cr2O7 and
r2O3, and other reference materials. Some of the results are

ig. 3. Zoomed-in section of a set of nine spectra of Cr(NO3)3 to test the repro-
ucibility of the sample preparation method (for details see text). Spectra were
ackground subtracted and normalised.
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alues. (b) Typical linear combination results on real soil samples. The R-values
ive a measure for the goodness of the fit (perfect fit for R = 0).

ummarised in Fig. 4a, showing good agreement between actual
nd fitted relative concentrations. The spectra presented in the
gure correspond to one of the fits as marked by the arrow.
nly slight deviations between data and linear combination are
bserved, as reflected by the low R-value of 0.57. The deviations
ay partly be attributed to uncertainties from sample prepara-

ion (see also Fig. 3 and corresponding discussions). For two of
he model mixtures, the fit routine was tested further by starting
ith additional reference spectra; Table 1 below summarises the

esults. The first data row per sample shows the speciation results
ith only the two expected references included. The results

gree well with the targets (see first column). The following rows
how the fit results upon addition of Cr(OH)3 and Cr(OH)3 plus
aCrO4 reference spectra. In cases where concentration values
f 0% are presented, the fit suggested a concentration of <2%,
nd the corresponding parameter was set to 0 to be not considered
urther in the fit.

The results in the table show that the fit procedure retrieved

he correct results reliably. Only when using all four spectra on
he XANES spectrum of the first sample (“15%:85%”), the fit
rongly suggests a 7% content of CaCrO4. Overall, the data
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Table 1
Results of testing the linear combination fit routine

Test sample (%) c[K2Cr2O7] (%) c[Cr2O3] (%) c[Cr(OH)3] (%) c[CaCrO4] (%) R

15:85 11 89 – – 0.57
8 88 4 – 0.57
9 84 0 (<2) 7 0.57

35:65 35 65 – – 0.75
28 68 4 – 0.75
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(
pendent of the fit process. For the Cr(VI)* value of a spectrum,
the onset of the absorption edge was modelled using a spline
function, and the integral intensity of the pre-edge feature was

Fig. 5. XANES spectra (panel a) and speciation results (panel b) from a con-
28 68

he XANES spectra of two defined mixtures of K2Cr2O7/Cr2O3 were fitted st
ot used).

iscussed so far verify the reliability of the sample preparation
nd fitting method.

For fitting of soil related data, care was taken to reduce
he number of reference spectra to a minimum. Each spectrum
epresents one degree of freedom. The use of many spectral
omponents may result in a very good outcome; however, this
esult may then not be reliable due to the increased number of
t parameters. It should also be noted that chemical speciation
nalysis using XANES is not model free. While containing the
ull information on local atomic symmetry, each spectrum is one-
imensional only and disentangling the individual contributions
as to be based on assumptions (choice of reference spectra for
he fit). The results are considered in light of these assumptions.

.2. Treatment of soils with Cr(VI) solution

Results of the treatment of the potting mix with potassium-
ichromate solution are presented in Figs. 5 and 6. Fig. 5
ummarises the speciation changes during one treatment (dura-
ion 22 h; only four flow columns were used for technical
easons). This experiment was repeated with fewer sampling
ntervals, but with subsequent draining of some of the soil mate-
ial. Corresponding results of the speciation analyses are shown
n Fig. 6. For the repeat experiment, all the six flow columns
ould be employed.

The XANES spectra in Fig. 5a (first treatment) show the
resence of Cr(VI) species via the characteristic pre-edge fea-
ure. They also indicate some Cr(III) content via the shape of
he XAS oscillations in the energy region between 6010 and
050 eV. During the first 5 h of treatment, a high level of vari-
bility was observed in the relative concentrations of Cr species.
his is reflected in the intensity of the pre-edge peak and the
ne structure above the absorption edge. Beyond approximately
h treatment time, the conditions settled to a steady state as

uggested by the spectra marked “B”.
The speciation results (Fig. 5b) confirm these observations.

he total relative concentrations of Cr(III) and Cr(VI) species
n the soil enter a steady state from approximately t > 5 h. This
evelling may also be observed in the bottom graph in Fig. 5b,
howing the evolution of the solution pH. From t > 5 h, the pH

hanges only marginally, indicating an equilibrium between soil
nd K2Cr2O7 solution. Note that two different graphs for Cr(VI)
re included in Fig. 5b. The dotted line represents the Cr(VI) as
result from the linear combination fit. The dash-dotted line

t
t
h
t
(

4 0 (<2) 0.75

from different sets of reference spectra (a dash means that this spectrum was

Cr(VI)*) was derived from the pre-peak intensity, that is inde-
amination simulation (K2Cr2O7 (aq)/potting mix). Samples were taken from
he flow column system at the times specified. In panel (a) isosbestic points are
ighlighted by dashed circles. The spectra marked “B” in panel (a) correspond to
he last four data points in panel (b). The uncertainty for the data points in panel
b) is estimated to be ±5 mol% (error bars omitted for presentation purposes).
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Fig. 6. Speciation results from a contamination simulation (K2Cr2O7
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aq)/potting mix). Species evolutions are depicted for draining of treated soil
n a filter. The individual symbols that are not connected by lines represent the
pecies at the end of the preceding flow phase.

btained after subtraction of the spline. In order to obtain a
otal relative concentration of hexavalent chromium, the result-
ng quantity was then normalised to the average of the integral
re-peak intensities of PbCrO4 and CaCrO4. As can be seen
rom Fig. 5b, the results for Cr(VI) and Cr(VI)* are consis-
ent within the uncertainty of ±5 mol%. It is important to note
hat the results of Cr(VI)* were not used to constrain the lin-
ar combination fit. Thus, both measures of the concentration of
exavalent chromium are independent. The consistency of the
ata engenders confidence in the fit results.

Given the model reference spectra chosen for this study, the
peciation data also show that the decrease in Cr(VI) content
n the soil is mainly due to a decrease in PbCrO4 concentra-
ion, and the corresponding increase of Cr(III) is a result of an
ncrease of Cr2O3 content. The spectra of calcium chromate and
hromium acetylacetonate also contribute to the speciation fit
ut the concentration values obtained do not exhibit clear trends
uring the first 5–6 h of the flow experiment. The speciation fits
ould also be performed without including Cr(OH)3 (first data
oint excepted). This observation is consistent with the data,
ince during the experiment the pH was between 4 and 5, i.e.
he chemical environment was acidic. In such environment the
recipitation of basic Cr(OH)3 is not favoured.
The normalised data in Fig. 5a also exhibit isosbestic points at
025 and 6055 eV where all spectra meet (highlighted by dashed
ircles). At these points, the total absorbance of all chromium
pecies remains constant. Thus there has to be a continuous

m
e

c
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ransition from one spectroscopic component to another, where
spectroscopic component may be a mixture of more than one

hromium species. Note that the spectra are normalised to an
dge jump of 1; hence, variations in the absolute concentrations
f chromium do not need to be considered in this discussion. For
he evolution of chromium species, the isosbestic points mean
hat no new Cr compound was created or consumed during the
xperiment (disregarding the initial phase before taking the first
ample at t = 1 h). This result is consistent with the data presented
n Fig. 5b.

Since the initial (uncontaminated) soil did not contain sig-
ificant amounts of Cr (as verified by XRF), a rapid sorption of
2Cr2O7 from solution with subsequent conversion must have
ccurred before the first sample was taken. With the potting
ix being rich in organic content, it is likely that dichromate
as reduced to Cr(III) in the presence of organic matter. Such
athways have been reported previously (e.g. [7,8,44]). The
peciation results are consistent with this mechanism, where
n the corresponding fits the spectrum of Cr-acetylacetonate
hould be seen as a representative for Cr in organic matrices.
s highlighted above, in Cr-acetlyacetonate, the chromium is

omplexed by organic ligands with oxygen forming the first
oordination sphere. The resulting structure is similar to Cr in
rganic matrices such as humic acids present in potting mix.

The data in Fig. 5b furthermore show a high relative concen-
ration of Cr(VI) on the soil (about 40% towards the end of the
xperiment). With an organic-rich soil, such as potting mix, one
ight expect a complete reduction of Cr(VI) to Cr(III) species.
owever, with the continuous supply of dichromate solution, it

an be expected that reaction sites for the reduction of Cr(VI) to
r(III) were saturated at some point, as reflected in the equilib-

ium observed. The redox reactions involved in these processes
ay be complicated in detail and may also have included other

pecies such as Fe(II) or Mn(IV); both, Fe and Mn were detected
n the soil using XRF. Detailed soil analyses and characterisation
ere beyond the scope of this study, which is to demonstrate the

easibility of time-resolved species analyses studies on complex
ystems (Cr in soils) using XANES. Detail clarification of the
edox mechanisms involved will be a future step requiring com-
rehensive chemical and physical analyses (e.g. organic matter
nd other chromium reducing and oxidising species contents,
r concentration in solution, redox potential, soil pH, and total

oil surface area).
To study the effects of draining on the evolution of Cr

pecies, a second soil treatment using K2Cr2O7 solution
nd potting mix was conducted (again Vsolution = 1100 mL,
[K2Cr2O7] = 14 g/L). The speciation results are presented in
ig. 6; also included in this figure are concentrations for a sam-
le taken at the end of the flow phase (see the symbols that
re not connected by lines). These starting values are similar
o the concentrations found in the preceding experiment for the
ndividual species at t = 22 h. Some differences exist which are
ttributed to the different amounts of soil used in this experi-

ent (six columns loaded, compared to four columns in the first

xperiment).
Upon draining the Cr species show some variability, and

hanges over time can be observed for all species. Cr2O3 exhibits
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sand-rich soil (ca 12 h). In the literature it has been described that
reaction rates for Cr(VI) → Cr(III) can be increased by amend-
ing a soil with organic matter [44,48,49]. Similar to the study by
Bolan et al. [49], reaction time constants were modelled from
290 P. Kappen et al. / Tala

large decrease in relative concentration (from 40 to 25%). Also
r-acetylacetonate shows a decrease, which is a trend only due

o the uncertainties (±5 mol%) associated with the speciation
rocedure. In contrast to Cr2O3 and Cr-acetylacetonate, the rel-
tive concentration of PbCrO4 increases from 20 to 30%. These
esults indicate that after the flow phase the soil system under-
oes some further gradual changes with no clear equilibrium
ver 26 h of draining. During this time no further dichromate
olution was delivered to the soil, and the material was exposed
o ambient air. Further reactions on the soil as observed in Fig. 6

ay have been promoted by these conditions.
The speciation results upon draining also show a steadily

ncreasing contribution of Cr(OH)3. This species was newly
ormed during this experiment. In the corresponding XANES
ata, no well-defined isosbestic points can be observed. Conse-
uently, the formation of a new species during the measurements
an be justified. Chromium-(III)-hydroxide has been discussed
reviously in XANES speciation experiments of soils (e.g.
9,45–47]). For instance, Wei et al. [9] sorbed Cr(VI) on kitchen
aste compost from solution (from CrO3), and the correspond-

ng speciation results indicated Cr(OH)3 contents in the order
f 20%. The total relative concentrations of Cr(III) found were
bout 75% for sorption times of 0.5 and 12 h, respectively. These
esults are similar to the data presented in Fig. 6 (drain phase).

The results in Fig. 6 also show that the overall relative con-
entrations of Cr(III) and Cr(VI), respectively, changed only
lightly within the 26 h of draining. Measurement of these quan-
ities alone (for example via the integral intensity of the pre-edge
eak) gives the impression that the soil system is almost stable
uring this period. However, reactions are occurring, leading to
he formation of a new species, in our model, Cr(OH)3.

These results emphasise the importance of detailed analyses
f the XANES spectra, sensible choice of reference spectra, and
eliable background subtraction and normalisation procedures.
xtending the scan range, beyond a typical XANES region, to a

ew hundred eV (e.g. up to 6250 eV as in this study) is beneficial
or data treatment. The results also highlight that for XANES
nalysis of Cr or other pollutants in soil, simulations close to
eal conditions and close to the beamline are very valuable. Such
xperiments allow information to be gained almost in real-time.

Figs. 7 and 8 show XANES spectra and speciation results
or the experiment subjecting a sand-rich soil to potassium-
ichromate solution. The data show a sharp increase in the
roportion of Cr(III) from 15 to 50% over the first 5–6 h of
he experiment and some decrease (50–40%) towards the end
f the flow phase. The individual model species reflect this
ehaviour moderately well. The contents of both, Cr2O3 and
r-acetylacetonate increase over time. Inversely to Cr(III), the
r(VI) concentration drops sharply first and increases towards

he end of the flow experiment. These trends are well reflected
y both Cr(VI) species, where the decrease and increase is more
rominent for PbCrO4 than for CaCrO4. As previously, the data
or Cr(VI) and Cr(VI)* are consistent, thus supporting the fit

esults.

Overall it can be observed that the system moves towards an
quilibrium after about 12 h. However, in contrast to the data of
otting mix (see Fig. 5), this steady state is reflected only for

F
r
c
e

ig. 7. XANES spectra from a contamination simulation (K2Cr2O7 (aq)/sand-
ich soil). Note that no clearly defined isosbestic points can be observed, as
ompared to Fig. 5.

r2O3 and PbCrO4. The data also show that on the sand-rich
oil, the Cr(VI) content is higher during the entire flow phase as
ompared to the experiment on potting mix. Hence, the sand-rich
oil provided fewer reactive sites for the reduction of Cr(VI) to
r(III), which may be attributed to a lower content of reducing

pecies (e.g. organic matter, Fe(II)) and/or a higher content of
xidising compounds (e.g. MnO2).

It was observed that for the potting mix, the decrease in rela-
ive Cr(VI) content progressed more rapidly (ca 5 h) than on the
ig. 8. Speciation results from a contamination simulation (K2Cr2O7 (aq)/sand-
ich soil). These results correspond to the spectra shown in Fig. 7. The experiment
omprised two phases: flow treatment of the soil and draining in a filter. For
xplanation of the symbols refer to Figs. 5 or 6.
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Table 2
Results from modelling reaction time constants for the reduction of Cr(VI) in
the potting mix and sand-rich soils

Soil ceq × 100% σ(ceq) × 100% τ (h−1) σ(τ) (h−1) χ2

Potting mix 38 3 0.8 0.2 35
Sand-rich 50 7 0.3 0.1 71

The relative concentrations of hexavalent chromium used for the modelling were
taken from the results of the linear combination processes. For explanations of
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[7] T.K. Tokunaga, J.M. Wan, M.K. Firestone, T.C. Hazen, K.R. Olson, D.J.
Herman, S.R. Sutton, A. Lanzirotti, J. Environ. Qual. 32 (2003) 1641–1649.
he quantities ceq and τ see the text; the σ-values are standard deviations of the
t, and χ2 gives a measure of the goodness of the fits.

he data for Cr(VI) from Figs. 5 and 8. The expression used to
t the data was

(t) = [1 − ceq] e−τt + ceq,

here y is the concentration of Cr(VI) as derived from the linear
ombination fit, t the reaction time in h, τ the reaction time con-
tant in h−1, and ceq is the concentration of Cr(VI) upon reaching
he equilibrium state. The factor [1 − ceq] ties the Cr(VI) concen-
ration to 100% at the start of the experiment, i.e. when K2Cr2O7
olution was introduced to the soil. Table 2 summarises the
esults from the modelling.

The fit results are good indicators for trends and a qualitative
iscussion; in a future experiment, more precise results could
e obtained by repeating the flow experiments with more data
oints on the time scale. However, the results in Table 2 are con-
istent with the observations made so far. In case of the potting
ix the equilibrium is reached faster than in case of the sand-rich

oil (τpot > τsand), and the resulting relative concentration of hex-
valent chromium was less on the potting mix (ceq,pot < ceq,sand).
lso the initial estimates for flow durations until reaching an

quilibrium are covered well by the simple reaction rate model.
fter 5 h flow experiment on the potting mix, the exponen-

ial function drops to e−τt = e−0.8/h×5h = 0.02. Thus the expected
alue for ceq was almost reached after t = 5 h. For t = 12 h in the
xperiment on sand-rich soil one finds e−τt = e−0.3/h×12h = 0.03.
iven the uncertainty of the fit and the respective standard
eviations, these values are the same within the error mar-
in.

Upon draining, only the concentration of PbCrO4 exhibits
trong variations, thus driving a decrease in the relative Cr(VI)
ontent. In contrast to the experiment on potting mix, chromium
ydroxide may only emerge as a species towards the end of the
rain phase. The data in Fig. 8 also suggest that in a sand-rich
oil, the relative Cr(III) and Cr(VI) contents are changing more
ynamically upon draining than in the potting mix, which is
lso reflected in the concentration of PbCrO4. This may be due
o slower Cr(VI) reduction rates in organic poor media.

The results presented in this study demonstrate how near
eal-time XANES measurements can be used to analyse directly
hromium species on soils upon contamination with Cr(VI) solu-

ion. The flow column set-up used could also be employed to
reat soil from a contaminated site for remediation purposes.
he advantages of the approach in this study are
5 (2008) 1284–1292 1291

(I) samples can be analysed rapidly and on-site at the syn-
chrotron, i.e. in a real scenario; remediation processes could
be optimised on-line;

II) XANES allows information on the evolution of chemical
species to be obtained directly and non-invasively.

Model reference materials for this study were chosen on the
asis of elemental analyses using XRF data and water solubility.
n future experiments, further soil chemical information (soil pH
nd Eh, organic matter content, absolute elemental concentra-
ions, etc.) would be of advantage to build a model for XANES
pecies analyses.

The time resolution of 30–45 min for evaluation of Cr species
as achieved using a seven-element fluorescence detector at a
ending magnet beamline. Shorter acquisition times would be
easible at a high-flux wiggler beamline in conjunction with
multi-element fluorescence detector with a large number of

lements. The high beam intensity would sustain a sufficiently
igh count-rate for the larger number of detector pixels (assum-
ng that their size decreases with increasing number). Such
etector systems would require good energy resolution, high
ignal-to-noise ratio, and high count-rate capabilities. Com-
ercial multi-element detector systems could be suitable; also

urrent detector developments based on silicon or silicon-drift
echnology [50,51] are promising for the further development
f in situ analyses of Cr species on soils.

cknowledgements

The authors would like to thank Prof. Wolfgang Calmano,
echnische Universität Harburg, Germany, for provision of Cr
eference materials.
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bstract

A simple, rapid and accurate method for the spectrophotometric determination of terfenadine has been developed. The proposed method based
n the charge-transfer reactions of terfenadine, as n-electron donor, with 7,7,8,8-tetracyanoquinodimethane (TCNQ), tetracyanoethylene (TCNE),
,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) or 2,5-dichloro-3,6-dihydroxy-1,4-benzoquinone (chloranilic acid, p-CLA) as �-acceptors to
ive highly colored complexes. The experimental conditions such as reagent concentration, reaction solvent and time have been carefully optimized
o achieve the highest sensitivity. Beer’s law is obeyed over the concentration ranges of 3–72, 3–96, 12–168 and 24–240 �g mL−1 terfenadine
sing TCNQ, TCNE, DDQ and p-CLA, respectively, with correlation coefficients 0.9999, 0.9974, 0.9997 and 0.9979 and detection limits 0.3,
.4, 2.6 and 12.3 �g mL−1, for the reagents in the same order. DDQ and p-CLA react spontaneously with terfenadine to give colored complexes

hat can be applied for the flow injection analysis of terfenadine in the concentration ranges 2.4–120 and 24–240 �g with correlation coefficients
.9990 and 0.9985 and detection limits 0.8 and 2.7 �g for DDQ and p-CLA, respectively, in addition to the high sampling through output of
0 sample h−1.

2008 Published by Elsevier B.V.
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. Introduction

Drug quality control is a branch of analytical chemistry that
as a wide impact on the public health, so the development of
reliable quick and accurate method for the active ingredient

etermination is welcomed.
Terfenadine (TFN) is a well-known selective histamine H1-

eceptore [1] with the following chemical structure:

Several methods have been reported for the determination

f TFN in pharmaceutical dosage forms and biological fluids
ncluding HPLC [2,3], capillary electrophoresis [4], voltamme-
ry [5], NIR and NMR spectroscopy [6,7], spectrofluorimetry

∗ Tel.: +20 1 0378 1777; fax: +20 2 3337 0931.
E-mail address: elmorsykhaled@yahoo.com.

r
e
p
o
t
l
w

039-9140/$ – see front matter © 2008 Published by Elsevier B.V.
oi:10.1016/j.talanta.2008.01.031
aceutical preparations

8], AAS [9], UV–vis spectrophotometry [9–11] and non-
queous potentiometric titration [12].

Molecular interactions between electron donors and accep-
ors are generally associated with the formation of intensely
olored charge-transfer (CT) complexes which absorb radiation
n the visible region [13,14]. These CT reactions were of partic-
lar interest in the analysis of many pharmaceutical compounds
15,16]. Formation of CT complexes between TFN and iodine,
CNQ [17] or picric acid [18] has been earlier reported for

he batch spectrophotometric determination of TFN. Though
he batch spectrophotometric methods allowed for the deter-

ination of TFN, they include the time as a variable to be
trictly controlled with the exposure to the toxic organic solvents.
owever, flow-injection analysis (FIA) provides advantages of

apidity, easy assembly and efficient to control such serious
xperimental conditions as well as high sampling through out-
ut [19]. With respect to the CT spectrophotometric methods,

nly Uno et al. [20] reported a simple FIA system for monitoring
he CT complexation reaction between iodine and tertiary alky-
amines and no other investigations for CT reactions combined
ith FIA have been found in literature.
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Although some of the previously published methods are fairly
pecific, they tend to be lengthy and expensive [2–4], suffer
rom a narrow dynamic range [6,7], require the use of a highly
oxic compound and solvents [5,9–11] or use less stable col-
red species with heating [17,18]. This paper describes a simple,
irect, sensitive and precise spectrophotometric method for the
etermination of TFN via novel CT complexation reactions with
ifferent �-acceptors namely, p-CLA, DDQ and TCNE in addi-
ion to TCNQ. Application of FIA in terms of intermolecular CT
omplexes of TFN with either p-CLA or DDQ was also stud-
ed to avoid disadvantages of the batch methods and increase
he sampling through output in addition to minimizing the han-
ling of the toxic organic solvent usually used in CT reactions.
toichiometry, molar absorptivities, Sandell sensitivities, asso-
iation constants and the free energy changes of the formed CT
omplexes were also determined.

. Experimental

.1. Reagents

All the reagents and chemicals used were of analyti-
al grade. 7,7,8,8-Tetracyanoquinodimethane (TCNQ, Fluka
55372/1 with purity 98%), tetracyanoethylene (TCNE, Aldrich
28917-076 with purity 98%), 2,3-dichloro-5,6-dicyano-1,4-
enzoquinone (DDQ, Fluka, 1335954 with purity 95%) and
,5-dichloro-3,6-dihydroxy-1,4-benzoquinone (p-CLA Sigma,
8%) were used without further purification. 2,3,5,6-
etrabromo-1,4-benzoquinone (bromanil), 2,3,5,6-tetrachloro-
,4-benzoquinone (chloranil) were purchased from BDH (Poole,
K, 0947000 purity 95%). All the reagent solutions were freshly
repared as 5 mg mL−1in acetonitrile.

.2. Pharmaceutical preparations

Terfenadine (4-[4-(hydroxy-diphenylmethyl)-1-piperidyl]-

-(4-tert-butylphenyl)-butan-1-ol; C32H41NO2) sample was
btained from the National Organization for Drug Control and
esearch (Egypt); the content of TFN was assigned according

o the official method and found to be 98.1% [21]. Standard

a
4
t
t

Fig. 1. Schematic diagram of the FIA system manifold use
2008) 1167–1174

olution (2.4 mg mL−1in acetonitrile) was stable at 4 ◦C for 1
eek. Pharmaceutical preparations containing TFN (Histadine

nd Terfine, 120 and 60 mg TFN) were obtained from local drug
tores. Five tablets were weighed and grinded to finally divided
owder and an accurate weight of the powder containing 120 mg
f TFN was dissolved in 50 mL acetonitrile; the solution was
hen filtered off and analyzed according to the proposed and the
fficial methods.

.3. Apparatus

A double beam spectrophotometer (V-570, Jasco) with
0 mm light path cells was used for the absorbance measure-
ents.
FIA manifold: A schematic diagram of the flow-injection

anifold is shown in (Fig. 1) which was composed of a four
hannel peristaltic pump (MCP Ismatec, Zurich, Switzerland)
nd a manual sample injection valve (ECOM, Ventil C, Czech
epublic) with exchangeable sample loops (5–200 �L). Solu-

ions transferring were Tygon tubes (Cole-Parmer R-3603)
ith 0.7 and 0.5 mm i.d. for the reagent and the sample

arrier streams, respectively. A homemade flow cell (10 mm
uartz cell filled with Perspex having an input and out-
ut tubes with total volume 300 �L) was used to detect the
hange in the absorbance of the effluents from the reaction
oil.

.4. Analytical procedures

.4.1. Stoichiometry of the formed CT complexes
The stoichiometry of the formed complexes was deter-

ined by applying the molar ratio method. Successive aliquots
0.1–1 mL) of the standard TFN solutions (5 × 10−3 mol L−1)
ere transferred into 10 mL measuring flasks followed by
.5 mL of the reagent solution each 5 × 10−3 mol L−1 and
he volume was completed to 10 mL with acetonitrile. The

bsorbance of resultant CT complexes was measured at 520, 458,
12 and 842 nm for p-CLA, DDQ, TCNE and TCNQ, respec-
ively, against the blank solution prepared without addition of
he drug.

d for the spectrophotometric determination of TFN.
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.4.2. Batch measurement
Aliquots containing different concentrations of TFN were

ransferred into 10 mL volumetric flask followed by 2 mL of dif-
erent reagent solutions (each 5 mg mL−1) and the volume was
ompleted to the mark with acetonitrile. The colored species
ere generated immediately with p-CLA and DDQ and after
0 min for TCNE and TCNQ, respectively. The absorbance
f the formed CT complexes was measured at the maximum
bsorbance corresponding to each reagent against the blank
olution. Calibration graphs were constructed by plotting the
bsorbance of the formed CT complexes versus the final con-
entration of the drug (�g mL−1).

.4.3. FIA measurement
50 �L of TFN solutions with different concentrations was

njected directly into the acetonitrile carrier stream (flow rate
.2 mL min−1) which was then mixed with the reagent stream
DDQ or p-CLA, 5 mg mL−1with a flow rate 3.3 mL min−1) in
he reaction coil where the colored CT complexes were formed.
he colored CT complex was then sent to the homemade flow
ell which detects the change in the absorbance of the efflu-
nts from the reaction coil at 458 and 520 nm for DDQ and
-CLA, respectively. The peak heights were proportional to the
FN concentrations and used for construction of the calibra-

ion curve, five replicate injections per sample were made in all
nstances.

. Results and discussion

.1. Spectral characteristics and reaction mechanism

TFN solution in acetonitrile showed negligible
bsorption band at 260 nm with low molar absorptivity
∼700 L mol−1 cm−1) while upon addition of different �-
cceptors (namely, TCNQ, TCNE, DDQ, p-CLA, chloranil

r bromanil) to the drug solution, new characteristic bands
t different absorption maxima were obtained due to the for-
ation of CT complexes between TFN and these �-acceptors

Fig. 2).

ig. 2. Absorption spectra of the TFN CT complexes with TCNQ (a), TCNE
b), DDQ (c), p-CLA (d) and the correspondent reagents a−, b−, c−, and d−,
espectively, against acetonitrile.
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TFN, being an n-electron donor, reacts with �-acceptors giv-
ng CT complexes of the n–� type which dissociate to give the
olored free radical anions of the acceptors according to the fol-
owing equation.

Interaction of TFN with TCNQ gives a bluish-green chro-
ogen which exhibits strong absorption maxima at 842 and

42 nm, the wavelength 842 nm is selected as it gives higher
olar absorptivity with reproducible results. These bands may

e attributed to the formation of the radical anion (TCNQ•−),
hich was probably formed by the dissociation of an original

TFN–TCNQ) complex promoted by the high ionizing power
f the acetonitrile solvent [17]. Similar mechanism can be sug-
ested for TCNE as a yellow chromogen with triplet spectrum at
00, 412 and 464 nm was obtained, in quantitative analysis, the
and at 412 was selected. The interaction of TFN with DDQ in
cetonitrile at room temperature gave a red colored chromogen
ith a strong absorption maximum at 458, 546 and 588 nm due

o the formation of the free radical anion [22] and the wave-
ength 458 was selected for the further studies. p-CLA acts as
�-acceptor in a manner similar to quinines and the TFN–p-
LA CT complex have intense absorption band at 520 nm due

o the formation of the corresponding p-CLA free radical anion.
he absorption maxima of TFN with bromanil and chloranil
ere at 413 and 425 nm with very low molar absorptivities
hich may be explained on the basis of insufficient ionization
ower of these relatively weak � acceptors which possess lower
lectron affinities than TCNQ, TCNE and DDQ, so they will
e excluded from further investigations. Fig. 3 shows the sug-
ested structures of the TFN CT complexes with different tested
-acceptors.

.2. Optimization of reaction conditions

.2.1. Effect of reagent concentration
To establish the optimum experimental conditions for TFN

T complexes formation, the drug (48 �g mL−1) was allowed
o react with different volumes of the reagents (DDQ, TCNE,
CNQ and p-CLA, respectively, each 5 mg mL−1). The max-

mum absorbance was obtained with 1.5 mL of the reagent;
igher concentrations of the reagents may be useful for rapidly
eaching equilibrium, therefore, 2 mL was used as optimum
alue.

.2.2. Effect of reaction solvent
In order to select the suitable solvent for CT complex forma-

ion, the reaction of TFN with p-CLA, DDQ, TCNE and TCNQ
as made in different solvents. Acetonitrile showed super pri-
rity over chloroform, 2-propanol, dichloroethane, 1,4-dioxane,
ethanol and ethanol as the complex formed in these solvents

ither had low molar absorptivity or precipitated upon dilution.
urther, acetonitrile, being a highly polar solvent (dielectric con-

tant 37.5 [23]), facilitates the complete charge-transfer from
onor to acceptor as well as the dissociation of such TFN CT
omplex to the free radical anion as the predominant chro-
ogen.
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Fig. 3. Suggested structures of CT com

.2.3. Effect of reaction time
Reaction time was determined by following the color

evelopment upon the addition of TFN solution to the reagent
olution at room temperature. The results obtained (Fig. 4)
ndicated that, complete color development was attained
mmediately with p-CLA and DDQ while TCNQ and TCNE

orm intense chromogen with a stable absorbance after 20 min.
he absorbance of these complexes remains stable for at least
0, 60, 150 and 120 min for p-CLA, DDQ, TCNQ and TCNE,
espectively, thus permitting quantitative determination of TFN

m
1
e
(

es of TFN with different �-acceptors.

o be carried out with good reproducibility and indicating no
ide chemical reactions takes place.

.2.4. Stoichiometry and association constants of the
ormed CT complexes

The stoichiometry of the formed CT complexes was deter-

ined by applying the molar ratio method and found to be about

:1. This finding was anticipated by the presence of one basic
lectron-donating center (nitrogen atom) in the TFN structure
see Section 3.1, Fig. 3).
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The CT association constant is a measure of the complex sta-
ility and is given according to the Benesi–Hildebrand equation
24]:

[A]

ACT
= 1

KCTεCT[D]
+ 1

εCT

here [D] is the molar concentration of the donor in the CT
omplex, [A] is the sum of the acceptor concentration in the
T complex and in the free state. ACT, KCT and εCT are the
bsorbance, association constant and the molar absorptivity of
he formed complex, respectively.

Plotting ([A]/ACT) versus 1/[D] will give a linear curve
hose slope equals to (1/KCTεCT) and intercept equals to
/εCT. The values of the association constants (KCT) obtained
sing Benesi–Hildebrand plots were found to be 0.44 × 103,
.43 × 103, 0.98 × 103 and 1.31 × 103 L mol−1 for TFN com-
lexes with p-CLA, DDQ, TCNE and TCNQ, respectively
Fig. 5).

The standard free energy changes of complexation (�G◦)
ere also calculated from the association constants (KCT) using

he following equation [25]:

G◦ = −2.303 RT log KCT
he free energy changes were found to be −3.6, −4.3, −4.1 and
4.25 kJ mol−1 for TFN complexes with p-CLA, DDQ, TCNE

nd TCNQ, respectively.

ig. 5. Benesi–Hildebrand plots for determining the association constants of
FN CT complexes.
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.3. Flow injection variables

For the development of a new indicator reaction for practical
pplications in FIA measurements, attention should be paid to
he reaction time to be short as possible to increase the sam-
ling output and simplify the flow system. Though the reaction
f TCNQ and TCNE with TFN gave CT complexes with higher
olar absorptivities (see Fig. 2), these reagents were not suit-

ble for FIA measurements as the reaction time was very long
20 min) which will require a very long reaction column and
ecrease the sampling output. On the other hand, DDQ and
-CLA spontaneously react with TFN to produce colored CT
omplexes which can be easily applied in FIA measurement.

The FIA conditions such as reagent concentration, flow rate,
ample volume and the length of reaction coil were optimized in
rder to achieve the highest sensitivity. With injection of 60 �g
FN in the flow system, the concentration of either DDQ or p-
LA was changed from 1 to 8 mg mL−1 and 5 mg mL−1 was

elected as it gave the highest sensitivity and stable baseline.
The dependency of the peak height and residence time (time

o recover the base line) on the flow rate was studied by applying
ifferent flow rates (0.66–6.6 mL min−1). The flow rates of 3.3
nd 2.2 mL min−1 (for reagent and carrier streams, respectively)
ere selected as the slower flow rate gave broad peaks with

ong tail while the faster one depressed the peak height (Fig. 6).
n increase in the injection volume from 5 to 200 �l improved

he peak height, though the sampling frequency decreased and
he volume of 50 �L was chosen as a compromise between the
ensitivity and the sampling frequency.

The length of the reaction coil was changed from 5 to 30 cm;
ncreasing of the coil length will reduce both the peak height
nd sharpness, which may be attributed from the dispersion of
he produced colored complex. For the sake of high sensitivity
nd sampling frequency, a 5-cm reaction coil was employed.
ypical FIA responses for the determination of TFN are shown

n Fig. 7, the peaks were very sharp for all samples and the peak
eight was dependant on TFN injected. At these conditions,

he reaction time was 60 s (from injection of the sample till

easuring the absorbance of the colored complex in the flow
ell) and the cycle run was 90 s, so more than 40 injections h−1

an be measured.

ig. 6. Effect of the flow rate on the peak height and width of TFN–p-CLA
omplex.
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ig. 7. Spectrophotometric flow injection determination of TFN using p-CLA
nd DDQ acceptors.

.4. Validity of Beer’s law

After selection of the suitable reaction conditions described
bove, calibration graphs were constructed for the investigated
rug applying the four different reagents under either batch or
IA conditions (Fig. 8). The molar absorptivity (ε), Sandell sen-
itivity (S) and regression equation for each reagent were listed in
able 1. Beer’s law was obeyed over the concentration ranges of
4–240, 12–168, 3–72, and 3–96 �g mL−1 for p-CLA, DDQ,
CNQ and TCNE, respectively, with correlation coefficients
.9979, 0.9997, 0.9999 and 0.9974 under the batch condition for
he reagents with the same order. Calibration graphs under FIA
onditions were obeyed in the concentration ranges 24–240 and
.4–120 �g for p-CLA and DDQ with correlation coefficients
f 0.9985 and 0.9990, respectively. The detection limits of the

ethod were calculated as (C1 = 3.3σ/s, where C1 is the limit of

etection, σ is the S.D. of the intercept, and s the slope of the stan-
ard curve) and found to be 0.3, 0.4, 2.6 and 12.3 �g mL−1for
CNQ, TCNE, DDQ and p-CLA under the batch measurement

e
p
t
o

able 1
haracteristic parameters for the complexation of TFN with different �-acceptors

tem p-CLA

Batch FIA

max (nm) 520
eer’s law limits (�g mL−1) 24–240 24–240
olar absorptivity (L mol−1 cm−1) 1.26 × 103

andell sensitivity (�g cm−2) 0.017
etection limit (�g mL−1) 12.3 2.7
tability constant (L mol−1) 0.44 × 103

eaction time (min) Spontaneous 40 S h−1

olor stability (min) 90

egression equationa

Slope (b) 0.00268 0.00343
Intercept (a) −0.00626 −0.00746
S.D. of slope (Sb) 8.7 × 10−5 2.0 × 10−4

S.D. of intercept (Sa) 1.1 × 10−2 3.1 × 10−3

Correlation coefficient 0.9979 0.9985

a A = a + bC, where A is the absorbance of the CT complex and C is the concentrati
ig. 8. Spectrophotometric determination of TFN applying different �-
cceptors under the batch and FIA conditions.

hile the corresponding values under the FIA conditions were
.8 and 2.7 �g of TFN using DDQ and p-CLA, respectively.

The CT complex of TFN with TCNQ shows the highest molar
bsorptivity (ε = 10.40 × 103 L mol−1 cm−1) with the smallest
alue of Sandell sensitivity (0.002) which indicates the high
ensitivity of the proposed method in the determination of the
rug under investigation. One can conclude that under the batch
easurement, TCNQ is the most sensitive while DDQ is the
ost suitable for FIA measurements.

.5. Between-day measurement

In order to prove the validity and applicability of the pro-
osed method and the reproducibility of the results mentioned,
our replicate experiments at different TFN concentrations were
arried out using the four different reagents. Table 2 shows the
alues of between-day relative standard deviations for differ-

nt concentrations of TFN from experiments carried out over a
eriod of 4 days. It was found that the relative standard devia-
ions were around 1% which indicates the high reproducibility
f the method. The low R.S.D. values obtained with the FIA

DDQ TCNQ TCNE

Batch FIA

458 412 842
12–168 2.4–120 3–72 3–96
4.30 × 103 10.40 × 103 7.01 × 103

0.005 0.002 0.003
2.6 0.8 0.3 0.4
1.43 × 103 1.31 × 103 0.98 × 103

Spontaneous 40 S h−1 20 min 20 min
60 150 120

0.00972 0.01418 0.02134 0.01445
−0.01925 0.00104 −0.00108 −0.01794
1.1 × 10−4 3.1 × 10−4 1.3 × 10−4 4.7 × 10−4

8.4 × 10−3 3.8 × 10−3 2.2 × 10−3 2.0 × 10−3

0.9997 0.9990 0.9999 0.9974

on of TFN in �g.
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Table 2
Between-day precision of the determination of TFN using different �-acceptors

�-Acceptor Taken (�g mL−1) Found (�g mL−1) Percentage recovery (%) S.D.a R.S.D.a

p-CLA
Batch

120
121.8 101.5 0.33 0.27

FIA 119.6 99.6 0.19 0.16

DDQ
Batch

60
59.5 99.1 0.38 0.64

FIA 60.2 100.3 0.26 0.42

TCNE 24 23.7 98.8 0.42 1.78
TCNQ 12 11.8 98.3 0.13 1.10

a Means and relative standard deviations (R.S.D.) for four experiments carried out on 4 different days.

Table 3
Spectrophotometric determination of TFN in different pharmaceutical dosage using different � acceptors

Drug

Taken (�g) Histadine Terfine

Found (�g) Recovery (%) R.S.D.a Found (�g) Recovery (%) R.S.D.a

p-CLA
Batch

164
158.7 96.8 0.54 160.3 97.7 0.84

FIA 159.4 97.2 0.37 162.0 98.7 0.53

DDQ

Batch
72

70.7 97.9 0.87 71.2 98.8 1.15
FIA 71.5 99.3 0.35 71.8 99.7 0.47

TCNE 48 47.4 98.8 0.89 46.5 96.9 1.59
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CNQ 24 23.1 96.3
fficial method 500 479.0 95.8

a Average of five determination.

ethod compared with the batch method also indicate the high
eproducibility of the FIA technique over the batch method.

.6. Spectrophotometric determination of TFN in
harmaceutical preparations

The obtained high-intensity absorption bands and the very
ow reagent background make these procedures suitable for the
outine quality control analysis of the investigated drug. It was
ound that the proposed method can be applied for the deter-
ination of TFN in the two pharmaceutical formulations under

nvestigation without any analytical problems due to the tablet
llers usually present in pharmaceutical preparations such as
lucose, lactose and starch. The results given in Table 3 reveal
hat the average recoveries were in the range 95.8–99.7% reflect-
ng the high accuracy and precision of the proposed method as
ndicated by low values of R.S.D. comparing with the official

ethod [21]. Further study will be carried out for the applica-
ion of the proposed method in the stability assay of TFN which
ndergoes microbial oxidative degradation producing different
roducts [26].
. Conclusion

This paper demonstrated that CT reactions can be utilized as a
seful method for the spectrophotometric determination of terfe-
1.84 23.0 95.8 1.70
2.57 486.6 97.4 2.33

adine under both the batch and FIA conditions. Rapid and stable
ormation of the colored complexes with no need for extraction
rocess is advantages of the developed method over the previ-
usly reported spectrophotometric method. The reported official
ethod required high concentration of the drug to permit the

itration process compared with the suggested methods which
pplied successfully for microgram levels without interference
f excipients. Under the batch conditions, TCNQ showed the
ighest sensitivity, while DDQ is the most suitable reagent for
he FIA conditions. The FIA technique has many advantages
f permitting the simple, accurate and precise determination
f TFN in pure and dosage formulations with average recov-
ries agreed with that of the official methods with the ability of
nalysis more than 40 sample h−1.
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bstract

An automated system using on-line solid-phase extraction (SPE) high-performance liquid chromatography (HPLC) with ultraviolet (UV)
etection was developed for the determination of tetracyclines (TCs), such as tetracycline (TC), oxytetracycline (OTC), chlortetracycline (CTC),
etacycline (MC), and doxycycline (DC) in honey. One milliliter diluted honey sample was injected into a conditioned C18 SPE column and the
atrix was washed out with water for 3 min. By rotation of the switching valve, TCs were eluted and transferred to the analytical column by the

hromatographic mobile phase. Chromatographic conditions were optimized. TCs were separated in less than 8 min with a gradient elution using
mixture of 0.8% formic acid and acetonitrile. The UV detection was performed at 365 nm. The conditions for on-line SPE, including solvent
nd total time for loading sample and washing matrix were also optimized. Time for extraction and separation decreased greatly. For the five
inds of TCs, the limits of detection (LODs) at a signal-to-noise of 3 ranged from 5 to 12 ng g−1. The relative standard deviations (R.S.D.) for the
etermination of TCs ranged from 3.4 to 7.1% within a day and ranged from 3.2 to 8.9% in 3 days, respectively.

2008 Elsevier B.V. All rights reserved.

g
s
r
r
b
p

(
a
o
f
S

eywords: On-line solid-phase extraction; HPLC; Honey; Tetracyclines

. Introduction

Honey is a natural and wholesome product consumed by
any people around the world. The addition of additives and

reservatives is not allowed for honey [1]. A persistent prob-
em for beekeepers is American and European foulbrood (AFB
nd EFB) disease of honeybees [2–4], caused by Paenibacillus
arvae and Melissococcus pluton. For treating these infec-
ions, antibiotics belonging to the sulfonamide, tetracycline (TC)
nd amphenicol classes are often used. Moreover, tetracyclines
TCs) can be added directly to plants in the orchard environ-
ent during blossom. The contamination of the blossom with

igh concentrations of antibiotic implies the risk of a carry-over

f residues into honey [5]. Hence, these antibiotics, especially
Cs, persist as contaminants in honey and determination of these
rugs in honey samples is considerably important.

∗ Corresponding author. Tel.: +86 431 85168399; fax: +86 431 85112355.
E-mail address: dinglan@jlu.edu.cn (L. Ding).
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TCs have a broad range of activity against gram-positive and
ram-negative bacteria [6,7]. The basic structure of TCs con-
ists of a hydronaphthacene framework containing four fused
ings (Fig. 1) [8,9]. Because of their possible toxic or allergic
eactions and the possibility that pathogenic organisms could
ecome resistant to these drugs [10–12], much attention has
aid to the TCs, recently.

Some countries do not have fixed maximum residue limits
MRLs) for honey because TCs are illegal for use with bees
t any level. While some other countries make action limits in
rder to make the situation clearer. In Belgium, the action limit
or the group of tetracycline was preliminarily set at 50 ng g−1.
ince July 1, 2002, this value has been fixed at 20 ng g−1.
rance applies a nonconformity limits for tetracycline in honey
f 15 ng g−1, the reporting limit in Great Britain is 50 ng g−1,
hile the tolerance levels in Switzerland are 20 ng g−1[13].

TCs have been successfully determined [2–7,14–21]. The

ost popular method for determination of TCs in honey
as high-performance liquid chromatography (HPLC) in the

everse-phase mode, with different detection modes, such as
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Fig. 1. The structures of tetracycline, oxytetracy

uorescence [3], chemiluminescence [5], ultraviolet [7] and
ass spectrometry [8,15,16]. In these studies, sample prepa-

ation was performed by off-line solid-phase extraction (SPE)
ith sorbets of C18 [4,18], XAD-2 resin [5,14], DSC-phenyl [7]
r Oasis HLB [2,3]. However, these methods involve tedious
nd laborious pre-treatment steps before the determination of
Cs, such as the evaporation of the eluent from SPE in con-
entration procedure. Long et al. observed a loss near 80% in
C, oxytetracycline (OTC) and chlortetracycline (CTC) during
olvent removal, performed in glass tubes. Careful consider-
tion should be given before employing evaporation during
ethod development [22]. It is the current trend to empha-

ize automation techniques that couple the sample pre-treatment
sing solid-phase extraction and the liquid chromatography sep-
ration on-line.

HPLC coupled with on-line solid-phase extraction (SPE) has
een used in recent years [23–27]. The coupling technique offers
everal advantages, including reducing time and solvent volumes
sed, and many of the problems associated with more traditional
pproaches can be avoided. However, few on-line methods have
een published for the determination of TCs in honey [28].

This study presents an efficient on-line technique by coupling

PE with HPLC for determination of five TCs in honey. The five
Cs are TC, OTC, CTC, metacycline (MC), and doxycycline

DC), which are commonly used as veterinary medicines and
eed additives [5]. The method allows sample extraction and the

2
a
w
t

metacycline, doxycycline and chlortetracycline.

ubsequent analysis take place in a closed, automated system.
he time is shortened in this way. The reliability and repeatabil-

ty of the analysis method are improved, and the risks of sample
oss and contamination are decreased as well.

. Experimental

.1. Instruments

An on-line SPE–HPLC system was assembled in our labo-
atory (Fig. 2). In the system, an Agilent 1100 two-dimensional
iquid chromatograph (Palo Alto, CA, USA) was used, which
as equipped with an automatic 10-port switching valve (valve
), a 7725i injection valve (valve 2), a quaternary pump (Pump
), a heated column compartment, a sample loop (1.0 mL),
ultraviolet (UV) detector, a LC workstation and a Waters

ymmetry® C18 reversed-phase column (150 mm × 4.6 mm
.d., 5 �m, Waters, Milford, MA, USA) used as analytical
olumn. The Pump A was used for the establishment of the
aseline and gradient elution. A guard column packed with
18 sorbent (4.6 mm × 12.5 mm i.d., 5 �m) was used as SPE
olumn for cleanup and concentration of the analytes. A FI-

100 peristaltic pump (Pump B, Haiguang, Bingjing, China)
nd a P230 high-pressure pump (Pump C, Elite, Dalian, China)
ere used for completing injection of analytes and SPE, respec-

ively.
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ig. 2. The manifold diagram of on-line SPE–HPLC system. (a) Filling, conditi

.2. Reagents

HPLC grade formic acid, methanol and acetonitrile
ACN) were obtained from Fisher Corporation (Pittsburgh,
A, USA). All other chemicals used, such as citric acid

onohydrate, ethylenediaminetetraacetic acid disodium salt

ihydrate (Na2EDTA) and disodium hydrogenphosphate dihy-
rate (Na2HPO4) were of analytical grade. High purity water
as obtained from a Milli-Q water system (Millipore, Billerica,

c
C
C

the SPE column; (b) extraction, washing matrix; (c) separation, determination.

A, USA). 0.1 mol L−1 Na2EDTA–McIlvaine buffer (pH 4.0)
olution was prepared by dissolving 11.8 g of citric acid mono-
ydrate, 13.72 g of Na2HPO4, and 33.62 g of Na2EDTA in 1 L
f distilled water [29]. This solution was prepared weekly and
tored in refrigerator until use.
Tetracycline, oxytetracycline, metacycline, doxycycline and
hlortetracycline were purchased from National Institute for the
ontrol of Pharmaceutical and Biological Products (Beijing,
hina). Each individual stock solution (1.0 mg mL−1) was pre-
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ared by dissolving 10 mg standard of TC in 50% methanol
queous solution and stored in the refrigerator. A mixed stan-
ard solution of the target compounds was prepared by mixing
he above solutions and diluting with 50% methanol aqueous
olution to obtain analyte concentrations of 5, 10, 25, 50, and
00 �g mL−1.

.3. Chromatographic conditions

A gradient elution solvent containing 0.8% formic acid and
CN was applied. The gradient elution was carried out starting

rom 5 to 24% ACN in 4 min, held for 2 min, then to 40% ACN in
min and held for another 2 min. The flow-rate was 1 mL min−1.
he column temperature of 25 ◦C was maintained. The detection
avelength was 365 nm.

.4. Analytical procedure

The honey samples were obtained from Wal-Mart located
n Changchun, China. 5.0 g of the honey sample was accu-
ately weighed and added into 25 mL volumetric flask, and
hen 0.1 mol L−1 Na2EDTA–McIlvaine buffer (pH 4.0) was also
dded into the volumetric flask. The volumetric flask was shaken
ntil all the honey dissolved in the buffer. Then the buffer was
dded into the mark and the volumetric flask was shaken for
everal minutes again. The solution obtained was further filtered
hrough a 0.45 �m membrane before analysis by HPLC.

As shown in Fig. 2a, Pumps A, B and C were all activated at
he same time. Pump A was used for establishing the baseline
f detector with initial mobile phase (5% ACN). Pumps B and
were used for the injection of the sample and the condition-

ng of SPE, respectively. When the sample loop (1.0 mL) was
lled with sample completely, the Pump B was stopped. The
PE column was conditioned by Pump C with 3 mL methanol
nd 3 mL Na2EDTA–McIlvaine buffer successively at the flow-
ate of 1 mL min−1. After the conditioning of the SPE column,
he valve 1 was turned to the extraction position (Fig. 2b). The
ample in the loop was loaded into SPE column and the matrix
as washed out by 3 mL water at a flow-rate of 1.0 mL min−1.
inally (Fig. 2c), Pump C stopped and valve 2 was turned to the

njection position. The analytes trapped on the SPE column were
luted into the analytical column by gradient elution. The eluate
as monitored at 365 nm. The TCs were quantified according

o the calibration curve, which was established based on the
tandard addition method.

. Results and discussion

.1. Optimization of the chromatographic conditions

The method proposed provides a simple and rapid procedure
or the determination of TCs in honey samples. For all TCs, there
re two maximum absorption wavelengths at 274 and 365 nm.

etection wavelengths of 274 and 365 nm were tested in our

tudy to monitoring the extract. Though both of them have good
ensitivity, less interfering compounds were observed at 365 nm.
65 nm was selected as the detection wavelength.

m
4
r
a

2008) 1245–1252

Due to the presence of two ketone groups, TCs form chelate
omplexes with metal ions and adsorb on the silanol group in a
eversed-phase (RP) column, so that TCs are apt to appear as tail-
ng peaks [9]. In order to avoid forming chelate complexes and
heir adsorption on RP columns, RP column chromatography
sing mobile phases containing various acids has been reported
30]. The acid acts as a simple ionization suppression agent to
inimize the occurrence of mixed separation mechanisms. A
ost often used acid is formic acid, which is able to effectively
itigate the effect of residual silanols on the stationary phase,

nd perhaps even scavenge residual metals [22]. So, we chose
he formic acid solution as the acidic solution. ACN–formic acid
queous solution was confirmed as the combination of mobile
hase. The gradient time-table was adopted from the literature
31,32], and was further adjusted for adapting to our experiment.
he gradient elution was finally confirmed to carry out starting

rom 5 to 24% ACN in 4 min, held for 2 min, then to 40% ACN
n 2 min and held for another 2 min.

TCs can be separated completely using C18 column
250 mm × 4.6 mm i.d., 5 �m). But, peak tailings of CTC, MC
nd DC occurred with this type of column. In order to opti-
ize the separation and get better signal of peaks, a shorter C18

olumn (150 mm × 4.6 mm i.d., 5 �m) was tested. TCs were
lso separated completely. Besides, symmetrical, sharp peaks
ithout tailings or overlaps were obtained using this shorter

olumn.

.2. The optimization of SPE

.2.1. The choose of sorbent of SPE column
SPE is commonly employed to accomplish cleanup and

oncentration simultaneously. Due to their carbon backbone,
romatic region, and varied functional groups, TCs could the-
retically be applied to wide range of SPEs [22]. The most
ommonly used sorbent is Oasis HLB. For performing on-line
PE–HPLC, it is important for direct desorption of analytes from
reconcentration column to HPLC column by an eluent optimal
or chromatographic separation. In other words, it is critical that
he sorbent used in the SPE column be identical with the mate-
ial packed in the analytical column to prevent broadening of the
eak [33]. For this reason, C18 sorbent was chosen in this study
ecause the sorbent of analytical column was C18.

.2.2. The optimization of condition solvent
Saturated aqueous Na2EDTA, water and Na2EDTA–

cIlvaine buffer (pH 4.0) were tested as the condition sol-
ent of the C18 SPE [30] in this study. In this method, the
xtraction and cleanup are on-line (Fig. 2). When the satu-
ated aqueous Na2EDTA was used as condition solvent, the
ystem, including valves and transition lines, was blocked after
ew samples were analyzed. When water was used as condi-
ion solvent, the recoveries of the analytes were decreased. It
s because TCs adsorb onto silanols and form complexes with
etal residues [22,30]. When Na2EDTA–McIlvaine buffer (pH
.0) was used, the system operated smoothly and satisfactory
ecoveries with good reproducibility were obtained. Another
dvantage was that the condition solvent was same to the extrac-
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is above 0.9930. The results showed that a good correlation
exists between the peak-areas (Y) and the concentration (X) of
TCs.
ig. 3. The effect of washing time on the recoveries of TCs from honey samples.

ion solvent. So, before the Na2EDTA–McIlvaine buffer (pH
.0) containing TCs was injected into the SPE column, the
olumn has been in an equilibrium state with the buffer. The
quilibrium state was suitable for the adsorption of TCs. There-
ore, Na2EDTA–McIlvaine buffer (pH 4.0) was adopted as the
ondition solvent.

.2.3. The optimization of time for loading sample and
ashing matrix

The washing time must be optimized for washing the matrix
ut and not washing the adsorbed analytes on the SPE column.
he procedures of loading sample and washing matrix were suc-
essive and both of the solvents used were water in this study.
herefore, total time for loading sample and washing matrix was
ptimized. The total time in the range of 2.0–5.0 min was inves-
igated when the washing flow-rate was fixed at 1.0 mL min−1.

hen the time was longer than 3.5 min, the recoveries of TCs
ecreased (Fig. 3), because the TCs were washed away by the
xcess washing solvent. When the time was less than 3.0 min,
ore co-extracted matter retained on the SPE column. Total time

f 3 min was chosen in the study.

.3. Method validation

The method was validated by evaluation of the following
arameters: specificity, calibration curve, sensitivity and intra-
ay and inter-day precisions.

.3.1. Specificity
The components of honey are very complex. Except the

asal components such as glucose and fructose which con-
ributed about 75% of the total, there are other organic
onstituents including di/tri/oligo saccharides, aliphatic acids,

itamins, amino acids and proteins [16]. So not only the
Cs but also some other components were extracted out
uring sample preparation. In order to prevent misidentifi-
ation of analytes, relative retention time was checked for
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ll TCs. Additionally, typical chromatograms of blank honey
ample and that of spiked sample were compared to confirm
he specificity (Fig. 4). There were no interfering com-
ounds observed in the retention time of TC, OTC, MC
nd DC. Although a small interfering peak was observed for
TC, it has no significant influence for the determination of
TC.

.3.2. Calibration curve
Calibration curves were established based on the standard

ddition method. After the sample was weighed, 50 �L of dif-
erent concentrations of mixed standard solution was spiked
nto the blank honey sample to prepare spiked samples at con-
entration of 50, 100, 250, 500 and 1000 ng g−1, respectively.
alibration curves were obtained using the least squares regres-

ion procedure by plotting the peak-areas of the studied analytes
ersus their theoretical concentrations. All five standard curves
ere obtained (Table 1). The linearity for TCs, in the concen-

ration range of 50–1000 ng g−1, was good, as shown by the
act that the determination of the correlation coefficients (r)
ig. 4. Chromatograms of TCs with UV detection at 365 nm. TCs were separated
sing a gradient elution mode with a mixture of 0.8% formic acid and ACN.
A) Spiked honey sample containing 250 ng g−1 of each TCs. (B) Blank honey
ample. The peaks correspond to: 1, OTC (tR = 5.5 min); 2, TC (tR = 5.8 min);
, CTC (tR = 7.0 min); 4, MC (tR = 7.4 min) and 5, DC (tR = 7.8 min).
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Table 1
Performance of the proposed LC method for the determination of TCs in honey matrix

Tetracycline Regression equation Correlation coefficient LOD (ng g−1) LOQ (ng g−1) Linearity (ng g−1)

OTC Y = 0.155X + 0.603 0.9981 12 40 50–1000
TC Y = 0.204X + 0.532 0.9937 8 27 50–1000
C
M
D
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TC Y = 0.127X + 0.423 0.9997
C Y = 0.111X − 0.180 0.9941
C Y = 0.157X − 0.348 0.9984

.3.3. Limits of detection (LODs) and limits of quantitation
LOQs)

The limits of detection (LODs) were determined by analyz-
ng blank honey samples (Fig. 4B) at levels that provided signals
t three times above the background noises. In a similar way, the
imits of quantitation (LOQs) were identified at signal to noise
atios equaled to 10. LOD and LOQ were considered as the ana-
yte minimum concentrations that can be confidently identified
nd quantified by the method, respectively. The LODs and LOQs
btained are in the range of 5–12 ng g−1 and 17–40 ng g−1 for
xytetracycline, tetracycline, chlortetracycline, metacycline and
oxycycline (Table 1). It was sensitive enough to support this
valuation.

.3.4. Precision
Precision was evaluated by measuring intra- and inter-day rel-

tive standard deviations (R.S.D.s). The intra-day precision was
erformed by analyzing spiked samples six times in 1 day at three
ifferent concentrations of 80, 250 and 800 ng g−1. The inter-day
recision was performed over 6 days by analyzing spiked sam-
les at three different concentrations of 80, 250 and 800 ng g−1.

he results obtained were shown in Table 2. The R.S.D. of intra-
ay ranged from 3.4 to 7.1%. The inter-day R.S.D. ranged from
.2 to 8.9% in 6 days. The precision of the proposed method
ere satisfactory.

n
h
t
r

able 2
ithin- and between-day precisions and recoveries of the assays (n = 6)

nalyties Theoretical
concentration
(ng g−1)

Within-day

Concentration found
(mean ± S.D.)
(ng g−1)

R.S.D. (%) Re

TC
80 70 ± 3.7 5.3 8

250 226.2 ± 12.7 5.6 9
800 703.2 ± 24.6 3.4 9

C
80 70.9 ± 4.7 6.6 8

250 223.2 ± 9.6 4.3 8
800 728.8 ± 29.9 4.1 9

TC
80 70.1 ± 5.0 7.1 8

250 224.2 ± 11.2 5.0 8
800 722.4 ± 32.5 4.5 9

C
80 76.1 ± 5.1 6.7 9

250 268.2 ± 14.0 5.2 10
800 1000 ± 48.0 4.8 12

C
80 72.4 ± 3.3 4.6 9

250 233.5 ± 11.4 4.9 9
800 766.4 ± 29.1 3.8 9
10 33 50–1000
5 17 50–1000
7 23 50–1000

.4. Application to real samples

Eight honey samples from different origins were purchased to
valuate the applicability of the present method. No contamina-
ion of TCs residues at detectable levels was found in the honey
amples. If the positive samples can be obtained, the TCs in
hem could be detected using this method. The recovery study
as then carried out by spiking honey samples with the TC

tandards at levels of 80, 250 and 800 ng g−1. The recoveries
mean ± S.D.) (n = 3), for the different TCs in the honey sam-
les, were listed in Table 3. The recoveries from 84.2 ± 6.4 to
20.6 ± 4.3% were obtained for the five compounds. Therefore,
he proposed method was applicable for the determination of
Cs residues in honey.

.5. Comparison of on-line SPE–HPLC method with
xisting reports

Several analytical methods for the determination of TCs have
een published. In their studies, the sample preparation step was
omplicated. Viñas et al. developed a method for the determi-

ation of six TCs [7]. The mean recoveries of TCs in different
oney samples are in the range of 92.1–96.1%. LODs are in
he range of 15–30 ng g−1. Pena et al. applied HPLC with fluo-
escence detection to determine TC and OTC in honey samples

Between-day

covery (%) Concentration found
(mean ± S.D.)
(ng g−1)

R.S.D. (%) Recovery (%)

7.5 72.3 ± 4.5 6.2 90.4
0.5 228.3 ± 16.2 7.1 91.3
0.4 726.4 ± 39.2 5.4 90.8
8.6 71.9 ± 5.2 7.2 89.9
9.3 221 ± 10.2 4.6 88.4
1.1 740.8 ± 23.7 3.2 92.6
7.6 70.88 ± 4.8 6.8 88.6
9.7 226.2 ± 13.6 6.0 90.5
0.3 731.2 ± 38.8 5.3 91.4
5.1 79.4 ± 6.0 7.5 99.2
7.3 283.8 ± 19.6 6.9 113.5
5.0 972.8 ± 54.5 8.9 121.6
0.5 71.8 ± 3.7 5.2 89.7
3.4 232.0 ± 14.6 6.3 92.8
5.8 781.6 ± 38.3 4.9 97.7
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3]. The mean recoveries for OTC and TC were 90 and 93%,
espectively. The LODs were 20 and 21 ng g−1 for OTC and
C, respectively. The mean recoveries of TCs in different honey
amples calculated from Table 3 range from 92.1 to 95.3% and
ODs are in the range of 5–12 ng g−1 in our study. The epimers
f TCs have been studied in some literatures [8,10]. There were,
owever, no peaks of epimers of TCs observed in chromatogram
nder our experimental conditions. Five TCs were separated in
ess than 11 min in our research, which was shorter than those
sed in the work of Viñas for separating six TCs (22 min) and
lmost the same time in the work of Pena for separating two
Cs (10 min). The off-line SPE was used in those studies which
ad to go through a time-consuming and arduous pre-treatment
tep. Bo et al. [28] have developed a column switching tech-
ique for the determination of three TCs in honey. In their study,
hen the matrix in the pre-column was washed out, the waste

esidues passed through the detector. The components of the
aste residues are very complex. So, the detector was apt to
e contaminated in this way. Besides, it is difficult to realized
utomatism for them. Whereas, an automatic 10-port switching
alve (valve 1) was used in our study. The waste was discharged
ithout passing through the detector. The detector was protected

rom contamination in this way. The on-line SPE–HPLC system
sed in the proposed method was easy and fast, reducing the
eagents consumption and suitable for determination of TCs in
oney.

. Conclusions

In this paper, we have developed an on-line SPE–HPLC tech-
ique for the analysis of the TCs residues in honey samples.
his method is highly reliable with few interfering peaks and
voids time-consuming treatment of samples before injection.
nalysis time is greatly shortened in this way. Another advan-

age of the on-line method is the avoidance of the evaporation
f samples. The TCs are thermo-labile substances. During the
rocess of evaporation, the formation of epimers, which is a fac-
or of sample loss, may occur. So the avoidance of the process
mproves the recoveries. It is the fundamental work to establish

ore convenient and simple method for the determination of
Cs in honey.
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bstract

Gold nanoparticles in diameter of 10 nm were used to label rabbit anti-human chorionic gonadotrophin (RhCG) antiserum to obtain a resonance
cattering spectral probe (AuRhCG) for human chorionic gonadotrophin (hCG). The immunoreaction between AuRhCG and hCG take place to
orm hCG–AuRhCG immunocomplex in pH 5.0 citric acid–Na2HPO4 buffer solution. The immunocomplex solutions were centrifuged to obtain
he supernatant solution. The AuRhCG in the supernatant solution exhibited strong catalytic effect on the particle reaction between Ag+ and
ydroquinone to produce gold–silver composite particles in pH 3.4 citric acid–trisodium citrate buffer solution. There is a stronger resonance

cattering (RS) peak at 423 nm for the particles. With the addition of hCG, the AuRhCG in the supernatant solution decreased, and the RS intensity
t 423 nm decreased. The decreased RS intensity �I423 nm was proportional to the concentration of hCG in the range of 2.5–208.3 mIU/mL with a
etection limit of 0.83 mIU/mL. This method has been applied to the determination of hCG in urine samples, with satisfactory results.

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

Gold nanoparticles have novel chemical and physical prop-
rties, high electron density and good biocompatibility [1–4]. It
as applied to analytical chemistry and cytobiology as a good

abel for some macromolecules such as immunoglobulins [5],
nzymes [6], lectins [7], and for cells [8]. Recently, the catalytic
ffect of immunonanogold on the Ag+-hydroquinone particle
eaction was studied spectrophotometrically and electrochem-
cally, and was utilized to develop some sensitive bioassays
9–11]. Resonance scattering (RS) analysis is a sensitive and
imple technique [12–17]. To improve their selectivity, specific
mmunoreaction was combined with RS detection to assay some

ntigen, with good results [18]. It is necessary to enhance the
ensitivity of immune RS assay, using nanocatalysis. However,
here is no report using RS technique as detection to monitor
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ncement; Silver–gold composite particles; Resonance scattering spectral assay

he immunonanogold-Ag(I)-hydroquinone nanocatalytic reac-
ion, and combing RS effect of gold–silver composite particle
nd nanogold-labeled immunoreaction.

Human chorionic gonadotrophin (hCG) is an important
ormone that is excreted by embryo and trophoblast. The
ecretion of hCG is proportional to the amount of trophoblast
ells, so hCG assay is an important diagnostic target of
ll pregnancy tests and trophoblastic diseases such as chori-
carcinoma, invasive and non-invasive hydatidiform moles
19,20]. At present, several methods for hCG have been
eported, including radioimmunoassay [21,22], electrochemi-
al immunoassays [23-26], chemiluminescence immunoassay
27,28], fluorescence immunoassays [29,30], and colloidal
old-labeled spectrophotometry [31]. The radioimmunoassay
ith isotope 125I-labeled anti-hCG was often used to assay
CG. However, its incubation lasts for a long time [21],
hile there were several disadvantages such as the narrow

easuring range, poor sensitivity and the specially equipped

aboratories [22]. A 0–2000 mIU/mL hCG was detected by an
lectrochemical immunoassay, but its assay course was also
ong [23]. Lately, a label-free electrochemical detection was
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eported, with a detection limit of about 20 mIU/mL hCG in
uman urine [24]. Horseradish peroxidase-labeled hCG anti-
erum and nanogold were used to fabricate an immunosensor
or hCG, with a measuring range of 0.5–30.0 mIU/mL and

detection limit of 0.3 mIU/mL [26]. A micro-plate mag-
etic chemiluminescence enzyme immunoassay was based on
lkaline phosphatase (ALP)-labeled anti-hCG for the determi-
ation of 0.15–500 mIU/mL hCG, its sensitivity was 13 times
igher than that of the spectrophotometry. However, it also
pent a comparatively long time to accelerate the incubation
28]. A fluorescence immunoassay with fuorescein isothio-
yanate (FITC) label was used to determine 25–1500 mIU/mL
CG, but the regeneration of the capillary column was time-
onsuming and affected the activity of the antibody easily
29]. Europium and Samarium chelates were also used for
abel, 0.007–0.525 �g/mL hCG was detected by time-resolved
uorometry, but the shortage is time-consuming [30]. Col-

oidal gold particles coated with rabbit anti-hCG were used
n a spectrophotometric sandwich assay for the determina-
ion of 30–250 mIU/mL hCG [31]. However, the sensitivity
s not high. Here, a sensitive and selective immunonangold-
atalytic RS assay for hCG was proposed, coupling the catalytic
ffect of immunonanogold on the reaction between Ag(I) and
ydroquinone, and the RS effect of silver–gold composite
anoparticles.

. Experimental

.1. Reagents and apparatus

HAuCl4 was obtained from the National Pharmaceu-
ical Group Chemical Reagents Company and diluted to
.0%. A 1000 IU/mL hCG purified was purchased from
izhu Company. A 9.0 mg/mL Rabbit anti-human chori-
nic gonadotrophin (RhCG) purified by (NH4)2SO4 was
urchased from Zhongke Shenglongda Biological Reagents
imited Company and diluted to 0.45 mg/mL as labeling
olution. A 0.2 mol/L NaH2PO4 and 0.1 mol/L citrate acid
ere used to prepare pH 3.8–7.2 buffer according to a cer-

ain volume ratio. A 0.1 mol/L trisodium citrate and citrate
cid were used to prepare pH 3.0–6.6 buffer. A 0.1 mol/L
Cl, 0.1 mol/L K2CO3, 10.0% KCl and 1.0% trisodium cit-

ate were also used. 1.1 mg/mL silver acetate (AgAc) and
0.0 mg/mL hydroquinone were prepared freshly. All reagents
ere of analytical grade and doubly distilled water was
sed.

A Cary Eclipse Spectrofluorometer (Varian) and RF-540
pectrofluorometer (Shimadzu) were used to record the RS
pectrum and measure the RS intensity. A H-600 transmission
lectron microscope (TEM) (Electronic Stock Limited Com-
any) was used to observe the appearance of gold and gold–silver
omposite nanoparticles. A 79-1 magnetic heat beater (Zhongda
nstrumental Plant), a SK8200LH ultrasonic reactor (Kedao

ltrasonic Instrument Limited Company), a YGL-16G centrifu-
al machine (Anting Science Instrumental Plant) and a SYZ-550
uartz Sub-boiling machine (Jingbo Instrument plant) were also
sed.

s
1
T

(2008) 1214–1220 1215

.2. Preparation and identification of gold nanoparticles

Gold nanoparticles were prepared by the improved trisodium
itrate-reduced procedure as follows [32]. 250 mL of double dis-
illed water and 15.0 mL of 1.0% trisodium citrate were added
n a conical flask and boiled for 5 min, and then 2.50 mL of
.0% HAuCl4 solution was added into boiling solution while
tirring. The mixed solution was boiling for anther 15 min,
ooled, diluted to 250 mL and stored. Three methods iden-
ify the suitable gold nanoparticles for our work. First, the
iameter and the appearance of gold particles were observed
y transmission electron microscope. An average diameter
as controlled less than 10 nm, the distribution and diame-

er should be homogeneous. Second, λmax was controlled at
bout 516 nm [33]. Third, the RS intensity at 580 nm (I580 nm)
ncreased with the diameter of gold nanoparticles, the inten-
ity of 19.3 �g/mL colloidal gold solution was controlled at
.0 ± 2.

.3. Preparation of immunogold probe

The labeling pH was adjusted and tested by RS method. The
uccessful conjugation of colloidal gold and RhCG depends on
H condition. We tested the effect of different pH on conjugation
y RS method. We adjusted 1.0 mL of 57.96 �g/mL colloidal
old solutions to different pH by adding 0.10 mol/L K2CO3
r 0.10 mol/L HCl, and then 20 �L of 0.45 mg/mL RhCG was
dded respectively. After 5 min, 0.10 mL of 10% KCl solution
as added. Two hours later, the solution was diluted to 3.0 mL

nd I580 nm was determined. When the pH is less than 5.5, I580 nm
nhanced since colloidal gold solution aggregated. When the pH
s more than 5.5, gold nanoparticles were not aggregate by KCl
olution. The intensity lowered and stabilized. A pH 6.5 was
hosen in this assay.

The amount of RhCG was selected. We adjusted 1.0 mL of
olloidal gold solution to pH 6.5 by adding about 15.0 �L of
.1 mol/L K2CO3, and different volumes (0, 5.0, 10.0, 15.0, 20.0,
5.0, 30.0, 35.0, 40.0, 45.0 and 50.0 �L) of RhCG were added
espectively. Five minutes later, we added 0.10 mL of 10.0%
Cl solution, mixed well and stored for 2 h, and then diluted

t to 3.0 mL, respectively. I580 nm was recorded. The results
howed stronger RS intensities for the tubes with 0–10.0 �L
f RhCG than those in the tubes with 15.0–50.0 �L of it. To
nsure the accurate labeling amount, we chose 10.0, 15.0 and
0.0 �L of RhCG for labeling, respectively. We used 10.0 �L
f RhCG as the minimum amount, the gold nanoparticles were
ot coated by RhCG completely, the blank signals were strong.
or the 15.0 �L of RhCG, we obtained a good working curve
etween the RS intensities and the concentration of hCG. For
he 20.0 �L of RhCG, redundant antiserum left, the linear rela-
ion became bad or disappeared. A 15.0 �L of RhCG as the

inimum use level was chosen to stabilize 1.0 mL of colloidal
old.
The AuRhCG was prepared. A 100 mL of colloidal gold
olution was adjusted to pH 6.5. During the magnetic stirring,
.50 mL of RhCG was added slowly, and stirred for 10 min.
hen we added 1.63 mL of 3.0% PEG20000 as stabilizer and
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2.15 �g/mL AuRhCG was incubated with 750.0 mIU/mL hCG
Fig. 1. Resonance scatteri

ept its last concentration at 0.05%. Later, the solution contain-
ng 6.45 �g/mL AuRhCG was stirred for another 30 min and
tored at 4 ◦C. The results of unpurified AuRhCG were consis-
ent with those for purified AuRhCG. We used the unpurified
uRhCG.

.4. Procedure

A 1.0 mL of pH 5.0 citrate acid–Na2HPO4 buffer, 1.0 mL
f 6.45 �g/mL AuRhCG, certain quantity of hCG were succes-
ively added, diluted to 3.0 mL, mixed thoroughly and incubated
n a ultrasonic reactor (59 kHz) for 20 min at 20 ◦C. And then the
mmunonanogold complex solution was centrifuged for 40 min
t the speed of 13,000 rpm, certain volume of the supernatant
olution was taken out and stored.

In a 10-mL mark tubes, 0.60 mL of pH 3.4 trisodium
itrate–citrate acid buffer, 1.0 mL of the supernatant, 60.0 �L
f 1.1 mg/mL silver acetate were orderly added, mixed thor-
ughly and reacted in a ultrasonic reactor (59 kHz) for 10 min at
8 ◦C. Later, 40.0 �L of 10.0 mg/mL hydroquinone was added
nd irradiated for 5 min at 28 ◦C, and then diluted to 3.0 mL.
orking voltage of 400 V, the excited slit and emission slit of
nm were chosen, the synchronous scattering spectrum was
ecorded by means of the synchronous scanning under the condi-
ion of the excited wavelength λex and emission wavelength λem
λex−λem = �λ = 0), the I423 nm and (I423 nm)b of the blank were
easured. Then, �I423 nm = (I423 nm)b−I423 nm was calculated.

a
k
a
d

ectral detection principle.

. Results and discussion

Under the suitable conditions, the hCG–AuRhCG immuno-
omplex can be removed by centrifuging, as shown in Fig. 1.
he free AuRhCG in supernatant solution strongly catalyzed the

eduction of Ag+ to Ag on the surface of the immunonanogold
o produce gold–silver composite nanoparticles in big size.
he composite nanoparticles exhibited a stronger RS peak at
23 nm. The left amount of AuRhCG in the supernatant solu-
ion decreased, their catalyzing effect diminished and the RS
ntensity at 423 nm decreased with hCG quantity increasing.
he decreased RS intensity at 423 nm �I423 nm was linear to the
CG concentration.

.1. Transmission electron microscope

Fig. 2 shows transmission electron microscope images of
CG immunonanogold complex and silver–gold composite
anoparticles. An average diameter of 10 nm was found for the
pherical gold nanoparticles, the distribution and diameter are
omogeneous. When the gold-labeled antiserum was prepared,
anoparticles dispersed and kept their original diameter. When
nd the immunogold complex formed, gold nanoparticles also
ept their original diameter and dispersed (Fig. 2a). After the cat-
lytic silver-enhancements, there are composite nanoparticles in
ifferent sizes and aggregations (Fig. 2b).
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ig. 2. Transmission electron microscopy: (a). pH 5.0 NaH2PO4–citrate a
anoparticles–pH 3.4 trisodium citrate–citrate acid buffer 22.0 �g/mL AgAc-13

.2. Resonance scattering spectrum

The scattering signals of RhCG, hCG and its immunocom-
lex are very weak. The immunonanogold probe (AuRhCG)
lmost kept the same shape as the RS spectrum of gold nanopar-
icles, and its scattering signals enhanced a little. Used the

upernatant solution as catalyst, the formed composite nanopar-
icles exhibited five synchronous scattering peaks at 360, 423,
65, 488 and 570 nm, the I423 nm enhanced evidently (Fig. 3).

ig. 3. RS spectrum of the gold–silver composite nanoparticles: pH 3.4
risodium citrate–citrate acid buffer-22.0 �g/mL silver acetate 133.3 �g/mL
ydroquinone-0.717 �g/mL AuRhCG: (a) blank; (b) 41.7 mIU/mL hCG; (c)
3.3 mIU/mL hCG; (d) 166.7 mIU/mL hCG; (e) the emission intensity distribu-
ion of lamp source on Cary Eclipse Spectrofluorometer.
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uffer-2.15 �g/mL AuRhCG-750.0 mIU/mL hCG; (b) silver–gold composite
g/mL hydroquinone-0.717 �g/mL AuRhCG-250.0 mIU/mL hCG.

he synchronous scattering spectrum of liquid-phase inorganic
anoparticles indicates that three factors, including lamp source,
ree molecular absorption and the RS effect of nanoparticles,
roduce the synchronous scattering peaks. According to the ref-
rence [34], using the principle of planar mirror, we place a
affle in diameter of 3 cm in the front of emission slit and got
he distribution of emission intensity by means of synchronous
canning, the strongest emission peak of the apparatus at 465 nm
s proved. Owing to the apparatus peak at 465 nm, a synchronous
cattering peak at 465 nm appears. The molecular absorption of
itrate acid and hydroquinone in visible region was weak, and
he effect can be neglected. Besides the peak at 465 nm, the
ther synchronous scattering peaks are RS peaks. A wavelength
f 423 nm was chosen for assay.

.3. Optimization of the immunoreaction conditions

Used 83.3 mIU/mL hCG as a example, the optimal condi-
ions were considered. Firstly, we tested the effect of citric
cid–Na2HPO4 (pH 3.8–7.2) buffer solution on �I423 nm. The
I423 nm increased considerably in pH 4.8–5.6 buffer, the opti-
um �I423 nm occurred in 1.0 mL of pH 5.0 buffer. Secondly,
e found �I423 nm increased in the range of 0–0.717 �g/mL
uRhCG, we chosen 0.717 �g/mL AuRhcG. Thirdly, the effect
f ultrasonic irradiation was tested. The incubation in the ultra-
onic irradiation was relatively quick and �I423 nm kept stable
fter 15 min (Fig. 4). The incubation in 37 ◦C water completed
nd ΔI423 nm stabilized after 40 min while it ended at room
emperature of 28 ◦C after 60 min. Thus, a 20 min ultrasonic
rradiation at 28 ◦C was chosen.

.4. Optimization of immunonanogold catalyzing condition

The optimum catalyzing conditions were examined. The
I423 nm kept stabilizing and changed little in the range of
2,000–14,000 rmp. The �I423 nm increased in 0–40 min and sta-
ilized in 30–55 min. Later, the �I423 nm decreased evidently.
hus, centrifuging at the speed of 13,000 rmp for 40 min was
hosen for use. The optimum�I423 nm occurred in 0.60 mL of pH
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Table 1
The influence of coexistent substance

Coexistent substance Tolerance (�g/mL) Relative error (%) Coexistent substance Tolerance (�g/mL) Relative error (%)

Dextrose 1300 8.0 dl-Tryptophan 18 −1.9
l-Arginine 18 6.0 Cane sugar 1300 7.8
Glycine 18 5.2 l-Aspartate 40 6.7
HSA 105 −7.2 BSA 13 −6.2
IgG 13 −8.2 l-Tyrosine 89 4.7
IgA 5 −8.3 IgM 2 −8.0
Urea 133 −9.3 Dodecyl benzene Sulfonate 6 8.2
Vitamin B2 2 −0.1 Vitamin C 44 −9.6
Quinine sulfate 27 −6.4 l-Glutamate 40 −5.1
Vitamin K 53 −2.9 Niacin 40 4.9
Vitamin B1 89 −0.4 Alexin C3 3 −8.0
l-Cystine 13 −5.8 l-Lysine 27 −6.4
A Ni2+
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lexin C4 0.4 −8.0
olic acid 1 −9.5
l-Methionine 40 −2.2

.4 citric acid–trisodium citrate buffer solutions. The �I423 nm
ncreased linearly with the increasing amount of supernatant
olution in the range of 0–1.0 mL, the linear regression equa-
ion was �I423 nm = 53.5 V + 5.0, the correlation coefficient was
.989. The �I423 nm decreased beyond 1.0 mL. The maximum
I423 nm took place when 1.0 mL of the supernatant solution was

dded. The �I423 nm increased with the addition of silver acetate
n the range of 0–14.7 �g/mL. When silver acetate was added
ver 14.7 �g/mL, the �I423 nm increased slowly. The �I423 nm
eached the maximum at 22.0 �g/mL silver acetate solution.

hen the added hydroquinone was more than 100.0 �g/mL, the
I423 nm was bigger. A maximum �I423 nm got at 133.3 �g/mL

ydroquinone (Fig. 5). Besides, the effect of immunonanogold
atalyzing time was tested. At room temperature of 28 ◦C, sil-
er acetate was added in the supernatant solution, deposited

or 15 min, and then hydroquinone was added. After 30 min,
I423 nm was maximum, later, with the time going, �I423 nm

ropped slowly. In the ultrasonic irradiation at 28 ◦C, silver
cetate was added and irradiated for 10 min, and then hydro-

i
h

able 2
esults for hCG

ample hCG content (n = 7, IU/mL) R.S.D. (%) IS results (IU/

1 35.69 ± 1.89 5.3 40.50
2 33.32 ± 1.55 4.6 30.60
3 25.98 ± 1.16 4.5 26.22
4 31.01 ± 1.61 5.2 32.25
5 13.16 ± 1.10 8.4 13.10
6 16.29 ± 0.99 6.0 15.80
7 36.22 ± 1.19 3.3 36.20
8 12.31 ± 0.76 6.1 13.70
9 9.57 ± 0.92 9.6 8.30
0 10.40 ± 0.75 7.3 14.1
1 27.57 ± 1.20 4.3 30.50
2 16.20 ± 0.99 6.1 16.10
3 28.35 ± 0.76 2.7 29.40
4 31.31 ± 0.93 3.0 30.62
5 37.10 ± 0.88 2.4 39.60
6 0.154 ± 0.024 5.2 0.171
7 0.241 ± 0.033 4.2 238
8 0.266 ± 0.036 5.6 0.270
39 −9.3
g2+ 32 6.7
n2+ 10 9.5

uinone was added, reacted for another 5 min, �I423 nm reached
he maximum, after 10 min, �I423 nm lowered evidently in irra-
iation. We chose the latter for use.

.5. Selectivity

The influence of coexistent substance such as proteins, amino
cids and inorganic ions on the determining 83.3 mIU/mL hCG
as examined. The tolerance limit was taken as the maximum

oncentration of the coexistent substance that resulted in approx-
mately ±10% relative error in the determination. As shown in
able 1, the examined coexistent substances did not significantly

nterfere in the analysis, thus it has a good selectivity.

.6. Working curve
The different hCG concentrations and their corresponding
ntensities I423 nm were recorded to obtain the working curve.
CG concentrations ChCG in range of 2.5–208.3 mIU/mL is lin-

mL) hCG added (mIU) hCG found (mIU) Recovery (%)

200 196.8 98.4
200 194 97.0
100 106.7 106.7
100 97.0 97.0
100 19.5 97.5
100 105 105
200 202 101
100 97.0 97.0
100 96.0 96.0
100 99.0 99.0
100 102 102
100 95.0 95.0
100 105 105
200 204.4 102.2
200 206 103
100 105 105
100 101.5 101.5
100 102 102
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Fig. 4. Effect of incubation time on �I423 nm: (a) pH 3.4–22.0 �g/mL
AgAc-133.3 �g/mL hydroquinone-0.717 �g/mL AuRhCG-83.3 mIU/mL
hCG–ultrasonic irradiation 28 ◦C; (b) pH 3.4–22.0 �g/mL AgAc-133.3 �g/mL
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ydroquinone-0.717 �g/mL AuRhCG-83.3 mIU/mL hCG-37 ◦C; (c)
H 3.4 –22.0 �g/mL AgAc-133.3 �g/mL hydroquinone-0.717 �g/mL
uRhCG-83.3 mIU/mL hCG-28 ◦C.

ar to the decreased intensity �I423 nm. The linear regression
quation, correlation coefficient and detection limit [35] for hCG
re �I423 nm = 0.678 ChCG + 0.17, 0.9982 and 0.83 mIU/mL.
ompared with the reported assay for hCG [23–28,36,37], the
ssay has high-sensitivity, good-selectivity and simplicity, with
he wider linear range.

.7. Analysis of samples

Urine samples for women were offered by No.5 Hospital of
uilin City, China. Samples were pre-treated by centrifuging at
500 rpm for 30 min and diluted to suitable concentration. Fol-
owing operations were according to the procedure, the results

ere showed in Table 2, and were agreement with that of the

mmunospectrophotometry (IS) [36]. The recovery was in the
ange of 95.0–106.7%.

ig. 5. Effect of hydroquinone concentration on �I423 nm: pH 3.4–22.0 �g/mL
gAc-0.717 �g/mL AuRhCG-83.3 mIU/mL hCG.

[

[

[
[
[
[

[

[
[

[

[
[
[

[
[
[

[

(2008) 1214–1220 1219

. Conclusion

Combining the nanogold-labeled technique and RS detec-
ion technique with immunonanogold catalytic effect, a new
mmunonanogold-catalytic silver-enhancement RS assay for
CG was developed. This assay was applied to detect hCG in
eal samples, with high sensitivity, good selectivity, wide linear
ange, and less used amount of sample. In further work, this new
dea could be extended to other immunoprotein assay to improve
heir sensitivity.
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bstract

A rapid method has been developed to extract and quantitatively measure the total oil content in poultry feeds using a domestic microwave
ven. The optimized extraction procedure involves the replicate (6×) extraction of 5 g of ground feed with 12 ml of hexane for 20 s in a 900 W
ven. Each replicate involves the collection of the resulting miscella and its replacement with fresh solvent for re-extraction. The collected
xtracts were centrifuged and transferred to a vial. The solvent was evaporated to a constant weight and the residual lipid weighed. In comparison to
onventional Soxhlet extraction method, lipid contents obtained using the optimized microwave procedure was not significantly different. However,
TIR analysis indicated that the microwave procedure was superior in minimizing the formation of free fatty acids (FFA) relative to the Soxhlet

rocedure if the temperature of the sample was kept within the range of 45–50 ◦C. This simple, sequential extraction procedure is rapid, highly
fficient and provides a simple mean of quantitating the lipid content of poultry feed in less than 40 min without the need for specialized microwave
ven.

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

Poultry feed generally consists of agro-based industrial
yproducts containing lipid, protein, as well as supplemental
itamins, minerals and antibiotics. A wide range of commod-
ty byproducts such as maize, sorghum, broken rice, or meals
f various types (fish, meat, bone, blood, etc.) [1–3] are com-
only used in manufactured poultry feeds. Feed composition

lays an important role in feed intake, growth and the devel-
pment of bird abdominal fat and breast muscle, including
ts fatty acid composition [4,5]. The lipid content in partic-
lar as well as compositions are also nutritionally important
n poultry feed nutrition, specifically in increasing the energy

alue of the ration to levels unattainable with other ingredi-
nts. Direct lipid supplementation with fats is often the most
conomical means of increasing available energy, leading to

∗ Corresponding author. Tel.: +92 22771379; fax: +92 22771560.
E-mail address: tufail.sherazi@yahoo.com (S.T.H. Sherazi).
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nhanced growth rates and shorter production times while
ermitting the inclusion of other lower-energy, lower-cost ingre-
ients. With some FA being essential, fats are a means by which
hese FA can be provided [6,7] as well as increasing palatabil-
ty, reducing the dust associated with compounded feeds and
mproving the operating efficiency of palletizing machines by
educing the wear on pellet dies. Dietary fats vary appreciably
n composition, their energy and FA contributions, with their
igestibility varying widely, depending on the type of fat, its
evel of saturation, age of bird, level of fat inclusion in the
iet and presence of other dietary components [8]. Ultimately,
he energy value of lipids depends largely upon the lipid qual-
ty, its efficient hydrolysis and absorption of the resultant fatty
cids [9].

With the lipid content of feed formulations being critical, the
ccurate assessment of total extractable lipid is a key indicator

f the energy content of the feed, however, conventional Soxhlet
olvent extraction technique to assess this parameter are both
edious and time consuming. Microwaves (MW) are composed
f an electric and magnetic field and thus represent electromag-
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etic energy. The spectral frequency of MW ranges from 300
o 300,000 MHz [10]. Microwave energy acts as a nonionising
adiation that causes rotation of the dipoles, but does not affect
olecular structure. Domestic microwave oven is very common

lectrical device used for heating the food. Generally it com-
rises a source of microwave radiation such as a magnetron, and
chamber which serves as a multi-mode microwave cavity. Nor-
ally domestic microwave oven operates at a fixed frequency of

.45 GHz. Microwave energy is precisely controllable and can be
urned on and off instantly, eliminating the need for warm-up and
ool-down. Therefore, the periodic heating and cooling produces
hermal stresses in the substrate and hence causing the substrate
o dissolve in the solvent [11]. Microwave dielectric heating
epends on the ability of materials to absorb MW energy and
onvert it to heat. The mechanism of energy transfer by means of
microwave field is greatly different from the well-established
odes (radiation, conduction, and convention) of heat transfer

12].
Recently, microwave-assisted extraction (MAE) has

ngrossed increasing interest as it allows fast extractions of
olutes from plant material, with extraction efficiency similar
o that of the classical techniques. There are many applications
f MAE which deal with the extraction of oils from herbs
nd spices [13–16]. The MAE is rapidly replacing other
xtraction methods such as Soxhlet, sonication, supercritical
uid extraction [17,18]. Furthermore, it considerably reduces
xtraction time, energy consumption, enhances the efficiency of
he extraction and is environment friendly technique [19–21].

icrowave systems specifically designed for assisting extrac-
ion processes are commercially available, however, they are
riced several magnitudes higher than conventional domestic
icrowave ovens. In a recent study [22], we have reported the

se of a domestic microwave oven to extract a portion of oil
or qualitative point of view from the poultry feeds and free
atty acid (FFA) content of the feed lipid was determined by
ingle bounce attenuated total reflectance (SB-ATR) Fourier
ransform infrared (FTIR) spectroscopy. The time savings and
implicity of using MAE to obtain lipid samples for analysis
ed us to consider examining this procedure from a quantitative
tandpoint. The objective of this study was to determine whether
icrowave extraction using a domestic microwave oven could

erve as a rapid procedure to determine the total lipid content
f poultry feed in comparison to sonication and conventional
oxhlet extraction.

. Experimental

.1. Reagents and samples

All reagents used were of analytical grade. Oleic acid
99%) and sodium hydroxide were purchased from Fluka

hemie GmbH (Buchs, Switzerland). Hexane was obtained

rom Fisher Scientific U.K. Ltd., and propanol was purchased
rom Merck (Darmstadt, Germany). Refined, bleached, and
eodorized (RBD) canola oil was obtained locally and poultry
eed samples collected from industry suppliers.

T
g
w
a
g

75 (2008) 1240–1244 1241

.2. Preparation and extraction

.2.1. Soxhlet and sonication
Poultry feed samples were ground using a Mammonlex super

lender mill grater 3 (No: 4AO-0018, Type JW-1001, Taiwan),
ifted through 1.0 mm mesh screen to obtain a uniform parti-
le size and kept in plastic bags until required for extraction.
our procedures were used to extract oil from all the poul-

ry feed samples; Soxhlet extraction (SE), sonication (SO),
ingle microwave-assisted extraction (SiMAE) and sequential
icrowave assisted extraction (SeMAE). Soxhlet extraction

AOAC 920.39) [23] involved the extraction of 5 g of feed for
h in a 250 ml Soxhlet extractor using 150 ml hexane. At the
nd of the extraction, the solvent was recovered by distillation
sing rotary evaporator and the residual oil was oven-dried at
5 ◦C for 1 h. The oil was then transferred to a desiccator and
llowed to cool before being weighed. The drying, cooling and
eighing was repeated until a constant dry weight within 0.01 g
as obtained. Ultrasonic extraction involved placing 5 g of feed

nd 100 ml of solvent in an Erlenmeyer flask and sonicating in
n ultrasonic bath (Sonicor, SC-121 TH, Copiague, NY, USA)
or 60 min at 40 kHz and 40 ◦C [24]. At the end of the extraction
ycle, the miscella was centrifuged to remove the any fines, the
olvent was recovered and the residual oil dried and weighed
s per the Soxhlet procedure. Microwave extraction was carried
ut using a Pell-PM 023 domestic microwave oven (Japan) with
djustable power settings ranging from 100 to 900 W. For the
iMAE procedure, 5 g of ground poultry feed was placed in a
0 ml screw capped vial containing 12 ml hexane and subjected
o 900 W of microwave energy for 20 s. At this point, the vial was
aken out of the oven and shaken vigorously and replaced in the
ven. This procedure was repeated until a cumulative 10 min
f microwave exposure had been reached, the miscella cen-
rifuged, solvent removed and the residual oil dried and weighed.
n SeMAE the same basic procedure was followed, except that
fter reaching 2 min of cumulative microwave extraction time
he miscella was collected and replaced with fresh solvent. This
rocess was repeated four more times to attain a total of 10 min
f microwave exposure. Poultry feed residues left over from the
icrowave extractions were re-extracted using the Soxhlet pro-

edure to determine whether any residual extractable lipid was
resent in these samples.

.2.2. FTIR free fatty analysis (FFA) analysis
The oils extracted from the poultry feed samples obtained

y all extraction procedures were analyzed for FFAs by FTIR
sing a ZnSe SB-ATR accessory [22]. All infrared spectra were
cquired using a Thermo Nicolet Avatar 330 FTIR spectrometer
quipped with a deuterated triglycine sulfate (DTGS) detector
nd KBr optics and controlled by OMNIC software (Thermo
icolet Analytical Instruments, Madison, WI) with spectra col-

ected by co-addition of 32 scans at a resolution of 8 cm−1.
he spectrum of each sample was rationed against a fresh back-

round spectrum recorded from the bare ATR crystal cleaned
ith propanol to remove any residues of the previous sample

nd the residual solvent evaporated using a stream of nitrogen
as.
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. Result and discussion

.1. Time effects on oil extraction and FFA content

For the microwave extraction procedure, various parameters
ncluding the hexane to sample ratio, time of microwave heating
n relation to the temperature attained and solvent replacement
ere evaluated and optimized. In contrast to microwave heating
f moist biological systems (e.g., foodstuffs), microwave cou-
ling in dried products occurs largely as a result of the dipole
rovided by the ester linkage of the lipid component as non-polar
exane has little microwave energy absorption capacity. With
ontrast to conductive heating, microwave heats the whole sam-
le volume simultaneously. It interrupts weak hydrogen bonds
y promoting the rotation of molecular dipoles, an effect that
s opposed by the viscosity of the medium. The rotation of the
ipoles in an alternating field causes friction, which produces
eat [25].

Therefore, MW heating can have different nature than
onventional heating techniques, depending on the absorbing
roperties of the solvent and reactants. When only the sol-
ent or the solvent and reactant absorb microwaves equally,
hen nominal differences between MW and conventional heating
echniques are expected. If the bulk solvent does not absorb MW,
ut the reactants do, then direct energy transfer and heating of
he reactant molecules will occur to the acceptable depth of pen-
tration. The whole solvent will in turn be heated by conduction
rom the reactants. Although homogeneous reaction conditions
an be established with thorough mixing, the temperature of the
eactants will always be higher than that of the solvent, as long
s the solvent continues to lose heat through the vessel wall to
he environment [26]. MW heating has been already success-
ully used for the extraction of natural oils [27] and focused
icrowave-assisted Soxhlet extraction (FMASE) of fatty acids

rom solid samples [28,29].
Thus when lipid is present heating will occur and in the initial

xtraction, poultry feed samples can readily couple microwave
nergy to an extent that causes both bumping and boiling indi-
ating localized heating. Under these conditions it was found
hat microwave extraction was very efficient, but SB-ATR anal-

sis of the lipid samples indicated that the FFA content of the oil
xtracts increased with the increase of microwave exposure time
s shown in Fig. 1. However, keeping the microwave exposure
o 20 s at 900 W eliminated this effect. In Soxhlet extraction,

ig. 1. ATR-FTIR spectra of the effect of increasing the extraction time (tem-
erature) on FFA content of poultry feed sample.
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ig. 2. Response of solvent volume used for first 2 min microwave extraction
elative to the amount of oil extracted from poultry feed sample (values presented
n the graph are mean value of triplicate analysis, S.D. is <5%).

emperatures attained are limited to that of the solvent boiling
oint, while in microwave extraction, in situ localized heating
s probably the reason some lipolysis can occur. On average,
0 s of heating at 900 W was found to produce temperatures of
45–50 ◦C in the initial sample extract based on measuring the

emperature immediately after taking the samples out.

.2. Solvent volume optimization

Four volumes of hexane, ranging from 8 to 14 ml, in 2 ml
ncrements, were assessed to determine the extraction efficiency
f oil from poultry feeds in the first 2 min extraction of the six
xtraction cycles. The first extraction results, Fig. 2 indicate that
he amount of oil extracted increases with added hexane, but that
t reaches a plateau after 12 ml of hexane, the later two extracts
epresenting ∼71% of the total oil present in the poultry feed.
ince there was no significant difference between 12 and 14 ml

o carry out the extraction, 12 ml of hexane was used in first
min extraction and for remaining four sequential extractions
ml was used.

.3. Microwave fractional extraction

The effect of sequential use of fresh solvent on oil recovery
as examined relative to a single extraction using 12 ml of hex-

ne for 20 s, with a cumulative microwave time of 10 min. In
he sequential extraction, the 12 ml of hexane was collected and
ml of fresh hexane added. In the single accumulated extrac-

ion, ∼70% of the total oil (relative to the Soxhlet) was extracted,
hile in the sequential extraction process an asymptotic extrac-

ion was obtained as indicated in Fig. 3, but the total amount
xtracted was very similar to that obtained using the Soxhlet
100%). Fig. 4 summarizes the results obtained for sequential
icrowave extraction, single microwave extraction, sonication

nd the Soxhlet extraction. Sonication on its own is clearly infe-
ior as is a single microwave extraction; however, the results for
equential microwave extractions are quite similar.

SB-ATR FTIR was also used to determine the FFA [22]

f extracted oil obtained by each of these extraction methods.
he sequential microwave extraction resulted in up to 4% less
FA being present relative to the Soxhlet extraction procedure
Fig. 5), however, the poor extraction efficiency of the sonica-
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Fig. 3. Effect of extraction cycles (2 min each) on % recovery of total oil content
in poultry feed sample during sequential microwave extraction (values presented
in the graph are mean value of triplicate analysis, S.D. is <5%).
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Table 1
Hexane extractable lipid obtained from triplicate analysis of 12 commercial
poultry feeds by sequential microwave and Soxhlet extractions

Sample Microwave extraction Soxhlet extraction

PF-1 3.210 ± 0.034 3.127 ± 0.087
PF-2 2.869 ± 0.048 2.770 ± 0.079
PF-3 2.239 ± 0.059 2.190 ± 0.057
PF-4 3.073 ± 0.044 3.006 ± 0.076
PF-5 3.091 ± 0.045 2.985 ± 0.079
PF-6 5.080 ± 0.061 4.985 ± 0.101
PF-7 5.296 ± 0.054 5.208 ± 0.125
PF-8 4.190 ± 0.049 4.093 ± 0.080
PF-9 2.897 ± 0.067 2.824 ± 0.065
PF-10 3.188 ± 0.068 3.120 ± 0.077
PF-11 2.556 ± 0.035 2.452 ± 0.050
PF-12 3.860 ± 0.065 3.769 ± 0.069
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ig. 4. Comparison of the four extraction procedures on a typical poultry feed
ample (values presented in the graph are mean value of triplicate analysis, S.D.
s <5%).

ion procedure disqualifies it as being a competitive procedure.
able 1 compares the microwave sequential extraction procedure
esults to the Soxhlet extraction procedure for 12 commercial
oultry feed samples analyzed. These results indicate that the
wo procedures are in very good agreement, with the sequen-

ial microwave extraction procedure giving a slightly better oil
ecovery. However, on the basis of FFA analysis by FTIR, the
FA content of the Soxhlet extraction tends to be higher, indi-

ig. 5. Spectral comparison of the FFA content of microwave sequential extrac-
ion and Soxhlet extracted oils in a poultry feed sample.

U
e
t
M

R

ean 3.46241 3.37741
.D. 0.957 0.951

ating that there is a reduced hydrolytic effect associated with
he MAE as it carried out only for 20 s intervals @ 900 W to
void localized heating.

. Conclusion

Although sophisticated commercial microwave extraction
ystems are available, it has been demonstrated that a simple,
apid, sequential microwave extraction procedure can be used
o quantitatively determine the lipid content of dry poultry feeds
sing a conventional microwave oven. The microwave extrac-
ion method provides a substantial shortening of the extraction
ime (from 6 h to <40 min) relative to the AOAC 920.39. The
ther advantages of proposed method using microwave oven
re much more environment friendly in terms of energy and
olvent (hexane) use in comparison to the conventional Soxh-
et method. Furthermore, it also reduces any lipolysis while
etaining quantitation.
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bstract

A new modified electrode is fabricated by dispersing gold nanoparticles onto the matrix of poly(3,4-ethylenedioxythiophene)–poly(styrene
ulfonic acid), PEDOT–PSS. The electrocatalytic activity of the PEDOT–PSS-Aunano electrode towards the oxidation of �-nicotinamide adenine
inucleotide (NADH) is investigated. A substantial decrease in the overpotential (>0.7 V) has been observed for the oxidation of NADH at the
EDOT–PSS-Aunano electrode in comparison to the potential at PEDOT–PSS electrode. The Au nanoparticles dispersed in the PEDOT–PSS matrix
revents the fouling of electrode surface by the oxidation products of NADH and augments the oxidation of NADH at a less positive potential
+0.04 V vs. SCE). The electrode shows high sensitivity to the electrocatalytic oxidation of NADH. Further, the presence of ascorbic acid and
ric acid does not interfere during the detection of NADH. Important practical advantages such as stability of the electrode (retains ∼95% of its
riginal activity after 20 days), reproducibility of the measurements (R.S.D.: 2.8%; n = 5), selectivity and wide linear dynamic range (1–80 �M;

2 = 0.996) are achieved at PEDOT–PSS-Aunano electrode. The ability of PEDOT–PSS-Aunano electrode to promote the electron transfer between
ADH and the electrode makes us to fabricate a biocompatible dehydrogenase-based biosensor for the measurement of ethanol. The biosensor

howed high sensitivity to ethanol with rapid detection, good reproducibility and excellent stability.
2008 Elsevier B.V. All rights reserved.
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. Introduction

The electrochemical detection of �-nicotinamide adenine
inucleotide (NADH) is of considerable interest since a number
f dehydrogenases require NADH as a cofactor for the enzy-
atic reaction. NADH is the terminal electron donor moiety in

he mitochondrial electron transport chain [1]. However, direct
lectrochemical oxidation of NADH at a bare platinum electrode

equires a high (>1 V) overpotential. The high overpotential for
he oxidation of NADH results in interferences from easily oxi-
izable species present in the real samples. The overpotential for

∗ Corresponding author at: Department of Chemistry Graduate School,
yungpook National University, Daegu 702-701, South Korea.
el.: +82 53 950 5901; fax: +82 53 95 28104.
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Ethanol biosensor

ADH oxidation could be reduced by using a mediator. Also,
lectrode fouling is one of the main concerns as radical interme-
iates are generated during the one-electron oxidation of NADH.
he subsequent polymerization products also foul the electrode

2]. Hence, considerable efforts have been devoted to modify
he electrode surface with an adequate material to diminish the
verpotential for the oxidation of NADH and to minimize the
urface passivation effects.

Various methodologies have been adopted to immobilize the
ediator on the surface of electrode [3–6]. Different types of
odification were performed on the surface of the electrode to
aintain satisfactory operational time for the mediator in the
lectrode [7]. The electrodes modified with carbon nanotubes
ere used for the oxidation of NADH [8–13]. For instance, a
ybrid thin film from multi-wall carbon nanotubes dispersed
n nafion with electrochemically generated redox mediator was
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eveloped for the sensitive detection of NADH [14]. However,
he stability of the modifications limits the reproducibility and
he operational lifetime of such modified electrodes. On the
ther hand, modified electrodes were also fabricated with CdS
anoparticles [15], nanostructured TiO2 [16], boron-doped dia-
ond [17], exfoliated graphite [18], single crystal gold [19]

nd conducting polymer nanotubules [20] for the electrochemi-
al detection of NADH. However, the selective electrochemical
etection of NADH is still a challenging task.

Gold nanoparticles display unparalleled catalytic activity
or a number of reactions [21–24] that include oxidation
f carbon monoxide [25]. Au nanoparticles have also been
idely used to construct biosensors due to their excel-

ent ability to immobilize biomolecules and at the same
ime retain the biocatalytic activities of those biomolecules.
ecently, electrodes based on Au nanoparticles self-assembled
n a thiol-terminated, sol–gel-derived silicate network from
-(mercaptopropyl) trimethoxysilane were developed for the
elective and sensitive detection of NADH [26], glucose [27]
nd l-lactate [28]. Many kinds of biosensors, such as enzyme
ensor [29–31], immunosensor [32] and DNA sensor [33] were
eveloped based on Au nanoparticles to obtain better analytical
erformances.

Poly(3,4-ethylenedioxythiophene), PEDOT doped with an
xcess of poly(styrene sulfonic acid) (PSS) has been attract-
ng interest due to its film forming properties, high stability in
ater as well as in air and high conductivity. PSS plays the dual

ole of charge balancing and stabilizing the aqueous dispersion.
he matrix of PEDOT–PSS is highly porous that facilitates the
lectrochemical redox reactions [34]. Further, the solubility of
EDOT–PSS in organic solvent is adequate enough to form thin
lms by many kinds of conventional techniques, such as solvent-
asting, spin-casting and dip-coating methods. The presence of
egatively charged electrolyte ions in PEDOT–PSS provides
ood redox activity even in neutral medium. This is attributed
o the effective doping (protonation) of PEDOT by the trapped
olyelectrolyte ions over abroad range of pHs.

In the present investigation, an electrocatalytic electrode was
abricated by dispersing Au nanoparticles onto PEDOT–PSS
oated indium-doped tin oxide glass (ITO) plate and used for the
etection of NADH. The PEDOT–PSS-Aunano electrode exhib-
ted excellent electrocatalytic activity towards the oxidation of
ADH at a low potential in the phosphate buffer, PBS (pH 7.2).
urther, an ethanol biosensor was developed by immobilizing
lcohol dehydrogenase enzyme into the PEDOT–PSS-Aunano
atrix. The results are presented herein and discussed.

. Experimental

.1. Chemicals

PEDOT–PSS was obtained from Sigma–Aldrich (1.3 wt.%
uspension in water; a composition of 0.5 wt.% PEDOT and

.8 wt.% PSS). Sulfuric acid, auric acid, ascorbic acid and uric
cid of analytical grade from Aldrich were used as received.
aker’s yeast alcohol dehydrogenase (alcohol: NAD+ oxi-
oreductase, E. C. 1.1.1.1) (ADH), �-nicotinamide adenine

w
I
s

75 (2008) 1307–1314

inucleotide (NADH) and �-nicotinamide adenine dinucleotide
reduced form, NAD+) were obtained from Sigma chemicals.
ouble-distilled water was used throughout the experiments.
queous solutions of NADH were prepared in PBS (pH 7.2),

fresh at the time of experiments.

.2. Fabrication of PEDOT–PSS-Aunano electrode

PEDOT–PSS matrix electrode was prepared by spin coat-
ng (2000 rpm for 1 min) on ITO substrate using SPIN-1200,

IDAS spin coater system. A very thin film of PEDOT–PSS was
asted over a cleaned ITO electrode (1.0 sq. cm). Conductivity
f the PEDOT–PSS coated ITO was found to be 5 mS cm−1 and
he average particle size was −200 nm. Before each experiment,
TO coated glass was cleaned in an ultrasonic bath using double
istilled water and acetone, then dried with a dry nitrogen flow.

Au particles were electrochemically deposited onto spin
asted PEDOT–PSS electrode from 0.5 M H2SO4 solution of
AuCl4 (2.0 × 10−4 M) by employing a repetitive potential

can from 1.1 to 0.0 V (vs. SCE) at a scan rate of 50 mV s−1

nd thus, the PEDOT–PSS-Aunano modified electrode was fab-
icated. Before subjecting to electrochemical experiments, the
EDOT–PSS-Aunano modified electrode was washed exten-
ively with distilled water.

.3. Electrochemical measurements

Electrochemical measurements were done with EG & G PAR
lectrochemical Analyzer in a standard 10 mL cell containing

he modified electrode, a SCE reference electrode and a Pt wire
uxiliary electrode. Prior to all electrochemical measurements,
he solutions were purged with nitrogen for 10 min. The ampero-

etric response of PEDOT–PSS-Aunano electrode was recorded
nder steady-state conditions in the PBS (pH 7.2) by applying a
onstant potential (+0.04 V) to the working electrode. The back-
round response at PEDOT–PSS-Aunano electrode was allowed
o decay to a steady-state under stirring. When the background
urrent became stable, the aliquot amount of the analyte was
njected into the electrolytic cell, and its response was measured.
n the case of square wave voltammetry, a 10 mL aliquot of buffer
olution with NADH of a definite concentration was placed in
he voltammetric cell and the solution was purged with nitrogen
or 10 min. Then, a potential scan was initiated at a scan rate of
0 mV s−1 and the resulting voltammogram was recorded. Opti-
um conditions (pulse amplitude, frequency, step potential and

uiet time) were established by measuring the peak currents in
ependence on all parameters. The electrochemical sensing of
thanol was carried out in PBS (pH 7.2) in the presence of NAD+

0.2 mM) with ADH (7 U mL−1) using the PEDOT–PSS-Aunano
lectrode.

.4. Characterization
The surface topography of PEDOT–PSS-Aunano electrode
as examined using atomic force microscopy, AFM (Digital

nstruments; Nanoscope Multimode) in the tapping mode with
ilicon nitride tip (tip height: 4 �m and the tip radius is of 15 nm).
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layer (the peak at ∼1.0 V in Fig. 3 and using a reported value
of 400 �C cm−2 [38–40], Agsa is the geometric surface area
(Agsa = 0.0707 cm2) and W (in �g cm−2) is the amount of Au
loading. The real and specific surface areas were estimated to
ig. 1. AFM image of Au nanoparticles deposited on PEDOT–PSS spin coated
TO glass plate.

-ray diffraction pattern of the sample was collected by employ-
ng a D8-Advanced Bruker AXS diffractometer using Cu K�
adiation.

. Results and discussion

.1. Fabrication and morphology of PEDOT–PSS-Aunano

odified electrode

The PEDOT–PSS-Aunano modified electrode was fabricated
y two steps. Firstly, film of PEDOT–PSS was formed on the
urface of ITO glass plate through spin coating. Subsequently,
u nanoparticles were deposited by the reduction of HAuCl4

rom an electrolyte solution consisting of HAuCl4. In the typ-
cal fabrication of modified electrode, Au nanoparticles were
eposited onto PEDOT–PSS coated ITO electrode from 0.5 M
2SO4 solution containing HAuCl4 (2.0 × 10−4 M) by apply-

ng a repetitive potential scan from 1.1 to 0.0 V (vs. SCE) at a
can rate of 50 mV s−1 as described in the literature [25]. Cyclic
oltammogram (CV) shows two cathodic peaks at ∼0.75 and
0.53 V (vs. SCE). The peak at 0.53 V represents the reduc-

ion of solution bound AuIII to Au◦ and the wave at 0.75 V is
ttributed to the reduction of adsorbed AuCl4− ions to Au◦ [25].

The surface topography of PEDOT–PSS-Aunano electrode
as analyzed through atomic force microscope (AFM). Fig. 1

hows the AFM image of PEDOT–PSS-Aunano electrode. A rel-
tively high-coverage of ordered monolayer of Au nanoparticles
ithout agglomeration was found on the surface of PEDOT–PSS
ith an average size of Au as 10–15 nm. Further, it can be seen

hat Au nanoparticles were homogenously distributed onto the
urface of the modified electrode. PEDOT–PSS with its network
tructure acts as a three-dimensional, random and electronically
onducting background (micro-reactor) and provides the matrix

or the distribution of Au nanoparticles [35].

Crystalline structure and size of the Au nanoparticles present
n PEDOT–PSS-Aunano were examined by XRD analysis
Fig. 2). Peaks observed around 38.0◦, 47.9◦, 64.1◦ and 76.1◦ F

5

Fig. 2. XRD spectrum of PEDOT–PSS-Aunano.

re attributed to (1 1 1), (2 0 0), (2 2 0) and (3 1 1) facets of the
cc crystal structure of Au [20]. From the full width measured
t the half-maximum of the peak at 2θ = 38◦, the average crys-
allite size of the Au particles was evaluated to be ∼10 nm using
cherer’s equation [36].

Real surface area, rugosity factor, specific surface area and
he amount of Au nanoparticles deposited on the PEDOT–PSS-
unano were determined. Fig. 3 shows the CV recorded at
EDOT–PSS-Aunano in aq. 1 M H2SO4 solution at a scan rate
f 50 mV s−1. A clear oxidation peak around 1.48 V and a sharp
eduction peak at 1.0 V are observed, due to the reduction of
he surface oxide monolayer on Au nanoparticles [37]. The spe-
ific surface area, S (cm2 �g−1) of the catalyst particles was
alculated by using the relation,

= 100Arsa

WAgsa

here Arsa is the real surface area (as estimated from the charge
onsumed for the reduction process of the surface oxide mono-
ig. 3. CV of PEDOT–PSS-Aunano in aq. 1 M H2SO4 solution; scan rate:
0 mV s−1.
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e 1.52 cm−2 and 28.23 cm2 �g−1, respectively. The rugosity
actor is the ratio of Arsa to Agsa, assuming spherical particles of
imilar radius and found to be 19.56. The amount of Au nanopar-
icles deposited onto the PEDOT–PSS-Aunano was determined
41] by using the charge (Qdep) (obtained through graphical inte-
ration of cyclic voltammetric curves) utilized for the deposition
f Au nanoparticles and was found to be 88 �g cm−2.

.2. Voltammetric studies on NADH oxidation

.2.1. Cyclic voltammetry

Fig. 4 compares the CVs for 1 mM NADH in PBS (pH 7.2)

ecorded at ITO/PEDOT–PSS and ITO/PEDOT–PSS-Aunano
lectrodes, respectively, at a scan rate of 50 mV s−1. Oxidation
f NADH (1 mM) occurs at PEDOT–PSS and PEDOT–PSS-

ig. 4. (a) CVs recorded at PEDOT–PSS-Aunano and PEDOT–PSS (inset) elec-
rodes in the presence of 1 mM NADH in PBS (pH 7.2); scan rate: 50 mV s−1

b) CVs of PEDOT–PSS-Aunano electrode in the presence 0.8 (a), 1.0 (b), 1.2
c) and 1.4 (d) mM NADH in PBS (pH 7.2); scan rate: 50 mV s−1. Inset shows
he plot of scan rate with peak current.
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unano electrodes with an oxidation peak current at 0.2 V
Fig. 4a-inset) and 0.04 V (Fig. 4a) (vs. SCE), respectively.

large negative shift in the oxidation potential was noticed
t PEDOT–PSS-Aunano electrode. Unlike at the PEDOT–PSS
odified ITO electrode (Fig. 4a-inset), a stable oxidation peak,
ithout change in position in the subsequent sweep of poten-

ials was noticed for PEDOT–PSS-Aunano electrode (Fig. 4a).
his observation informs that the electrode is not influenced by

ouling effect of the oxidation products. The large decrease in
he overpotential for the oxidation of NADH at a PEDOT–PSS-
unano electrode is ascribed to the high specific surface area
rovided by the Au nanoparticles and the synergistic effects
etween the dispersed Au nanoparticles and the PEDOT–PSS
atrix, which facilitates direct electron transfer between NADH

nd the electrode surface. Furthermore, a higher current was
oticed at the PEDOT–PSS-Aunano electrode in comparison to
EDOT–PSS modified electrode. The magnitude of the oxida-

ion peak current is proportional to the concentration of NADH
Fig. 4b)—a factor which is important for the development of
biosensor. The interesting aspect is that oxidation of NADH

t PEDOT–PSS-Aunano electrode occurs with a low positive
otential without having an additional redox mediator.

In general, the formal potential of the NADH/NAD+ cou-
le in neutral pH at 25 ◦C is estimated to be −0.56 V vs.
CE, and an over potential of >1.0 V is often required for

he direct oxidation of NADH at the bare electrode. However,
n the present study, oxidation of NADH occurs with a large
ecrease in the overpotential (>0.70 V) at PEDOT–PSS-Aunano
lectrode. On comparative literature, oxidation potential of
0.075 V for NADH was reported at an electrode modified with

olyaniline-doped mercaptosuccinic-acid-capped Au nanopar-
icles [42]. In another study, oxidation of NADH has been
eported around 0.07 V at the Au nanoparticles self-assembled 3-
ercaptopropyltrimethoxy silane modified gold electrode [43].
The scan rate dependence of the voltammetric response at

he PEDOT–PSS-Aunano electrode was explored. The peak cur-
ent for the oxidation of NADH increases linearly (R2 = 0.995)
ith the square root of scan rate between 10 and 200 mV s−1

Fig. 4b-inset), suggesting that the overall oxidation of NADH
t the electrode is controlled by the diffusion of NADH in solu-
ion. Further, the oxidation peak potential shifts towards positive
otentials with increasing scan rates informing the electrochem-
cal irreversibility of the electrochemical process. The diffusion
oefficient (D) was determined by the equation;

= (2.99 × 105)ACoD
1/2�1/2n(�na)1/2

here n is the number of electrons involved for the oxidation
f NADH, which is 2 (as determined from Tafel slope), Co is
he bulk concentration, A is the electrode area, ν is the scan rate,
ith values for α and na which are 0.48 and 1, respectively. The
value was found to be 2.98 × 10−6 cm2 s−1.

.2.2. Square wave voltammetry

The voltammetric response of NADH at the PEDOT–PSS-

unano electrode was studied by square wave voltammetry since
his technique could provide a better resolution and signal-
o-noise ratio. The influence of square wave voltammetric
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rations of NADH: (a) 0, (b) 10, (c) 15, (d) 20, (e) 25, (f) 30, (g) 40, (h) 45, (i)
0, (j) 55, (k) 57.5, (l) 60, (m) 65, (n) 70, (o) 75 and (p) 80 �M in PBS (pH 7.2).

arameters on the analytical signal was monitored to under-
tand the kinetics of NADH oxidation, as well as to optimize the
arameters for analytical application. Square wave voltammo-
rams (SWVs) were recorded by changing the pulse amplitude
�U), frequency (f) and step potential in the range 10–100 mV,
0–100 Hz and 1–10 mV, respectively. Conditions such as
.0 �M, pH 7.2, t = 3 s, step potential = 3 mV gave optimized
esponse to oxidation of NADH. SWVs of PEDOT–PSS-Aunano
lectrode (condition: t = 3 s, step potential = 3 mV, f = 90 Hz, and
U = 50 mV) recorded for different concentration of NADH and

he SWVs are shown in Fig. 5. A peak corresponding to the oxi-
ation of NADH was observed at 0.04 V and the peak intensity
as found to increase with concentration of NADH. Fig. 5 (inset)
epicts the typical calibration curve by plotting the peak current,
cat at 0.04 V, with the concentration of NADH. The Icat linearly
ncreases with concentration of NADH in the range of 1–80 �M
Fig. 5-inset). The linear regression equation is y = 0.958x, with
correlation coefficient of 0.996. A detection limit of 0.1 �M
as calculated as the NADH concentration from the signal to

he blank signal yB (intercept) for three standard deviations of
-residuals sy/x [44]. The experimentally determined detection
imit is in close agreement with the calculated detection limit.

.3. Constant potential amperometry

The voltammetric results detailed above suggest that the
EDOT–PSS-Aunano electrode facilitates a stable and low
otential amperometric detection of NADH. Further, the sen-
itivity was examined by recording the amperometric response
f oxidation of NADH at PEDOT–PSS-Aunano electrode in a
tirred solution, but with smaller addition of NADH over the

oncentration range of 0.1 to 2.2 �M. Fig. 6 shows an amper-
metric trace recorded at the PEDOT–PSS-Aunano electrode
E = +0.04 V) during the successive addition of NADH aliquots
nto a stirred PBS (pH 7.2). The PEDOT–PSS-Aunano electrode

3

e

oncentration of NADH by 0.1 �M. (i) Plot of [NADH] vs. catalytic peak cur-
ent; (ii) Stability of the current response of 1 �M NADH at PEDOT–PSS-Aunano

lectrode at the applied potential of +0.04 V in PBS (pH 7.2).

esponds effectively to the NADH spikes, yielding steady-state
ignals within 2 s. Fig. 6(i) shows a calibration curve for the
ADH. The calibration plot over the concentration range of
.1–2.2 �M has a slope of 88 ± 2 mA M−1 cm−2 with a correla-
ion coefficient R2 = 0.9981. The electrocatalytic behavior was
ighly reproducible, as reflected by a relative standard deviation
f 1.2% estimated from the slopes of the calibration plots for six
reshly prepared samples at PEDOT–PSS-Aunano electrode.

Besides good sensitivity and linearity for the detection of
ADH, an extremely attractive feature of the PEDOT–PSS-
unano electrode is the stable amperometric NADH response.
ig. 6(ii) shows the amperometric responses of 1 �M NADH
t PEDOT–PSS-Aunano electrode recorded over a continuous
eriod of 35 min, when the potential was held at +0.04 V.
t is clear that the current response to NADH oxidation at
EDOT–PSS-Aunano electrode is stable over the entire period.
owever, it must be noted that a decaying of current signal up to
8.2% was observed at PEDOT–PSS modified electrode (figure
ot shown). For the PEDOT–PSS modified electrode, surface
assivation by the radical intermediates may limit the stability
nd cause the loss of analytical sensitivity and reproducibility
ver the operational time. On the other hand, the formation of
adical intermediates and subsequent reaction at PEDOT–PSS-
unano electrode are minimum, probably due to the lower
xidation potential (0.04 V). Hence, PEDOT–PSS-Aunano elec-
rode is free from the fouling effect by the oxidation products.
hese results demonstrated that PEDOT–PSS-Aunano electrode
reatly minimizes the surface passivation effects which gener-
lly give hindrance to amperometric detection of NADH.
.4. Influence of interferences

Ascorbic acid (AA) and uric acid (UA) generally interfer-
nce with the electrochemical determination of NADH, since
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A and/or UA are/is commonly oxidized at potentials nearer to
xidation potential of NADH. Hence, cyclic voltammetry exper-
ments were performed to examine the influence of UA and AA
n the oxidation of NADH at PEDOT–PSS-Aunano electrode. A
road anodic peak at 0.185 V and a shoulder around 0.04 V were
bserved for the oxidation of AA and NADH, respectively. On
he other hand, two well defined oxidation peaks, one at 0.038 V
nd another at 0.256 V, due to the oxidation of NADH and UA,
espectively, were observed at PEDOT–PSS-Aunano in the PBS
pH 7.2) containing NADH and UA of equal concentration. In
rder to authenticate the influence of AA or UA on the oxida-

ion of NADH, amperometric measurements were made at the
EDOT–PSS-Aunano electrode with the intermittent addition of
ADH, AA and UA at equal concentrations. Fig. 7 represents the

w
r
7

Fig. 8. Current responses at PEDOT–PSS-Aunano electrode as a function of
75 (2008) 1307–1314

mperometric response for NADH, AA and UA of 1 mM con-
entration at the PEDOT–PSS-Aunano electrode in PBS (pH 7.2).
well-defined NADH response was observed at the potential of

0.04 V. The subsequent injection of AA and UA did not show
ny additional signal or disturb the current response indicating
he absence of interference in the signal.

.5. Development of ethanol biosensor

To validate the usefulness of the described electrocatalytic
ystem, an ethanol biosensor was developed. The biosensor
as prepared by incorporating a model enzyme, alcoholde-
ydrogenase (ADH), into the PEDOT–PSS-Aunano electrode.
u nanoparticles are convenient scaffold for enzyme immobi-

ization and have been used previously for the immobilization
f other dehydrogenases in enzymatic reactors [26,45]. In
eneral, dehydrogenase requires NAD+ as a cofactor for enzy-
atic reaction due to the fact that NAD+ can be reduced to
ADH simultaneously with oxidation of analyte. In the present

tudy, alcohol dehydrogenase enzyme catalyzes the oxidation
f ethanol, and simultaneously the cofactor NAD+ gets reduced
o NADH. The enzymatically formed NADH undergoes elec-
rochemical oxidation to NAD+ at the PEDOT–PSS-Aunano
lectrode. Thus, NADH produced at the PEDOT–PSS-Aunano
lectrode can be quantitatively correlated to the amount of
thanol.

It is known that in the dehydrogenase-based amperomet-
ic biosensor, pH, concentration of the enzyme and cofactor
nfluence the response of biosensor. Hence, experiments were
erformed in order to study the influence of pH, ADH (enzyme)
nd NAD+ (cofactor) concentration on the current response
nano
as conducted in the range of 6.0–9.0 (Fig. 8(i)). The current

esponse increased almost linearly from 6.0 to 7.2 and at pH
.2, the largest response was observed and the current response

pH (i), ADH (ii) and NAD+ (iii); potential: +0.04 V, [ethanol]: 10 �M.
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ecreases appreciably in the alkaline pHs. The unstable nature
f NAD+ in alkaline solution is the reason for the decrease in
urrent response. Hence, pH 7.2 buffer was used in all experi-
ents.
The current response of the PEDOT–PSS-Aunano electrode

as studied by varying the amount of ADH used for the fabri-
ation of modified electrode. Seven electrodes were prepared
ith different amount of ADH in the range between 1 and
5 U mL−1, while the amount of other components were kept
onstant. It can be seen from Fig. 8(ii) that the current response
t PEDOT–PSS-Aunano electrode was dependent on the amount
f enzyme incorporated into the electrode. An increase in the cur-
ent was observed up to 7 U mL−1, while no significant increase
n the response current was observed for higher loading of the
nzyme. Experiments were also performed to study the influence
f NAD+ concentration. Fig. 8(iii) shows the current response
s. concentration of NAD+ recorded at the PEDOT–PSS-Aunano
lectrode in PBS (pH 7.2) containing 10 �M ethanol. A largest
esponse current was observed at PEDOT–PSS-Aunano electrode
ith the [NAD+] = 0.2 mM (Fig. 8(iii)). As the concentration
ept increasing, the current response increases faintly. The
ncrease in response is due to the higher conversion efficiency
ith higher concentration of NAD+ in the enzyme-catalyzed

eaction. Nevertheless, by considering the high cost of cofactor,
AD+, 0.2 mM was kept as optimum.

After being optimized the conditions, square wave voltam-
ograms were recorded (t = 3 s, step potential = 3 mV, f = 90 Hz,

nd �U = 50 mV) for the different concentration of ethanol
t PEDOT–PSS-Aunano electrode (Fig. 9a). A voltammetric
eak at 0.04 V was observed upon the addition of ethanol
nd the peak corresponds to the oxidation of NADH at the
EDOT–PSS-Aunano electrode. It is to be noted that the peak
.04 V did not appear in the absence of either ethanol or the
o-factor, NAD+. This observation clearly supports that the
eak observed at 0.04 V is due to the oxidation of enzymat-
cally produced NADH. Fig. 9a also informs that the peak
urrent at 0.04 V increases with increasing the concentration of
thanol.

A steady-state amperometric response of the PEDOT–PSS-
unano electrode to the addition of ethanol aliquots to a

tirred PBS (pH 7.2) is shown in Fig. 9b. Upon addition
f an aliquot of ethanol, the current increased steeply to
7% of the stable value within 5 s, indicating a fast response
t the electrode. A calibration plot was drawn between the
esponse current and the concentration of ethanol (1–100 �M)
Fig. 9b-bottom inset). The calibration plot is found to be
inear (R2 = 0.9995). It is interesting to note that the sensitiv-
ty toward ethanol (97 mA M−1 cm−2) is comparable to the
ensitivity to NADH (95 mA M−1 cm−2), and this is an indica-
ion of efficient signal transduction at the PEDOT–PSS-Aunano
iosensor. A plateau current was observed while increasing the
oncentration of ethanol beyond 75 �M showing the charac-
eristics of the Michaelis–Menten kinetics [46]. The apparent
ichaelis–Menten constant (KM) was estimated from the slope
nd intercept values of the plot of the reciprocals of the steady-
tate current vs. ethanol concentration (Fig. 9b-top inset) and a
alue of KM = 13 mM L−1 was obtained.

t

A
i

ive additions of 5 �M ethanol in PBS (pH 7.2) at +0.04 V. Inset (bottom) shows
he calibration plot of the concentration of ethanol with current at PEDOT–PSS-
unano electrode (1–100 �M); Inset (top) shows the Lineweaver–Burk plot.

.6. Stability and reproducibility of PEDOT–PSS-Aunano

The stability of the PEDOT–PSS-Aunano electrode was
etermined for a period of operation. The performance of
EDOT–PSS-Aunano electrode for the detection of NADH was

ested in PBS (pH 7.2) for a period of 20 days. The first 2 days,
2.3% decrease of the initial over a response current signal was
oticed. After 15 days, the current response decreased by 4.8%
f initial current. After 20 days, the decrease in current signal
as 6.2% of the initial value. PEDOT–PSS-Aunano electrode

etains ∼94% of its original activity after 20 days and continued

o exhibit excellent response to NADH.

The repeatability of the current response of the PEDOT–PSS-
unano electrode was examined in the presence of 1 �M NADH

n PBS (pH 7.2). R.S.D. was found to be 2.3% for ten succes-
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ive assays. The electrode-to-electrode reproducibility was also
etermined in the presence of 1 �M NADH in PBS (pH 7.2) by
omparing the performance of five freshly prepared electrodes.
he reproducibility is revealed with a R.S.D. of 2.8%. The good

eproducibility might be due to the homogenous distribution of
u nanoparticles throughout the PEDOT–PSS matrix.
The experimental results show that Au nanoparticles dis-

ersed in the PEDOT–PSS matrix have larger specific surface
rea and good biocompatibility and suited for immobilization
f biomolecules or enzymes. PEDOT–PSS matrix provides an
fficient electron-conducting tunnel for NADH oxidation. It is
ell documented in the present study that the PEDOT–PSS-
unano electrode is an excellent electrocatalytic material for the
reparation of sensitive, reproducible and stable electrochemical
iosensors for dehydrogenase substrates.

. Conclusions

Au nanoparticles are uniformly dispersed into PEDOT–PSS
atrix and an electrocatalyst electrode was fabricated for the

etection of NADH. PEDOT–PSS-Aunano electrode provides an
nhanced electrocatalytic response to the oxidation of NADH.
he response time for NADH detection is low and the per-

ormance of the electrode is stable. Stability of the electrode,
eproducibility of the measurements, selectivity and wide lin-
ar response for NADH are in favor of fabricating an enzymatic
ensor for the determination of ethanol at PEDOT–PSS-Aunano
lectrode. A biosensor has thus been successfully assem-
led by immobilizing alcohol dehydrogenase enzyme into the
EDOT–PSS-Aunano matrix and the functioning of sensor elec-

rode is satisfactory. The present study forms a platform for
he development of modified electrodes suited for the combined
sage of electrocatalysis and electrochemical biosensing.
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bstract

Polycyclic aromatic sulphur heterocyclic (PASH) compounds, such as dibenzothiophene (DBT) and alkylated derivatives are used as model
ompounds in biodesulfurization processes. The development of these processes is focused on the reduction of the concentration of sulphur in
asoline and gas–oil [D.J. Monticello, Curr. Opin. Biotechnol. 11 (2000) 540], in order to meet European Union and United States directives.

The evaluation of biodesulfurization processes requires the development of adequate analytical techniques, allowing the identification of any
ransformation products generated. The identification of intermediates and final products permits the evaluation of the degradation process.

In this work, seven sulfurated compounds and one non-sulfurated compound have been selected to develop an extraction method and to compare
he sensitivity and identification capabilities of three different gas chromatography ionization modes. The selected compounds are: dibenzothiophene
DBT), 4-methyl-dibenzothiophene (4-m-DBT), 4,6-dimethyl-dibenzothiophene (4,6-dm-DBT) and 4,6 diethyl-dibenzothiophene (4,6 de-DBT),
ll of which can be used as model compounds in biodesulfurization processes; as well as dibenzothiophene sulfoxide (DBTO2), dibenzothiophene
ulfone (DBTO) and 2-(2-hydroxybiphenyl)-benzenesulfinate (HBPS), which are intermediate products in biodesulfurization processes of DBT
A. Alcon, V.E. Santos, A.B. Martı́n, P. Yustos, F. Garcı́a-Ochoa, Biochem. Eng. J. 26 (2005) 168]. Furthermore, a non-sulfurated compound,
-hydroxybiphenyl (2-HBP), has also been selected as it is the final product in the biodesulfurization process of DBT [A. Alcon, V.E. Santos, A.B.
artı́n, P. Yustos, F. Garcı́a-Ochoa. Biochem. Eng. J. 26 (2005) 168].
Since, typically, biodesulfurization reactions take place in a biphasic medium, two extraction methods have been developed: a liquid–liquid

xtraction method for the watery phase and a solid phase extraction method for the organic phase. Recoveries of the selected compound in both
edia were studied. They were in the range of 80–100% for the watery and in the range of 40–60% for the organic phase, respectively.
Gas chromatography coupled to mass spectrometry (GC–MS) has been employed for the identification of these selected compounds. Three

ifferent ionization modes were applied: conventional electron impact (EI); positive chemical ionization (PCI), using methane as the reagent gas;
nd a recently developed ionization mode known as hybrid chemical ionization (HCI), using perfluorotri-n-butylamine as the reagent gas. Limits

f detection and identification capabilities have been compared between the three analytical techniques.

OD b
The sensitivity of the three analytical techniques was studied and L

ere achieved for PCI, EI and HCI, respectively.
The developed method was applied in samples from a biodesulfurization

ell operation mode, using Erlenmeyer flasks or an agitated tank bioreactor.
he reaction was performed under controlled air flow, stirring and temperat
2008 Elsevier B.V. All rights reserved.

eywords: Biodesulfurization; Dibenzothiophene; Gas chromatography mass spectr
henes
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039-9140/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
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etween 0.05 and 1, between 0.09 and 2 and between 0.001 and 0.043
process. The biodesulfurization reactions were conducted in resting
The microorganism employed was Pseudomonas putida CECT 5279.
ure conditions.

ometry (GC–MS); Hybrid chemical ionization (HCI); Alkylated dibenzothio-
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. Introduction

Crude oil and its distillates contain significant amounts of
ow-molecular-mass organosulphur compounds such as alkyl-
nd cycloalkyl-thiols, alkyl- and arylthioethers and aromatic
eterocycles based on thiophene. This last group of polycyclic
romatic sulfurated hydrocarbons (PASHs) includes thiophene
tself, benzothiophene, dibenzothiophene and their alkylated
erivatives. These compounds have been of concern for decades
ecause they constitute a major class of ubiquitous environmen-
al contaminants found in both air and sea areas [3–5]. In order
o mitigate the consequences of this contamination, such as acid
ain [6,1] and air pollution, caused by sulphur dioxide released
rom the combustion of oils, more and more regulations on sul-
hur content in petroleum are being established. The current
pecification in Europe and USA calls for a maximum sulphur
ontent of 50 ppm in gasoline and diesel oil by 2005 and this
evel should be reduced to below 10 ppm by the year 2010 [7].
he current industrial method used for the removal of sulphur

rom fuels is hydrodesulfurization (HDS), which requires high
emperature and high pressure. Thus biodesulfurization (BDS)
2], which operates under room temperature and pressure con-
itions, is expected to be complementary as well as promising
ossible alternative to HDS.

Biocatalytic desulfurization can proceed via two different
iochemical pathways, named Kodama [8] and 4S route [9].
owever, the carbon skeleton of aromatic sulphur compounds
nly remains intact via the 4S pathway, and consequently fuel
alue is not lost.

When biodesulfurization is conducted via the 4S path-
ay, sulphur is eliminated from DBT in four consecutive

eactions—catalyzed by different enzymes. In such processes
he identification of intermediates products is crucial for any
inetic study.

Furthermore, in biodesulfurization reactions an immiscible
rganic phase (model organic solvent or fuel) is mixed with a
ater fraction necessary for microorganisms. PASHs like DBT

nd their alkylated derivatives are very hydrophobic compounds,
ut some of the intermediate degradation products can be more
ydrophilic. This situation implies the necessary measurement
f each compound in both liquid fractions.

The organic phase used is normally a long chain hydro-
arbon, such as dodecane, tetradecane, hexadecane, or oil
f the biodesulfurization is performed in a real matrix.
s the watery phase, different buffers are used (phosphate
uffer or N-[2-hydroxyethyl]piperazine-N′-[2-ethane-sulfonic
cid (HEPES) buffer) in resting cell operation mode. In
he cases of biodesulfurization by growing cells, the water
raction consists, in the culture medium, with the carbon
ource and other nutrients necessary for the microorganisms
10–15].

Preconcentration steps after a degradation process are very
mportant when intermediate products have to be determined:

ince normally the concentration of unknowns is very low.
he extraction procedure is typically optimized for the com-
ounds that will be degradated and for some others which
re expected to be formed, provided that analytical standards

[
d
w
u
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re available [16–18]. Then, the application of the method
s performed in order to detect all of the transformation
roducts generated in the degradation process. Even when a
reconcentration is not necessary, a change of the solvent is
ormally required, before injection in the gas chromatography
quipment.

These two phases involved in biodesulfurization processes
hould be separated and analyzed in a different way. The organic
hase can be directly analyzed by gas chromatography (GC) or
iquid chromatography (LC), or can be extracted by solid phase
xtraction. The watery phase can be directly analyzed by LC or
an be extracted by liquid–liquid extraction if GC analysis is
equired.

Solid phase extraction sorbents are normally chosen by
he nature of their primary interaction or retention mecha-
isms with the analyte in question. In that case, non-polar
r moderately polar compounds should be extracted from

non-polar organic solvent. Sorbents like silica, amino-
ropyl, cyanopropyl are especially indicated in the extraction
f compounds with functional groups, such as hydroxyls,
mines and heteroatoms (S, O, N) from non-polar matri-
es.

In fact, the solid phase extraction methods used for the extrac-
ion of biodesulfurization compounds (pattern compounds or
egradation products) developed by various authors, involve
he use of silica packing for the separation and concentra-
ion of DBT, 2-HBP, 2,2′-biphenylol and DBT-sulfone [19],
lkylated dibenzothiophenes and its transformation products
20,21].

Different solvents have been used to perform liquid–liquid
xtraction such as ethyl acetate [22–28], n-hexane [29] and
ethylene chloride [30]. The culture broth is normally acidified

efore liquid–liquid extraction takes place at pH 2 [27,28].
However, detailed recovery studies of these extraction pro-

edures are not usually reported in the literature. Only Onaka et
l. [20] performed a study of solid phase extraction applied to
iodesulfurization processes.

Several papers have been published concerning the analysis
f PASHs in environmental matrices [31,32] and in biodesulfu-
ization processes [33].

Different analytical techniques have been used for studying
egradation of organic compounds under different condi-
ions. As examples: GC–MS; GC atomic emission detector
GC-AED) or LC time of flight mass spectrometry (LC-
oF-MS) techniques have been used in the determination
f the transformation products of imidacloprid (a pesticide),
ethyl tert-butyl ether (an additive of gasoline) and bisphe-

ol A (an industrial chemical) in degradation processes such
s advanced oxidation processes or sunlight photo-alteration
16–18,34,35].

However, in biodesulfurization, high-performance LC cou-
led to an ultra violet detector (HPLC-UV) [22,27,28,30,36]
nd GC coupled to a flame ionization detector (GC-FID)

20,23,26,29,37,38] are used by most of the authors to follow
egradation processes and to quantify the pattern compound as
ell as the final product. GC–MS [22–25,30,38] is normally
sed to identify intermediates.
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The sensitivity of analytical techniques traditionally used in
iodesulfurization processes seems to be enough (although no
ata on the limits of detection are reported by any authors) to
etect the initial compound and final products, but in some cases
hese techniques are not adequate in the detection of intermediate
roducts [30].

Very simple and accessible analytical techniques, such as
PLC-UV and GC-FID, are enough to monitor a global
iodesulfurization process. In contrast, it is not always possible
o confirm the identification of degradation products extensively:
hat can represent a very important factor in the process evalua-
ion [36].

Electron impact ionization mode in mass spectrometry is the
ethod widely employed for the identification of intermediates

n biodesulfurization processes [22–25,30,38].
However, to the best of our knowledge, chemical ioniza-

ion mass spectrometry has never been used to identify PASHs
nvolved in biodesulfurization processes. It is a widely used
nalytical technique, which is recognized for the improved selec-
ivity and sensitivity that can be achieved in the detection of
everal compounds [39,40].

Hybrid chemical ionization (HCI), a new and useful alter-
ative to conventional chemical ionization mass spectrometry
41], has been applied to the analysis of the selected compounds.
his technique takes advantage of the high versatility of ion trap

IT) spectrometers combined with external ionization sources.
n hybrid configuration, reagent ions are generated in the exter-
al source through electron impact ionization (EI) of a reagent
as.

The aim of this work has been to develop a method able
o monitor a biodesulfurization reaction. The method involves

solid phase extraction procedure for the organic phase and
liquid–liquid extraction procedure for the watery phase. The

nalytical determination was performed by GC. The limits of
etection and identification capabilities of electron impact ion-
zation (EI), positive chemical ionization (PCI) and HCI have
een compared.

Finally these methods were applied to determine the selected
ompounds in samples from a biodesulfurization process and in
sample of gasoline.

. Experimental

.1. Chemicals

The following compounds were supplied by Sigma–Aldrich
Steinheim, Germany): HEPES buffer, dibenzothiophene,
ibenzothiophene sulfone (DBTO), DBTO2, 2-hidroxibiphenyl,
-methyl-dibenzothiophene and tetracycline (TC) 4-methyl-
ibenzothiophene and 4,6-dimethy-dibenzothiophene.
-Glutamic acid, glycerine and other nutrients for basalt
alt medium formulation were from Panreac (Barcelona,

pain). Deionized water was used to prepare all media and
tock solutions except where otherwise indicated.

Hexane, dichloromethane and methanol HPLC grade were
elivered by Merck (Darmstadt, Germany).

u
a

s
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.2. Experimental procedure for microorganism growth

The bacterium used was Pseudomonas putida CECT 5279, a
MO supplied by Centro de Investigaciones Biológicas, Con-

ejo Superior de Investigaciones Cientı́ficas (CSIC), Madrid,
pain [42]. This microorganism was maintained in a concen-

rated stock solution with glycerol in saline serum (50%) at
80 ◦C.
The biocatalyst production was conducted following a stan-

arized procedure reported in Ref. [43]. This procedure includes
noculum buildup in two growth steps using a complex medium,
nd the final fermentation in a 15-l agitation tank bioreactor
Biostat C—Braun). In the last case, the medium used was
omposed of a basalt salt medium with l-glutamic acid as the
arbon source. Operational conditions were 30 ◦C, 250 rpm and
l/min of aeration. Growth was stopped in stationary growth
hase, and biomass was collected by centrifugation. The col-
ected cells were re-suspended in glycerol–saline serum (50%)
nd maintained at −18 ◦C until use.

.3. Biodesulfurization assays

The biodesulfurization reactions were made in resting cell
peration mode, using a 2-l agitated tank reactor (Biostat
—Braun), with 500 ml of total reaction volume and 50% oil
olume of a model oil containing 4-m-DBT. It was added into
he reaction broth, dissolving directly in hexadecane (the organic
olvent selected as model oil). The organic phase was always
repared to contain an initial concentration of 50 mg/l of 4-m-
BT in hexadecane. The aqueous phase was HEPES buffer (pH
). Air flow was adjusted to 1 l/min and the agitation speed and
emperature was controlled at 250 rpm and 30 ◦C. Tween 85
nd ethanol were added as surfactant and co-solvent in 1 and
.5% volume proportions, respectively for the bioavailability
nhancement of 4-m-DBT. The biocatalyst concentration used
as 4 g/l in watery phase.
The samples collected at different time intervals were

ecanted over a 2-h period. After that, organic and watery
hases were separated and finally each phase was centrifuged
7000 rpm, 22 ◦C, 10 min) to obtain the organic and aqueous
raction as well as the biomass pellet.

.4. Sample treatment

The solid phase extraction method developed for the extrac-
ion of selected compounds from the organic phase was
erformed as follows.

A packed silica cartridge (500 mg, 3 ml) from Waters (Mil-
ord, MA, USA) was used, the cartridge was first conditioned
ith 5 ml of n-hexane. After that, 10 ml of sample was loaded,

hen the cartridge washed with 1 ml of n-hexane. Finally, com-
ounds were eluted from the solid phase with two 6 ml portions
f dichloromethane. The extract was evaporated until dryness

nder nitrogen stream and then recomposed in 1 ml of ethyl
cetate and injected into the GC–MS system.

The liquid–liquid extraction method for the extraction of the
elected compounds from the watery phase was performed as
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ollow: 4 ml of sample was adjusted to pH 2 with chlorine acid
N, the sample was extracted with 2 ml of ethyl acetate, and the
xtraction was made by stirring in a test tube. The ethyl acetate
hase was separated from the water and directly injected into
he GC–MS system.

.5. GC mass spectrometry methods

Two different chromatographic systems were used in this
ork, a gas chromatograph coupled to a mass spectrometer
ith a quadrupole as analyzer (GC-q-MS) and a gas chromato-
raph coupled to a mass spectrometer with an IT as analyzer
GC-IT-MS).

.5.1. GC-q-MS methods
Gas chromatography–mass spectrometry (GC–MS) analyses

ere run on a HP 6890 series gas chromatograph (Hewlett-
ackard, Palo Alto, CA) interfaced to a HP 5973 mass-selective
etector. Data acquisition, processing and instrumental control
ere performed by the HP MSD Chem-Station software. Ana-

ytes were separated in a Hewlett-Packard HP-5MS capillary
olumn (5% biphenyl/95% dimethylsiloxane), 30 m × 0.25 mm
.d., 0.25 �m film thickness. A split/splitless injector was used in
he pulse splitless mode. An empty liner was filled with 0.5 cm
arbofrit (Restek, Bellefonte, CA) placed 3.6 cm from the upper
art of the liner. The injector operating conditions were as fol-
ows: injection volume 10 �l; injector temperature 250 ◦C; initial
ulse pressure 30 psi (1.5 min). The helium carrier gas flow was
aintained at 1 ml/min.
The oven temperature programme was 1.0 min at 70 ◦C then it

as increased at 10 ◦C min−1 until reaching 250 ◦C. It was kept
t this temperature for 2 min, the total run time being 21 min.
he transfer line temperature was set at 280 ◦C.

In this system two ionization modes were employed, electron
mpact ionization and PCI. The specific conditions for each are
etailed below.

.5.1.1. Electron impact ionization mode. Electron impact (EI)
ass spectra in full scan mode were obtained at 70 eV, the moni-

orization was from m/z 50 to 400. The ion source and quadrupole
nalyzer temperatures were fixed at 230 ◦C and 106 ◦C, respec-
ively.

.5.1.2. Positive chemical ionization mode. Positive chemical
onization (PCI) mass spectra in full scan mode were obtained
sing methane as the reagent gas at 40 ml/min. The ion source
nd quadrupole analyzer temperatures were fixed at 250 ◦C and
06 ◦C, respectively.

.5.2. GC-IT-MS method
The experiments were performed on a Varian 4000 GC/

S/MS system equipped with an external ionization source.
utomatic injections (1 �l) were performed in a split/splitless
njector at 250 ◦C, working in splitless mode with a splitless
ime of 1 min. Separations were performed in a crosslinked
%-phenyl-95%-dimethylpolysiloxane Varian FactorFour (VF-
ms, Varian, Middelburg, The Netherlands) capillary column

3

t

5 (2008) 1158–1166 1161

30 m, 0.25 mm, 0.25 m), using the same oven program as in GC-
-MS methods. The helium carrier gas flow was maintained at
he constant value of 1 ml/min. The GC–MS interface and the IT
emperature were set at 250 and 200 ◦C, respectively. Data acqui-
ition, processing and instrumental control were performed by
he Varian MS Workstation Version 6.42. Typical IT–MS oper-
ting conditions were optimized by the software at the following
alues: electron multiplier at 1125 V, trap offset at 7 V, lens 1 at
5 V, lens 3 at 23 V and gate lens at −108 V. The external ion
ource worked in CI mode at a temperature of 200 ◦C.

.5.2.1. Hybrid chemical ionization. Hybrid chemical ioniza-
ion mass spectra were obtained using perfluorotri-n-butylamine
FC 43) as the reagent gas, which is a reagent commonly used as
calibration compound in electron ionization mass spectrom-

try. The spectrum obtained under EI shows the characteristic
ragment ions at m/z 69 [CF3]+, 131 [C3F5]+, 264 [C5F10N]+,
14 [C8F16N]+ and 614 [C12F24N]+ used for routine calibration
urposes.

HCI mass spectrum for the sample ions is acquired after three
teps: ionization of the reagent gas (the ionization time is deter-
ined by a prescan), then the selected reagent ions are stored in

he IT. After that, reagent ions react with sample molecules to
orm sample ions (the reaction time is determined by a prescan)
nd finally the reagent ions are ejected.

The selected ion chosen to react with the sample ions was
31 [C3F5]+, the ejection amplitude was 40 V, the maximum
eaction time and the reaction storage level were 100 ms and
0 m/z, respectively.

. Results and discussion

.1. Extraction methods

Recoveries of the two extraction methods were evaluated;
0 ml of C16 and 10 ml of HEPES buffer were spiked with 1 mg/l
nd 5 mg/l, respectively of all the compounds.

Three aliquots of fortified C16 and HEPES buffer were
xtracted by solid phase extraction and liquid–liquid extraction,
espectively following the protocol explained in the experimen-
al part. The concentration of the compounds in the extracts was
ompared with the concentration of the compounds in a standard
olution containing 10 mg/l of all the compounds. The recover-
es of both extraction methods were evaluated and are shown in
able 1.

Very good recoveries, between 88 and 120% were obtained
n the watery phase for all the compounds. Recoveries in the
rganic phase were between 70 and 83% for DBT, 4-m-DBT,
,6-dm-DBT and 4,6 de-DBT and between 40 and 67% for
-HBP, HBPS, DBTO, DBTO2. Very good precision in the
xtraction was achieved for all the compounds in both methods
ith R.S.D. values below 10%.
.2. Comparison between the three analytical techniques

Linearity and inter/intra-day precision were investigated in
he three analytical techniques, similar and good results were
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Table 1
Retention time, recoveries in watery and organic phases and limits of detection of the selected compounds, obtained by the use of the different techniques

Retention time (min),
GC-q-MS

Retention time (min),
GC-IT-MS

Recoveries (R.S.D. %)
(N = 6)

Limits of detection in full
scan mode (mg/l)

LLE SPE EI PCI HCI

2-HBP 11.6 12.45 100 (7) 67 (3) 1.40 1.00 0.043
DBT 14.4 15.29 90 (5) 78 (4) 0.50 0.10 0.005
4-m-DBT 15.5 16.34 100 (4) 83 (4) 0.40 0.10 0.002
4,6-dm-DBT 16.52 17.31 100 (10) 70 (6) 0.40 0.10 0.001
HBPS 17.14 17.90 110 (9) 40 (3) 1.80 1.00 0.003
DBTO 18.11 19.06 100 (6) 60 (8) 2.00 1.00 0.021
D 100 (4) 64 (2) 1.70 1.00 0.005
4 80 (8) 70 (5) 0.09 0.05 0.002
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BTO2 18.17 18.90
,6 de-DBT 18.17 18.89

btained for all the investigated compounds in the three tech-
iques. Results are not included in this paper as it is only focused
n the sensitivity and identification capabilities of the investi-
ated analytical techniques.

A practical limit of determination was calculated experimen-
ally in the three ionization modes by the injection of spiked
xtract and calculated using a signal-to-noise ratio of 10. The
imits of determination are shown in Table 1. Similar values were
chieved in PCI and EI for all the compounds; they are ranged
rom 0.05 mg/l to 2 mg/l. However, the limits of determination
n HCI are at least two orders of magnitude lower than in PCI
nd EI in all the cases. The low limits of detection achieved for
egradation products such as HBPS (see Table 1), which some
uthors are not able to detect in biodesulfurization processes by
sing GC–MS (EI) are of special interest [30]. For the above-
entioned compound, the limits of determination in EI and PCI,

re 1.8 mg/l and 1 mg/l, respectively, while in HCI the limit of
etermination is 0.003 mg/l which allows the determination of
his degradation product at very low concentrations.

GC-EI-MS, GC-PCI-MS and GC-HCI-MS were used to
dentify the group of selected PASHs investigated in this work,
hromatograms obtained by the injection of a spiked extract at a
oncentration of 0.5 mg/l under the conditions explained in the
xperimental part were acquired applying each of the techniques
nd are shown in Fig. 1. Good chromatographic separation was
btained for most of the compounds except for DBTO2 and 4,6
e-DBT, where a coelution at the end of the chromatogram was
ot resolved.

Identification capabilities of the three ionization modes were
ompared by the acquisition of mass spectra in full scan mode
f all the compounds. In Table 2, the main ions obtained for all
he PASHs investigated in the three techniques are shown, to
onstruct this table each compound was injected individually.

The mass spectrum of dibenzothiophene under electron
mpact ionization shows as base peak the ion at m/z 184
orresponding with the molecular ion, m/z 139 and 152, which,
orrespond to the loss of the sulphur atom.

2-Hydroxybiphenyl, 4-m-dibenzothiophene and 3,4-dm-
ibenzothiophene and dibenzothiophene sulfoxide show the

olecular ion [M]+ as base peak, m/z 170, 198, 212 and 216,

espectively. These compounds present little fragmentation in
C-EI-MS and the ions show a relative abundance lower than
0% in most of the cases (see Table 2). HBPS does not show

Fig. 1. Selected compounds for the study, including dibenzotiophene and three
alkylated derivatives of dibenzothiophene and four degradation products of
dibenzothiophene.
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Fig. 2. Chromatograms obtained under GC-EI-MS, GC-PCI-MS and GC-HCI-MS of a mixture of the studied compounds at a concentration of 0.5 mg/l.

Table 2
Molecular weight and main ions of the selected compounds in the three ionization modes

Mw Main ions in full scan mode (% relative abundance)

EI PCI HCI

2-HBP 170 170 (100), 141 (40), 115 (30) 171 (100), 199 (30), 211 (15) 261 (100), 281 (77), 199 (50), 301 (40), 170 (20)
DBT 184 184 (100), 139 (25), 152 (15) 185 (100), 213 (30), 225 (15) 315 (100), 184 (80)
4-m-DBT 198 198 (100), 165 (15), 199 (100), 227 (30), 239 (15) 329 (100), 198 (98)
4,6-dm-DBT 212 212 (100) 213 (100), 241 (30), 253 (15) 343 (100), 212 (100)
HBPS 233 216 (100), 187 (75), 168 (50), 139 (48) 217 (100), 201 (30) 185 (20) 347 (100)
DBTO 200 184 (100), 171 (50), 200 (50) 185 (100), 213 (40) 184 (100), 331 (<15)
DBTO2 216 216 (100), 187 (40), 168 (40), 139 (40) 217 (100) 347 (100), 216
4,6 de-DBT 240 225 (100), 240 (95), 210 (30) 241 (100) 240 (100), 371 (98)
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Fig. 3. Mass spectra of DBTO2 and 4,6 de-DBT in an unresolved peak, obtained
under GC-EI-MS, GC-PCI-MS and GC-HCI-MS.
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Fig. 4. Chromatographic peak and mass spectra of the identified compounds (4,6 deD
proposed solid phase extraction method and analyzed by GC-HCI-MS.
5 (2008) 1158–1166

he molecular ion in its spectra, the base peak m/z 216 corre-
ponds to the loss of the hydroxyl group. 4,6 de-DBT presents
he ion m/z 225 as base peak which corresponds to the loss of a
ethyl group, the molecular ions m/z 240 and 210 (loss of two
ethyl groups) are present as well in the mass spectrum (see
able 2). Dibenzothiophene sulphone presents the ion m/z 184
s base peak, which corresponds to the loss of an oxygen atom,
he molecular ion m/z 200 is present in the mass spectrum with
relative abundance lower than 30%.

Electron impact ionization is the most popular technique
ince its spectra are highly reproducible, which means that mass
pectral libraries can be used for the identification of unknowns.
ompound identification is currently performed by comparing
n unknown electron ionization MS spectrum with collections of
eference spectra. The identification process is based on search
lgorithms which compare the obtained spectra with those of
library, and which are generally implemented in the GC–MS

nstrument. A spectral match and fit factor defines the certainty
f the identification. Although library searches are a powerful
ool for the identification of unknowns, for this purpose, a series
f conditions must be met: the compound must be included in
he library; the MS conditions at which both spectra have been
btained must be similar; and finally, the GC separation must be
ufficiently efficient to obtain a clean mass spectrum.

Applying PCI, using methane as the reagent gas, the [M+H]+

f all the compounds are obtained except for HBPS and DBTO,
hich present the [M−OH + H]+, m/z 217 and the [M−O + H]+,

/z 185, respectively.
The HCI mode requires the use of an external ionization

ource in which the ionization of the reactive gas takes place
y electron ionization (EI). From the reagent ions generated,

BT, 4,6-dm-DBT) in a sample of gasoline hydrodesulfurated extracted by the
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nly those which are selected are stored in the IT. These trapped
eagent ions are allowed to react with sample molecules, which
nter the IT directly from the GC column through the trans-
er line, forming CI products ions. This approach has a number
f potential advantages, including avoiding ion-molecule reac-
ions with neutral reagent and avoiding losses of negative ions
hat occur when they move from the external source to the trap.
n the other hand, the adequate selection of a specific reagent
as ion allows improvement in the selectivity of the analytical
ethod, especially in highly complex matrices.
When HCI is applied for the identification of the selected

roup of PASHs, the [M+C3F5]+ ion is observed for all the com-
ounds except for HBPS which presents the [M−OH + C3F5]+

on. In addition to these adduct most of the compounds show in
heir mass spectra the molecular ion [M]+.

Under GC-EI-MS, most of the compounds investigated in
his work can be identified by using the library, but as can be
een in the chromatogram obtained (Fig. 2), a coelution in the
ast part is not resolved (last peak in the chromatograms). In
ig. 3, we show the mass spectra of this peak obtained by using

he three analytical techniques, the unresolved peak corresponds
ith DBTO2 and 4,6-dm-DBT, the mass spectra show ions from

he two compounds. The EI spectra show many ions, the ions
ith higher relative abundances are at m/z 225 and 240 and they

re results of the fragmentation of 4,6 de-DBT. The ions which
ive the fragmentation of DBTO2 (at m/z 216, 187, 168, 139)
re present in the spectra with a relative abundance lower than
0%.

In contrast, the PCI spectra show only two main ions, m/z
17 as base peak, and m/z 241 with a relative abundance of 60%,
hey correspond with the [M+H]+ of DBTO2 and 4,6 de-DBT,
espectively. While in EI, the ions corresponding to DBTO2 are
inorities in comparison with the ions corresponding to 4,6

e-DBT, in PCI. This compound presents a better analytical
esponse.

The HCI spectra show three main ions at m/z 347, 240 and
71, corresponding to the [M+C3F5]+ of DBTO2 [M+C3F5]+ of
,6 de-DBT and [M]+ of 4,6 de-DBT, respectively.

When two compounds are coeluting, the mass spectra
btained by chemical ionization is simpler than when EI is
pplied. These techniques can be used as complementary tech-
iques for identification purposes.

. Application to real samples

As we outlined in Section 1, the PASHs selected in this
ork are frequently involved in biodesulfurization experiments.
BT and alkylated derivatives are used as model compounds

or biodesulfurization, and the other compounds selected are
ntermediates that can be found during a biodesulfurization reac-
ion or as final products in these degradation processes. These
iodesulfurization reactions are normally developed for a fur-
her application in the biodesulfurization of crude oils, which

s a very complicated matrix and in which the identification of
ompounds can be complicated.

A sample of hydrodesulfurated diesel extracted by the SPE
rocedure optimized in this work was analyzed by GC-EI-MS,
5 (2008) 1158–1166 1165

C-PCI-MS and GC-HCI-MS. Under PCI and EI, no com-
ounds were identified, however under HCI, two alkylated DBTs
ere identified, namely 4,6 de-DBT and 4,6-dm-DBT. Chro-
atogram and mass spectra of these compounds are shown in
ig. 4. These two compounds were identified by the presence of

he molecular ion and the [M+C3F5]+.
GC-PCI-MS method was applied in a biodesulfurization

eaction which was performed under the conditions explained in
he experimental part. The biodesulfurization reaction was per-
ormed with an initial concentration of 4-m-DBT (50 mg/l) as
odel compound, the analysis by GC-PCI-MS revealed that a

imilar concentration of 4-m-DBT is present in the initial and in
he final sample, and no transformation products were generated.
owever, a low quantity of DBT was detected in the initial sam-
le and 2-HBP, a transformation product of DBT, was detected
n the final sample. Initial and final samples of the biodesulfuri-
zation reaction were analyzed under HCI and electron impact
onization-based techniques proposed in this work (HCI-MS and
C-EI-MS) and no additional compounds were identified.

. Conclusions

The extraction procedures and the analytical methods devel-
ped can be applied in the determination of PASHs in samples
rom a degradation process.

The method typically employed in the identification of degra-
ation products in biodesulfurization process is GC-EI-MS [33].
his technique is very useful since libraries can be employed
ut, in many cases, the technique is not able to identify degrada-
ion products. Consequently, more selective techniques based
n chemical ionization must be used in the identification of
egradation products.

An improvement in sensitivity is achieved by the use of GC-
CI-MS, compared to GC-EI-MS and GC-PCI-MS, which is

equired in the detection of some degradation products.
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bstract

1D ZnO rods are synthesized using less explored hydrazine method. Here we find, besides being combustible hydrazine can also be used as a
tructure-directing agent. The ratio of zinc nitrate (ZN) to hydrazine is found to control the morphology of ZnO. At lower concentration of ZN as
ompared with hydrazine the morphology of ZnO is found to be spherical. As we increase the hydrazine content the morphology changes from
pherical (diameter ∼ 100 nm) to the elongated structures including shapes like Y, T as well dumbbell (diameter ∼ 40 nm and length ∼ 150 nm).
nterestingly for more than 50% of hydrazine ZnO micro-rods are formed. Such rods are of diameter ∼ 120 nm having length of about 1 �m for
N to hydrazine ratio of 1:9, isolated as well as bundle of rods are seen in scanning electron microscopy (SEM). The X-ray diffraction (XRD)

eveals the phase formation with average particle size of 37 nm as calculated using Scherrer’s formula. The high-resolution transmission electron

icroscopy (HRTEM) is also done to confirm the d-spacing in ZnO. Gas sensing study for these samples shows high efficiency and selectivity

owards LPG at all operating temperatures. Photoluminescence (PL) study for these samples is performed at room temperature to find potential
pplication as photoelectric material.

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

Controlled synthesis of semiconductor nanostructures in
erms of size and shape has been strongly motivated and novel
pplications can be investigated dependent on their structural
roperties [1–4]. Among various semiconductor nanostructures,
ariety of nanostructures of ZnO has been investigated present-
ng it as richest family of nanostructures. It crystallizes in a
urtzite structure and exhibits n-type electrical conductivity [5].
nO nanomaterial with one-dimensional (1D) structure, such
s nanowires or nanorods, are especially attractive due to their
unable electronic and opto-electronic properties, and the poten-

ial applications in the nanoscale electronic and opto-electronic
evices [6].

∗ Corresponding author. Tel.: +91 20 25902276; fax: +91 20 25902636.
E-mail address: is.mulla@ncl.res.in (I.S. Mulla).
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Zinc oxide has proven itself as one of the competitive and
romising candidates to replace expensive materials like CdS,
iO2, GaN, SnO2, and In2O3 for applications such as solar cells
7], photocatalysis [8], ultraviolet laser [9,10], transparent con-
uctive oxides [11], spintronics [12], and gas sensors [13]. For
as sensor application, SnO2 has been the most investigated
aterial. However, ZnO is particularly applicable to gas sen-

ors because of its typical properties such as resistivity control
ver the range 10−3 to 10 −5 cm, high electrochemical stability,
bsence of toxicity, and abundance in nature [14]. ZnO gas sen-
ors have been fabricated in the form of powders, pellets, thick
nd thin films.

The most important aspect for an ideal sensor is to have 3 ‘S’,
.e. sensitivity, selectivity, and stability. Many reviews on current
esearch status of sensors based on various new types of nanos-

ructured materials such as nanotubes, nanorods, nanobelts,
nd nanowires are available [15,16]. These nanostructure-based
ensors represent a powerful detection platform for a broad
ange including biological sensors, electrochemical sensors,
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as sensors, optical sensors, pH sensors, orientation sensors,
tc. The sensing devices include individual nanostructured sen-
ors, multi-nanostructured sensors, MOSFET-based sensors,
nd nanostructured film sensors. These nanosensor devices have
umber of advantages such as high sensitivity, selectivity, fast
esponse, and recovery time which sets them apart from other
ensors available today [17]. Furthermore, development of gas
ensors to monitor combustible gases is imperative due to the
oncern for safety requirements in homes and for industries,
articularly for detection of LPG, which is one of extensively
sed but potentially hazardous gases, because explosion acci-
ent may be caused when it leaks out accidentally or by mistake.
o the detection of LPG is necessary for domestic appliances.
any researchers world wide are tailoring ZnO either in doped

r undoped form to be used as gas sensor, few to be mentioned
ere are as NO2 [18], NH3 [19], CO [20], and LPG [21] sensors.

Pal and Santiago [22] reported the synthesis of different mor-

hologies ZnO nanostructures using hydrothermal technique
y controlling the content of ethylenediamine (soft surfactant)
nd the pH of the reaction mixture. Yang and co-workers [23]
eported the synthesis of flower-like ZnO nanostructures by

i
q
w
o

Fig. 1. SEM images for various concentration of ZN:
75 (2008) 1315–1319

etyltrimethylammonium bromide (CTAB)-assisted hydrother-
al process. However, the morphological control and crystal

volution of flower-like ZnO nanostructures remain challenging
o material scientists.

Herein we report tailoring of various morphological changes
rom nanosphere to nanorods in various shapes and to micron
ods using controlled hydrazine as surface directing agent. Their
as sensing study has also been carried out at various operat-
ng temperatures and is found to be good reducing gas sensor.
he luminescent property of ZnO rods has been investigated
xtensively for their potential use as photoelectric material.

. Experimental

Various morphologies of ZnO were synthesized by wet chem-
cal method. Hydrazine, a combustible agent is used in this
ynthesis. Not much synthesis is done by this method. All chem-

cals used herein are of Loba Chem, India (AR Grade). A known
uantity of zinc nitrate (ZN) was added in double distilled
ater of 500 ml. A white precipitate was formed on addition
f hydrazine. The concentration ratios of ZN to hydrazine were

hydrazine: (a) 1:2, (b) 1:4, (c) 1:9, and (d) 1:9.
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ethanol, H2S, NH3, and LPG. The response time is of several
minutes at 250 ◦C while a large improvement was observed at
higher operating temperatures. The response time is explained
in literature [18]. The samples show high efficient response and
S.C. Navale et al. / Tal

aried as follows: (a) 1:2, (b) 1:4, and (c) 1:9. These solu-
ions were continuously stirred for 30 min and kept for aging
or 10 days. Later these were filtered and dried at room tem-
erature for 24 h and then calcined in the furnace at 300 ◦C for
h to remove the organic volatiles and white ZnO powder is

ormed.
The structural and particle size determination was done by

RD using copper K� line with an accelerating voltage of 40 kV.
ANalytical X’Pert PRO machine was used for the same. The
EM images were observed using Leica Cambridge 440 micro-
cope while HRTEM was done using JEOL 2010. Gas sensing
nd PL studies were carried to explore the possible applications
or these samples. The gas sensing study was performed for
nO micro-rods by making them as pellets. The pellets of diam-
ter 6 mm and thickness 2 mm were made using hydraulic press.
hese were then sintered for 2 h at 275 ◦C so as to have mechan-

cal strength. For electrical measurements, silver paste contacts
ere used to form ohmic contacts on the ZnO pellets. The exper-

mental details for gas sensing study are described by Navale et
l. [18]. The powder sample was sonicated in iso-propanal and
he emission spectrum was recorded using PerkinElemer LS-55
f Xenon source with 325 nm.

. Results and discussions

The possible reaction occurring in the solution is as follows:

n(NO3)2·6H2O + N2H4 → ZnO + 2HNO3 + N2 + 6H2 + O

Fig. 1a–c shows the SEM images of ZnO with various
orphologies. In Fig. 1a distinct spheres of average diameter
100 nm are seen. Fig. 1b shows 1D rods in various forms like
, T, as well as dumbbell shapes. The rods here are of diame-

er 40–50 nm and length ∼150 nm. It is interesting to note that
n Fig. 1a there is no other morphology except spheres while
ig. 1b does not show any spheroidal form. Fig. 1c shows uni-
orm 1D rods of diameter ∼120 nm and length ∼1 �m, while
ig. 1d shows flower- and bud-like structures. It can be seen

hat for lower concentration of hydrazine the ZnO is in the
anoform without any aggregation. While for high concentration
f hydrazine (1:9), ZnO takes the form of micro-rods without
ny nanostructures. The lower hydrazine contents allow iso-
ated nucleation while higher hydrazine concentration brings
he entire nucleating centre together to facilitate aggregation
nd develop into microstructures. Thus we conclude that the
atio of ZN to hydrazine plays an important role in control-
ing the morphology of our powders. In the present study we
bserve that hydrazine being combustible is also acting as a
tructure-directing agent. Fig. 1c shows isolated nanorods as
ell as cluster of rods bundled together to form flower-like struc-

ure as seen in Fig. 1d for 1:9 Zn to hydrazine ratio. It is observed
hat only the spindles or the typical flower-like structure with
he bundles of zinc oxide rods emerge from single nucleus. The
bsence of the long rods suggests that the growth of zinc oxide

ods triggers from the nucleus very systematically in the pulses
iving rise to flower-like structure. This might be facilitating due
o the variations in the stirring speed during synthesis. In gen-
ral, it can be stated that the morphology of the zinc oxide can be
Fig. 2. XRD pattern for ZnO nanorods.

ailor made by controlling mainly the ratio of ZN to hydrazine
nd stirring parameter.

The XRD diffraction pattern shown in Fig. 2 for micro-rods
s found to match with that mentioned in JCPDS 36-1451. The
verage crystallite size was calculated using Scherrer’s formula,
= 0.9λ/β cos θ and was found to be ∼37 nm. The lattice param-
ters calculated for hexagonal phase of ZnO using

1

d2 = 4/3(h2 + hk + k2)

a2 + l2

c2

as been calculated to be a = 3.238 Å and c = 5.189 Å which
re in close agreement with the reported JCPDS 36-1451. The
RTEM image in Fig. 3 indicates the d-spacing along the (1 0 0)
lane to be 2.804 Å and is found to match with that reported in
iterature [JCPDS].

The gas sensing studies for the pellets (for sample with 1:9)
re in temperature range of 250–350 ◦C. It was found that only
educing gases were sensed. The reducing gases used were H2,
Fig. 3. HRTEM image along the (1 0 0) plane.
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ting temperatures: (a) 250 ◦C, (b) 275 ◦C, (c) 300 ◦C, and (d) 350 ◦C.
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Fig. 4. Gas response (%S) against various reducing gas at opera

igh selectivity towards LPG (200 ppm) as compared with other
ases.

The change in electrical resistance was used as a measure for
as response study at various temperatures. The gas response
%S) is calculated as follows:

S = (Ra − Rg) × 100

Ra

here Ra is resistance of the sample in air; Rg is resistance of
he sample when exposed to gas.

The %S against various reducing gases is shown in Fig. 4. At
ower operating temperature samples take longer time to sense
he gas while for higher operating temperatures the sensing is
ast. On the bar graph is shown the time required for sensing.
ig. 5 shows sensing response (%S) at various operating tem-
eratures. It is seen that for temperatures lower and higher than
75 ◦C, the gas response is less (%S) indicating 275 ◦C to be an

ptimum temperature to have high sensing response at the cost
f sensing time. While for higher operating temperatures the
ensing period is short but response is less. The response for our
amples is found to be better than that reported in literature [21].

a
s
T

Fig. 5. Gas response (%S) against operating temperatures (◦C).

owever independent of temperature it shows high selectivity
or LPG.
The PL study done for 1:9 composition at room temper-
ture using excitation wavelength of 325 nm. The emission
pectrum (Fig. 6) matches to that reported in literature [24].
hree emission peaks accompanied with weak shoulder peaks
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Fig. 6. PL observed at room temperature.

ere observed. The intense peaks 411, 471, and 517 nm can be
ssigned to violet, weak blue and green regions, respectively.
he strong violet emission corresponds to near band edge emis-
ion of the wide band gap of ZnO due to annihilation of excitons
25]. The weak blue implies that there are few surface defects in
nO. The green band emission corresponds to the singly ionized
xygen vacancy in ZnO and results from the recombination of
hotogenerated hole with the single ionized charge state of this
efect [26].

. Conclusions

1D ZnO rods were synthesized using less explored hydrazine
s a structure-directing agent. Controlled ratio of ZN to
ydrazine is found to give various morphologies of ZnO. We
lso report high sensitivity as well as selectivity towards LPG.
he optimum operating temperature we found for our sample is

75 ◦C. The emission spectrum shows intense peaks for violet,
eak blue and green regions which can be attributed to annihi-

ation of excitons, surface defects and ionized oxygen vacancy,
espectively.
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bstract

This paper reports a simple, rapid, and effective method for quantitative analysis of 6-methylcoumarin (6-MC) and 7-methoxycoumarin (7-
OC) in cosmetics using excitation–emission matrix (EEM) fluorescence coupled with second-order calibration. After simple pretreatments,

he adopted calibration algorithms exploiting the second-order advantage, i.e., parallel factor analysis (PARAFAC) and self-weighted alternating
ri-linear decomposition (SWATLD), could allow the individual concentrations of the analytes of interest to be predicted even in the presence of
ncalibrated interferences. In the analysis of facial spray, with the external calibration method, the average recoveries attained from PARAFAC
nd SWATLD with the factor number of 3 (N = 3) were 101.4 ± 5.5 and 97.5 ± 4.1% for 6-MC, and 103.3 ± 1.7 and 101.7 ± 1.8% for 7-MOC,
espectively. Moreover, in the analysis of oil control nourishing toner, the standard addition method (SAM) was suggested to overcome the partial
uorescence quenching of 6-MC induced by the analyte–background interaction, which also yielded satisfactory prediction results. In addition,

he accuracy of the two algorithms was also evaluated through elliptical joint confidence region (EJCR) tests as well as figures of merit (FOM),
ncluding sensitivity (SEN), selectivity (SEL) and limit of detection (LOD). It was found that both algorithms could give accurate results, only
he performance of SWATLD was slightly better than that of PARAFAC in the cases suffering from matrix effects. The method proposed lights a

ew avenue to determine quantitatively 6-MC and 7-MOC in cosmetics, and may hold great potential to be extended as a promising alternative for
ore practical applications in cosmetic quality control, due to its advantages of easy sample pretreatment, non-toxic and non-destructive analysis,

nd accurate spectral resolution and concentration prediction.
2008 Elsevier B.V. All rights reserved.

issio

c
h
m
t
a

eywords: 6-Methylcoumarin; 7-Methoxycoumarin; Cosmetics; Excitation–em

. Introduction

The coumarin derivatives, 6-methylcoumarin (6-MC) and 7-
ethoxycoumarin (7-MOC), have been widely used as fragrance

nhancers in many cosmetic products [1]. However, in terms of

oxicological experiments [2,3], both 6-MC and 7-MOC have
een validated to be potent photo-contact sensitizers which may
ause serious skin and systemic disorders in some consumers on

∗ Corresponding author. Tel.: +86 731 8821818; fax: +86 731 8821818.
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o
e
f

o
i
r

039-9140/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
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n matrix fluorescence; PARAFAC; SWATLD

ontact in the presence of sunlight. Therefore, China Standards
as announced the use of 6-MC in cosmetic products with a
aximum concentration of 0.003% (30 mg kg−1) [4]. Recently,

he European Commission stipulates that the use of 7-MOC as
fragrance ingredient in cosmetics should be prohibited [5]. In
rder to protect consumer’s health, it is therefore important to
stablish an effective routine method for quantifying the two
ragrance ingredients in cosmetic products.
A series of analytical techniques [4,6–17] have been devel-
ped for the determination of coumarins in different matrices,
ncluding gas chromatography (GC) with mass spectromet-
ic detection [6,7,17], high-performance liquid chromatography
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HPLC) with ultraviolet [4,8,16], fluorescence [9] or mass spec-
rometric detection [10], thin-layer chromatography (TLC) with
ltraviolet detection [11], capillary electrophoresis with ultravi-
let [12,13] or laser-induced fluorescence detection [14] and
upercritical-fluid chromatography (SFC) [15]. Among these
onventional techniques, HPLC [4,16] and GC [17] are the pri-
ary ones for the routine determinations of 6-MC and 7-MOC

n cosmetic products. Unfortunately, both HPLC and GC may
nherently suffer from the main disadvantages associated with
he need of large amounts of hazardous organic solvents, large
ample volumes and/or tedious and time-consuming pretreat-
ent procedures. Moreover, since the interferences depend on

he source of the sample, it may be troublesome to optimize
he separation conditions for each particular analyte of interest
nd every unknown interferent. On the other hand, the spec-
rofluorimetry methods have proved capable of providing high
ensitivity and clean spectrum acquisition, and are considered
o be suitable for quantitative analysis of the analytes of interest
hat possess natural fluorescence, e.g., 6-MC and 7-MOC. How-
ver, quantification of 6-MC and 7-MOC in cosmetics is still
ifficult to be achieved without thorough previous separation
rocedures. This is due to the facts that the serious overlapping
etween the fluorescence spectra of 6-MC and 7-MOC occurs,
nd the natural interferences in the complicated backgrounds of
osmetic products remarkably affect the fluorescence signals of
he analytes. To the extent of our literature search, the simulta-
eous determination of 6-MC and 7-MOC in cosmetic products
sing a spectrofluorimetric method has not been reported so far.

Increasing interest in rapid development and extensive appli-
ations of various second-order calibration methods which
tilize “mathematical separation” instead of “physical or chem-
cal separation” of background interferences has been recently
indled to achieve simple experimentation, and direct concen-
ration determination as well as spectral profiles of the analytes
f interest in complex matrices. A great variety of second-order
alibration algorithms have been proposed, such as generalized
ank annihilation method (GRAM) [18], parallel factor analysis
PARAFAC) [19], bilinear least squares (BLLS) [20], alternating
ri-linear decomposition (ATLD) [21] and self-weighted alter-
ating tri-linear decomposition (SWATLD) [22]. In contrast to
ther traditional measurement techniques, these methods allow
or direct concentration determination of single analyte or the
imultaneous concentration determination of multiple analytes
ven in the presence of uncalibrated interferences, which has
een called the “second-order advantage”. With the applica-
ion of the property, numerous second-order calibration methods
ave proved wide practical applications, mainly including drugs
nalysis [23], environment monitoring [24], quality control and
ood analysis [25]. Furthermore, it was also reported recently
hat the combination of PARAFAC and excitation–emission

atrix (EEM) fluorescence spectroscopy can be used for the
onitoring of bioprocesses [26], and characterization of natu-

al organic material [27]. Nevertheless, there is no attempt to

ntroduce the second-order calibration methods into cosmetic
nalysis to date.

In the present study, a simple, rapid, and effective method
or the direct quantitative analysis of 6-MC and 7-MOC in cos-
(2008) 1260–1269 1261

etics was proposed, by combining excitation–emission matrix
uorescence with second-order calibration strategies based on
oth PARAFAC and SWATLD algorithms. Herein, the external
alibration method was employed to simultaneously determine
-MC and 7-MOC in facial spray samples which only existing
pectral overlapping, and the standard addition method (SAM)
as utilized for the quantification of 6-MC in oil control nour-

shing toner samples in order to overcome the fluorescence
uenching problem arose from matrix effects. Moreover, the
gures of merit (FOM) involving sensitivity (SEN), selectivity
SEL) and limit of detection (LOD) were investigated, and the
ccuracy of the proposed method was also estimated by using
he elliptical joint confidence region (EJCR) test.

. Theory

.1. PARAFAC and SWATLD

The rapid development of modern hyphenated instruments
apable of generating second-order data has led to a resurgence
f interest in the development of second-order calibration-based
nalytical methodologies. Recently, a review of the benefits and
pplications of these methods was reported by Escandar et al.
28]. Since the decomposition of a three-way data array stacked
ith a serial of response matrices measured for each sample is
ften mathematically unique, the second-order calibration meth-
ds can overcome the well-known rotational freedom problem
resent in bilinear matrix decomposition methods [29] and give
ise to physical and chemical solutions. In other words, the prin-
ipal advantage the second-order calibration methods over the
ilinear methods is that quantitative analysis of analytes of inter-
st using the former methods can be performed even in the
resence of uncalibrated interferences or in cases when there
re compounds which are not present in all samples, only main-
aining the species of interest the same in both the calibration
tandard(s) and the sample(s) to be analyzed.

Fluorescence excitation–emission matrices are the most
cceptable instances due to their perfect tri-linear property, and
everal available second-order calibration algorithms have been
eveloped and applied to enhance the wealth of information
ffered by this kind of data. Especially useful are PARAFAC
19] and SWATLD [22], which yielded better results in most
ases according with the literatures and our own experience.
oth of them implemented to EEMs can provide access to
xtract reliably the spectral profiles and estimate accurately the
oncentrations of analytes of interest even in the presence of
nknown interferents and uncalibrated spectral interferences.
he PARAFAC and SWATLD algorithms are applied to a three-
ay array by stacking K response matrices, X, with dimensions
× J × K (I is the number of excitation wavelengths, J the num-
er of emission wavelengths and K the number of samples), and
ecompose it based on the tri-linear component model as follow.
xijk =
N∑

n=1

ainbjnckn + eijk(i = 1, 2, . . . ,

I; j = 1, 2, . . . , J ; k = 1, 2, . . . , K), (1)
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here xijk is the fluorescent intensity of sample k at excitation
avelength i and emission wavelength j, and N denotes the num-
er of factors, which should be considered as the total number
f fluorescing species, consisting of the components of interest
nd the background as well as uncalibrated interferences. ain

s the element (i, n) of an I × N matrix A with relative exci-
ation spectra of the N species; bjn is the element (j, n) of a
× N matrix B with relative emission spectra of the N species;
kn is the element (k, n) of a K × N matrix C with relative con-
entrations of the N species in K samples; and eijk represents
he element of an I × J × K three-way residual array, E. For
ARAFAC, an alternating least squares approach is employed
o solve the tri-linear component model by successively assum-
ng the loading matrices in two modes known and estimating
he unknown parameters in the last mode, which minimizes the
um of squares of the residuals eijk. However, SWATLD solves
he tri-linear component model by alternatively minimizes three
bjective functions with intrinsic relationship. For more detailed
nformation on these two algorithms, the reader is referred to the
riginal literature [19,22]. Thus, after finishing the simultane-
usly decomposition of the standard and unknown spectra, one
an resort to the aid of the resolved excitation and emission pro-
les, A and B, for verification of the association of each of the N
olumns in the relative concentrations, C, with particular species
rofiles. The final concentration estimation in the unknown sam-
les can be obtained by regression of the appropriate column of
that corresponds to the analyte of interest against its standard

oncentrations.
The traditional PARAFAC algorithm [19] is sensitive to the

stimated component number in a system, and either over-
stimation or under-estimation of the underlying factors will
esult in erroneous results. Hence, the core consistency diagnos-
ic (CORCONDIA) test [30] is used to determine the number
f components in the present work. The goal of this strategy
s to check the rationality of the structural model based on
he data, and find the number of latent components in terms
f the internal parameter known as core consistency, which
ndicates how well the given model is in concert with the
istribution of superdiagonal and off-superdiagonal elements
f the Tucker3 core. The core consistency is calculated as a
unction of a trial number of components. When the core con-
istency drops from a high value, above approximately 60%,
o a low value, this indicates that an appropriately number of
omponents has been attained. Unlike the PARAFAC algorithm,
WATLD is insensitive to the excess on the factor number and a
ough estimation can theoretically guarantee the correctness of
esults.

.2. Second-order standard addition method (SOSAM)

Matrix effects often occur and the instrument responses
f the analyte sometimes change in scale or shape because
f chemical interactions between the analyte and the interfer-

ng species. In these cases, the external calibration methods
re no longer effective, and the standard addition method
31] as a means of overcoming matrix or background effects
s recommended to ensure accurate results. In contrast to

w
t
P

(2008) 1260–1269

xternal standard calibration, standard addition has the dis-
dvantage of being more time-consuming as a function of
arious standard additions. However, it is an alternative in
ituations where the external calibration is not feasible. In par-
icular, the second-order standard addition method [32] with
he “second-order advantage”, an extension of SAM to second-
rder data, can be utilized to circumvent this drawback induced
y matrix effects and simultaneously determine several com-
onents in the presence of unexpected interferences. In this
aper, the SOSAMs based on both PARAFAC and SWATLD
lgorithms were applied to excitation–emission matrix fluo-
escence data. In a typical SOSAM [33] analysis, there are
hree major steps: (i) with an appropriate number of factors,
ARAFAC or SWATLD algorithms are applied to decompose
he three-way data array X which gathers the second-order
esponse data of the sample and of each successive addition;
ii) through comparing the loadings of the spectral modes
ith the spectrum of pure analyte, one can identify the col-
mn corresponding to the analyte of interest in the relative
oncentration matrix; and (iii) the estimated concentration of
ach analyte can be found through the regression of the val-
es of the identified column against the standard addition
oncentrations, in the same way as in univariate standard addi-
ion.

.3. Figures of merit

The determination of figures of merit is an important req-
isite for method comparison, such as SEN, SEL and LOD.
n second-order calibration, the evaluation of FOM is closely
elative to the calculation of net analyte signal (NAS), which
s defined as the part of the signal that relates uniquely to
he analyte of interest. The calculation of NAS can be accom-
lished as described elsewhere [34], the following equations
an be obtained to estimate the SEN and SEL in this present
ork.

EN = λ{[(ATA)
−1

] ∗ [(BTB)
−1

]}nn
−1/2, (2)

EL = {[(ATA)
−1

] ∗ [(BTB)
−1

]}nn
−1/2, (3)

here nn designates the (n, n) element of matrix
(ATA)−1]*[(BTB)−1], λ is the total signal for compo-
ent n at unit concentration, which is also the parameter
onverting scores to concentrations, and the symbol * indicates
he Hadamard product. Notice that when the second-order
dvantage is employed, Eqs. (2) and (3) imply that SEN
nd SEL are sample-specific and cannot be defined for the
ultivariate method as a whole. In such cases, average values

or a set of samples can be estimated and reported.
The LOD is estimated according to Eq. (4) [35,36].

OD = 3.3s(0) (4)
here s(0) is the standard deviation in the predicted concen-
ration for three different background blank samples, in the
ARAFAC and SWATLD.
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Table 1
6-MC and 7-MOC concentrations in the calibration and test sets

Sample 6-MC (�g ml−1) 7-MOC (×10−3 �g ml−1)

C1 4.102 40.800
C2 4.688 34.000
C3 5.274 30.600
C4 5.860 27.200
C5 6.446 20.400
C6 7.032 13.600
C7 8.204 6.800
C8 8.790 0.000

T1 3.516 20.400
T2 4.688 19.040
T3 5.860 16.320
T4 6.446 13.600
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. Experimental

.1. Reagents and chemicals

All reagents and chemicals used were of analytical reagent
rade. Two coumarins, 6-MC and 7-MOC, were purchased from
igma–Aldrich Corporation (USA) and National Institute for
ontrol of Pharmaceutical and Biological Products (Changsha,
hina), respectively. Stock solutions of 6-MC (0.586 mg ml−1)
nd 7-MOC (0.085 mg ml−1) were prepared in a 100 ml brown
olumetric flask by dissolving in ethanol and then stored at 4 ◦C
n a refrigerator, remaining stable for at least 3 months. The
orking solutions of 6-MC and 7-MOC were daily prepared by
iluting the stock solutions with doubly distilled water. Phos-
hate buffered saline solutions (PBS) were prepared by using
.067 mol l−1 Na2HPO4 and 0.067 mol l−1 K2H2PO4 with dif-
erent pH values. Doubly distilled water was used throughout
he experiments.

The illegal addition of either or both of 6-MC and 7-MOC
sed as fragrance ingredients may be mainly introduced in liq-
id cosmetic products, few in solid or emulsified ones which
ust be converted into a liquid form with some necessary pre-

reatments [4]. Hence, in our paper two kinds of liquid cosmetic
roducts bought from commercial market in Changsha (China),
.e., transparent face spray and semitransparent oil control nour-
shing toner, were chosen in recovery analytical experiments.
oth of 6-MC and 7-MOC were demonstrated to be absent in

hese cosmetic products. Owing to the use of 95% ethanol as the
olvent in most liquid cosmetic products, the face spray was used
ithout any pretreatments, but the oil control nourishing toner

hould be ultrasonically treated for 15 min and then centrifuged
t 8000 × g for 10 min for further use.

.2. Apparatus

All of the fluorometric measurements were performed on
n F-4500 fluorescence spectrophotometer (Hitachi, Japan)
quipped with a continuous xenon lamp. In all cases, a 1.00 cm
uartz cell was used. All computer programs were written in
atlab, and all calculations were carried out on a personal com-

uter under the Windows XP operating system. All glassware
ere previously soaked in chromate lotion overnight, and then

insed with doubly distilled water before use.

.3. Analytical methodology

Prior to analysis, the linear analytical ranges and the influ-
nce of pH on the fluorescence spectra were investigated for
oth 6-MC and 7-MOC, respectively. It was found that by
inear regression between different concentrations and rela-
ive fluorescence intensity, a linear concentration range of
.520–11.720 �g ml−1 of 6-MC and a linear concentration range
f 0.000–4.080 �g ml−1 of 7-MOC were realized. Moreover,

he pH in the range of 4.5–9.2 showed slight effect on the flu-
rescence intensity of both 6-MC and 7-MOC, but the base
ydrolysis of the two fragrance ingredients took place when
H was further increased. The fluorescence intensity of the two

s
s
3

5 7.618 12.240
6 8.556 10.200

ragrance ingredients peaked at pH 7.0, suggesting a recom-
ended value for the experiments. So in order to confirm the

ffectiveness of the method proposed, all samples were prepared
ccording to the linear range of the analytes and adjusted pH
alue to 7.0 with 2 ml phosphate buffered saline solutions.

.3.1. Simultaneous determination of 6-MC and 7-MOC in
acial spray

Twenty-two samples were prepared for the simultaneous
etermination of 6-MC and 7-MOC in facial spray. The
rst eight samples (C1–C8) were built as a calibration set.
he concentration levels correspond to values in the range
.102–8.790 �g ml−1 for 6-MC and 0.000–40.800 ng ml−1 for
-MOC. In addition, six samples (T1–T6) containing only 6-MC
nd 7-MOC with the concentrations within their correspond-
ng calibration ranges as a test set were prepared to validate
he quality of the chemometric algorithms. Table 1 lists the
oncentrations of the two analytes in both calibration and test
amples. Eight prediction samples (P1–P8) were constructed by
piking facial spray with the two fragrance ingredients yield-
ng concentrations in the range 4.102–8.556 �g ml−1 for 6-MC
nd 7.480–37.400 ng ml−1 for 7-MOC, respectively (Table 2).
uplicate analysis was performed for each sample. The spectra
f PBS blank solution and facial spray blank solution with 10
imes dilution were recorded in triplicate experiments during the
hole analysis procedure.

.3.2. Quantification of 6-MC and 7-MOC in oil control
ourishing toner

The quantification of 7-MOC in oil control nourishing toner
n the presence of 6-MC was done following a similar procedure
o that described for the simultaneous determination of 6-MC
nd 7-MOC in facial spray. Table 2 lists the concentrations of
he samples. 6-MC was not added in the calibration set but it was
dded in both test set and prediction set acting as an interferent.
To determine 6-MC in oil control nourishing toner, toner
amples were spiked with appropriate amounts of standard
olutions, obtaining concentration levels between 26.370 and
8.090 �g ml−1. One milliliter of spiked toner samples and 2 ml
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BS were added into 10 ml volumetric flasks. For each con-
entration, five successive additions of 50 �l working solutions
ere performed and the flasks were completed to the mark
ith doubly distilled water. All measurements were carried out

n duplicate. The spectra of PBS blank solution and oil con-
rol nourishing toner blank solution were recorded in triplicate
uring the whole analysis procedure.

.4. Measurements

All of the spectral surfaces were recorded at excitation wave-
engths varying from 265 to 350 nm in 3 nm steps, and emission
avelengths varying from 365 to 450 nm in 3 nm steps with a

canning rate of 1200 nm min−1. The slit width was 5.0/5.0 nm.

. Results and discussion

Fig. 1 shows the three-dimensional EEMs plots of pure 6-MC
nd 7-MOC in standard samples in the well-chosen excita-
ion and emission wavelength ranges which avoid Rayleigh and
aman scatterings. As shown in Fig. 1a, 6-MC presented a broad
mission band with a peak value at 410 nm and two excitation
axima at 285 and 325 nm. Moreover, 7-MOC exhibited strong
uorescence, and the maximal excitation and emission peaks
ere found to be at 330 and 390 nm, respectively (Fig. 1b).
bviously, the spectroscopy peaks of 7-MOC will be much
ore intense than that of 6-MC when they possess the same

oncentrations.
In order to avoid the decomposition dominated by the 7-

OC peaks, the appropriate dilution was carried out in the
xperiment according to the China Standards and European
ommission. Even after the reasonable dilution, however, a seri-
us overlapping between the EEMs of 6-MC and 7-MOC was
xperimentally observed, which consequently made the quanti-
ative analysis of the two analytes using traditional fluorescent

ethodologies impossible. In such instances, first-order calibra-
ion methods can be chosen to predict the concentration of the
omponents of interest without tedious separation steps, even in
he lack of spectrum selectivity. Unfortunately, however, these

ethods may be restricted when they are used for simultaneously
nalyzing 6-MC and 7-MOC in complex cosmetic matrices, i.e.,
acial spray and oil control nourishing toner. This may be in
greement with the fact that the complex cosmetics either exhibit
verlapped emission fluorescence spectroscopy with 6-MC and
-MOC (Fig. 1c and d), or interact with the two analytes result-
ng in the changes of spectra signals in scale. Accordingly, the
rst-order calibration methods, which require all the detectable
pecies including analytes and interferences to be present in both
alibration and prediction samples, are practically impossible to
e utilized in these cases.

Alternatively, one can resort to the second-order calibration
ethods that allow for unique decomposition of tri-linear data

nd only require that the species of interest in both calibra-

ion standards and the samples are the same. In this paper,
ARAFAC and SWATLD algorithms were recommended to
ssay the contents of 6-MC and 7-MOC in facial spray and
il control nourishing toner, which fully exploit the “second-
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ig. 1. Three-dimensional plots of the excitation–emission matrix fluorescence
ure 7-methoxycoumarin; (c) for facial spray and (d) for oil control nourishing

rder advantage” to accomplish reliable resolution of spectra
nd accurate quantification of individual components of interest.

.1. Simultaneous determination of 6-MC and 7-MOC in
acial spray

Prior to analysis, the reliability of the calibration models was
alidated by investigating a test set of six samples (T1–T6) with-
ut interferences. Subsequently, both PARAFAC and SWATLD
lgorithms were applied for the decomposition of the three-way
rray formed by stacking the excitation–emission fluorescence
atrices for the six test samples and other eight calibration sam-

les (C1–C8). The predicted recoveries of 6-MC and 7-MOC in
he six test samples by using both PARAFAC and SWATLD
lgorithms were found to be 101.6 and 102.9% for PARAFAC
nd 103.3 and 101.5% for SWATLD, respectively. The results
learly indicate that the chemometric algorithms chosen are reli-
ble for the simultaneous quantification of 6-MC and 7-MOC in
acial spray. The specific implementation as well as the study of
acial spray samples will be discussed in details below.
Eight prediction samples (P1–P8) were prepared with the
oncentrations of 6-MC and 7-MOC shown in Table 2. The
alue of core consistency parameter was first analyzed using
ARAFAC or SWATLD to estimate the optimal component

f
m
o
o

ra: (a) for 8.790 �g ml−1 of pure 6-methylcoumarin; (b) for 27.200 ng ml−1 of
with 10 times dilution.

umber N for each facial spray sample. The analysis using the
ore consistency diagnostic test indicates that three factors are
ecessary, because there is sharp decrease in core consistency
hen more factors are utilized, denoting a recommended factor
umber of three consisting of two target analytes and one natural
nterferent from the facial spray background.

Fig. 2 shows the actual spectral profiles and the loadings from
he decomposition of the excitation–emission matrix fluores-
ence data array obtained for both the calibration and predicted
amples by using PARAFAC (Fig. 2a1 and b1) and SWATLD
Fig. 2a2 and b2) with the factor number of three (N = 3). The
oadings associated with the excitation mode were shown in
ig. 2a and the loadings associated with the emission mode were
hown in Fig. 2b. These excitation and emission spectral profiles
ere collected into the matrices A and B, respectively. In Fig. 2,

he solid lines and dash dotted lines represented the loadings of
-MC and 7-MOC, respectively, and the long dashed lines rep-
esented the loadings for an inherent interference deriving from
he facial spray background. Moreover, the dotted solid lines
enoted the actual spectral profiles of the two analytes. It was

ound that not only the loadings in the excitation and emission
odes of 6-MC and 7-MOC were quite similar to their actual

nes, but also the structures of the excitation and emission modes
f the interesting analytes were not affected by the variety of the
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lgorithms chosen, which implies the good reliability and sta-
ility of the decomposition based on the second-order methods,
s corresponding to tri-linear data.

With the aid of the spectral profiles extracted by these algo-
ithms, the corresponding column in absolute concentration
odes to the analyte as a function with its standard concen-

rations can be found to evaluate the actual concentrations
n facial spray samples through a linear regression, similar
o a calibration curve plot. The prediction results using both
ARAFAC and SWATLD algorithms with N = 3 were summa-
ized in Table 2. For 6-MC, the average predicted recoveries
ained from PARAFAC and SWATLD are 101.4 ± 5.5 and
7.5 ± 4.1%, respectively. For 7-MOC, the predicted recover-
es gained from PARAFAC and SWATLD are 103.3 ± 1.7 and
01.7 ± 1.8%, respectively. These results show that both second-
rder calibration algorithms allow for the satisfactory prediction
apacity of simultaneous determination of 6-MC and 7-MOC in
omplex facial spray matrix.

.2. Quantification of 6-MC and 7-MOC in oil control
ourishing toner

With a similar experimental scheme in the analysis of facial
pray samples, both PARAFAC and SWATLD methods were

lso utilized to quantify the 6-MC and 7-MOC in oil con-
rol nourishing toner samples with N = 3 suggested by the
ore consistency test. The loading profiles related to excita-
ion and emission modes together with the actual ones were

a
M
w
m

TLD with N = 3 for the facial spray samples and the actual spectral profiles: (a)

hown in Fig. 3. Obviously, the resolved spectra of 6-MC
nd 7-MOC are similar to those obtained from the individual
xcitation–emission matrix analysis and previously discussed
n Section 4.1. These results further confirm that the proposed
econd-order methods in this paper allow the spectral profiles of
nalytes of interest to be extract reliably and accurately even in
ifferent complex matrices, mainly due to the characteristic of
ri-linear data.

The scores related to sample mode were used for calibration
hrough a linear regression with the prediction results of 7-MOC
hown in Table 2. The average recoveries of 7-MOC in oil control
ourishing toner samples using PARAFAC and SWATLD were
ound to be 101.3 ± 3.0 and 101.8 ± 2.7%, respectively. How-
ver, it should be noted that obvious deviations in prediction of
-MC in oil control nourishing toner samples occurred (data not
hown). This might be attributed to partial fluorescence quench-
ng of 6-MC in the cosmetic samples. Fig. 4 demonstrates the
pecific quenching behavior obtained from PARAFAC (Fig. 4a)
nd SWATLD (Fig. 4b) with N = 3, where the squares and stars
epresent the ideal and the practical scores, respectively. As can
e seen from Fig. 4, the practical values are gradually biased
gainst the ideal ones and the extension of these deviations rises
s the concentration of 6-MC increases. It could be explained that
he matrix effects induced by the interaction between the analyte

nd this cosmetic might affect the fluorescence spectrum of 6-
C in scale, especially in cases of high concentrations of 6-MC,
hich in turn hindered the application of external calibration
ethods.
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Fig. 3. Loadings, normalized to unit length, obtained from both PARAFAC and SWATLD with N = 3 for the oil control nourishing toner samples and the actual
spectral profiles: (a) excitation and (b) emission.

Fig. 4. Scores contained in matrix C resolved by PARAFAC (a) and SWATLD (b) with N = 3. The squares and stars represent the ideal and the practical scores,
respectively.

Table 3
Results for 6-MC in spiked oil control nourishing toner obtained when employing second-order standard addition method

Sample Added concentration (�g ml−1) Predicted concentration (�g ml−1) Recovery (%)

PARAFAC SWATLD PARAFAC SWATLD

M1 4.688 4.687 4.559 100.0 97.2
M2 5.274 5.520 5.433 104.7 103.0
M3 5.860 5.915 5.852 100.9 99.9
M4 6.446 6.707 6.612 104.0 102.6
M5 7.032 7.045 7.062 100.2 100.4
M6 7.618 8.020 7.964 105.3 104.5

Average recovery (%) 102.5 ± 2.1 101.3 ± 2.1
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N = 3. The solid lines and dotted lines correspond to the EJCRs in facial spray and
oil control nourishing toner by applying PARAFAC, respectively. The dashed
l
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In order to resolve such problem, the second-order calibra-
ion methods were combined with the standard addition strategy
n this paper to significantly improve the accuracy of prediction
or 6-MC in the presence of matrix effects. A three-way data
rray with the size of 29 × 29 × 6 were obtained under the same
nitial conditions for each concentration level, where 6 denoted
he measurement times containing the original samples plus five
tandard additions. A specific strategy based on PARAFAC or
WATLD was built for each sample and the number of fac-

ors was estimated to be three (N = 3) by the core consistency
nalysis. The loadings for 6-MC obtained through the utiliza-
ion of PARAFAC and SWATLD algorithms are equivalent to
he filtered signal free of interferences and similar to the corre-
ponding ones shown in Figs. 2 and 3. The predication results
f 6-MC in oil control nourishing toner were shown in Table 3.
he correlation coefficients of the standard addition lines based
n SWATLD (N = 3) were between 0.9973 and 0.9998, and the
ecovery was between 97.2 and 104.5%. Similar results were
lso obtained by using the PARAFAC algorithm.

.3. Figures of merit

The root-mean-square error of prediction (RMSEP) can
e calculated in terms of the formula as RMSEP =

1
I−1

I∑

i=1

(cact − cpred)2

]1/2

, where I is the number of prediction

amples, cact and cpred are the actual and predicted concentra-
ions of the analytes, respectively. The RMSEP results and the
gures of merit, including SEN, SEL and LOD, for direct deter-
inations of 6-MC and 7-MOC with different concentration
agnitudes in facial spray or oil control nourishing toner using

oth PARAFAC and SWATLD were shown in Table 4. One can
nd that the proposed second-order calibration method based on
ither PARAFAC or SWATLD can yield satisfactory predictive

apacity for quantitative analysis of 6-MC and 7-MOC in the
wo complex cosmetics.

Moreover, a linear-regression analysis of the actual versus
he predicted concentration was applied to further investigate

able 4
tatistical parameters and figures of merit in both of facial spray and oil control
ourishing toner using PARAFAC and SWATLD

Spray Toner

6-MCa 7-MOCb 6-MCa 7-MOCb

ARAFAC
RMSEP 0.404 0.800 0.242 0.520
SEN 183.610 77.550 225.600 78.870
SEL 0.572 0.610 0.696 0.620
LOD 0.155 0.150 0.030 0.020

WATLD
RMSEP 0.422 0.780 0.195 0.390
SEN 168.380 78.140 226.500 78.230
SEL 0.588 0.620 0.674 0.610
LOD 0.103 0.090 0.025 0.040

a Value calculated with the concentration expressed as (�g ml−1).
b Value calculated with the concentration expressed as (ng ml−1).
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ines and dash-dotted lines correspond to the EJCRs in facial spray and oil control
ourishing toner applying SWATLD, respectively. The pentacle (�) indicates the
deal points (0, 1).

he accuracy of the two proposed algorithms of PARAFAC and
WATLD [37]. The calculated intercept and slope were com-
ared with their ideal values of 0 and 1, based on the EJCR
est. If the point (0, 1) lies inside the EJCR, then bias are absent
nd consequently, the recovery may be taken as unity (or 100%
n percentile scale). More details about EJCR are described in
he original literature [38]. Fig. 5 gives the results of EJCRs for
oth PARAFAC and SWATLD algorithms. It showed that the
deal point (0, 1) labeled with a pentacle (�) lay in all EJCRs.
n the analysis of facial spray, the elliptic size corresponding
o the PARAFAC algorithm was smaller than that related to the
WATLD algorithm for both 6-MC and 7-MOC; on the contrary,

he elliptic size corresponding to the SWATLD algorithm was
maller than that related to the PARAFAC algorithm in the anal-
sis of oil control nourishing toner. These results proved again

hat both algorithms could allow for accurate quantitative deter-

inations of 6-MC and 7-MOC in complex cosmetics, but the
WATLD was specially recommended in the systems suffering
rom serious matrix effects.
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. Conclusions

In the present study, a simple, rapid, and effective method
as been successfully developed to determine 6-methylcoumarin
nd 7-methoxycoumarin in complicated cosmetics, based on the
econd-order calibration of excitation–emission matrix fluores-
ence data using both PARAFAC and SWATLD algorithms. The
roposed quantitative method proved to be capable of perform-
ng the simultaneous determination of 6-MC and 7-MOC in
acial spray or direct determination of 6-MC or 7-MOC in oil
ontrol nourishing toner with simple pretreatment step, even in
he presence of serious natural fluorescent interferences or par-
ial fluorescence quenching of the analyte of interest. Herein,
he second-order advantage was adequately exploited in both
xperimental modes. Furthermore, the figures of merit and the
JCR tests indicated that both algorithms could give accurate

esults as an alternative to each other, only the performance of
WATLD was slightly better than that of PARAFAC in the cases
uffering from matrix effects. Such a chemometrics-based proto-
ol shows several advantages over the traditional methods, such
s simple sample pretreatment, non-toxic and non-destructive
nalysis, and accurate spectral resolution and concentration pre-
iction, and may possess great potential to be further tailored as
general and promising alternative for more practical applica-

ions in cosmetic quality control, of which some research works
re now underway in our group.
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bstract

Eight textile dye compounds including five cationic dyes, namely, basic blue 41, basic blue 9, basic green 4, basic violet 16 and basic violet 3,
nd three anionic dyes, acid green 25, acid red 1 and acid blue 324, were separated and detected by non-aqueous capillary electrophoresis (NACE)
ith electrochemical detection. Simultaneous separations of acid and basic dyes were performed using an acetonitrile-based buffer. Particular

ttention was paid to the determination of basic textile dyes. The optimized electrophoresis buffer for the separation of basic dyes was a solvent
ixture of acetonitrile/methanol (75:25, v/v) containing 1 M acetic acid and 10 mM sodium acetate. The limits of detection for the basic dyes were
n the range of 0.1–0.7 �g mL−1. An appropriate solid-phase extraction procedure was developed for the pre-treatment of aqueous samples with
ifferent matrices. This analytical approach was successfully applied to various water samples including river and lake water which were spiked
ith textile dyes.
2008 Elsevier B.V. All rights reserved.
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. Introduction

Dyes represent an important class of compounds produced
orldwide in large quantities of more than 7 × 108 kg per annum

1] and are used in many industries such as nutritional, cos-
etics, paper, pharmaceutical, printing inks, textile, tannery,

nd others. Among these industrial applications textile indus-
ry consumes 50% of the overall dye production. Some dyes,
ike malachite green (basic green 4), have found applications as
ungicide and antiseptic in aquaculture [2,3]. Dye compounds
an be classified into cationic, non-ionic, and anionic subgroups.
nionic dyes can further be divided into direct, acid, and reac-

ive type while cationic dyes represent the basic ones. Non-ionic
yes refer to disperse dyes because they do not form ions in an
queous medium.
A number of dyes, in particular azo dyes and their metabo-
ites, are known to have toxic and even carcinogenic character
4]. The environmental risk posed by a dye compound can be

∗ Corresponding author. Tel.: +49 341 97 36 107; fax: +49 341 97 36 115.
E-mail address: matysik@rz.uni-leipzig.de (F.-M. Matysik).

t
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039-9140/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2008.01.049
ection; Environmental analysis; Solid-phase extraction

efined in both its inherent ecotoxicology and the concentra-
ions found in the environmental compartments. Thus, reliable
nalytical methods are needed to detect critical concentrations
f dyestuff in the environment.

A variety of analytical approaches for the determination of
ye compounds has been reported in the literature. These meth-
ds include thin-layer chromatography [5], HPLC [2,3,6–8],
yrolysis gas chromatography [9], capillary electrophoresis
n aqueous [5,10–15], and in non-aqueous media [16–19].
ommon detection techniques are UV [8,11–13] and diode
rray detection [5–7,10], fluorescence [15], mass spectrometry
2,3,9,14], and electrochemical detection (ED) [16–20]. Cap-
llary electrophoresis (CE) techniques are particularly suited
o achieve highly efficient separations of ionic dye species.
or example an aqueous CE method with diode array detec-

ion enabled the determination of eight food colorants in milk
everages [10] with detection limits lower than 0.5 �g mL−1.
n addition, the attractive performance of CE separations in

he context of ink analysis was demonstrated by Vogt et al.
21] and reviewed by Zlotnick and Smith [22]. However, in
queous systems various dye compounds can form hydropho-
ic interactions with the capillary wall which results in poor
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eak shapes. Non-aqueous capillary electrophoresis (NACE) is
n attractive alternative which can diminish these problems. In
ACE organic solvent systems are used instead of conventional
queous buffers. In particular, the manipulation of selectivity
y varying the organic solvents choices and ratios can help to
olve complicated separation problems. This forms the basis
or interesting possibilities to adjust performance characteristics
ike selectivity, resolution, and analysis time. Among the sol-
ents that can be used for NACE acetonitrile exhibits the largest
atio of dielectric constant to viscosity which leads to a high
lectro-osmotic velocity and fast separations. It has been demon-
trated that electrochemical methods are well suited for analyte
etection in conjunction with NACE [23]. In acetonitrile-based
uffers electrochemical detection exhibits a very good stability
f the detection response within an extended accessible poten-
ial range and low limits of detection (LOD) can be achieved
18].

The aim of this work was to investigate the applicability of
ACE–ED to the determination of cationic and anionic textile
yes which represent common dye classes in textile effluents.
articular attention was paid to the adaptation of the analyti-
al approach to the necessary matrix change from an aqueous
ample to the NACE buffer system.

. Experimental

.1. Electrophoretic and electrochemical equipment

A high-voltage supply (Model HCN 7E-35000, F.u.G. Elek-
ronik, Rosenheim–Langenpfunzen, Germany) was used for

easurements in conjunction with a home-made CE system.
are was taken to ensure that the hydrostatic levels of the input
nd output reservoirs were identical. Sample injection was done
y elevating the sample vial up to a difference in height of 10 cm
bove the detector cell electrolyte level for a duration of 10 s. A
ommercial CE system PrinCE model 255 (Prince Technologies,
mmen, The Netherlands) equipped with a UV–vis detector

Bischoff model lambda 1010, Leonberg, Germany) operated
t 200 nm, was used for comparative measurements with UV
etection.

In case of electrochemical detection the implementation of an
solating transformer ensured galvanic separation between the
igh-voltage supply and the potentiostat. The electrochemical
etector cell was placed in a Faraday cage so as to minimize inter-
erence from external noise. All electrochemical measurements
ere performed in the three-electrode mode with the aid of a
oltammetric analyzer Model Autolab PGSTAT10 (Eco Chemie,
trecht, The Netherlands) equipped with a low current amplifier
odule ECD system. The current signal was filtered through a

hird-order Sallen–Key filter having a time constant of 100 ms.
he interval time of the current measurements for amperometric

ecordings of the electropherograms was 0.3 s when the analy-
is time was shorter than 1000 s and when the analysis time was

onger, it was 0.5 s. Before running a new electropherogram, a
orking electrode potential of 3.0 V was applied for 5 s followed
y −1.0 V for 5 s to ensure long-term stability of the detector
esponse.
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.2. Detector configuration and capillary specifications

The electrochemical detector cell used for the present work
as been described in detail elsewhere [24]. Briefly, the detec-
or cell consists of an inert PTFE cell body with two stainless
teel tubes which guide the separation capillary and the work-
ng electrode to the right axial position. The working electrode
as a 25-�m platinum microdisk electrode. Fused-silica capil-

aries with an i.d. of 75 �m and an o.d. of 360 �m (Polymicro
echnologies, Phoenix, AZ, USA) were used throughout this
ork. Before initial use, new capillaries were washed with 0.1 M
aOH for 10 min, with distilled water for 5 min, for 15 min with
ure acetonitrile and for 25 min with the buffer used. After use,
he capillaries were flushed with pure acetonitrile. The capillary
nd working electrode are kept in place by PTFE adapters fitted
o the stainless steel tubes. The capillary-to-electrode distance of
5 ± 5 �m was adjusted under a stereomicroscope by carefully
ushing the separation capillary towards the tip of the working
lectrode. One of the stainless steel tubes served as counter elec-
rode and high-voltage ground. The cell was ready for operation
fter filling it with 1.5 mL of the separation buffer and plac-
ng a PTFE cap with an attached silver/silver chloride reference
lectrode on top of it. As internal solution of the reference elec-
rode a non-aqueous acetonitrile-based buffer containing 1 M
cetic acid and 10 mM sodium acetate was used which ensured
hat the drift of the reference electrode potential was less than
mV h−1. All potentials given in this work were measured with

espect to this reference system. In the presence of a high volt-
ge of 20 kV a shift of the working electrode potential of about
00 mV towards more negative potentials occurred [25] that had
o be taken into consideration for a suitable potential setting.

.3. Chemicals

Acetonitrile (99.9% HPLC grade, water <0.02%) and acetic
cid (99.99%) were obtained from Sigma–Aldrich (Stein-
eim, Germany), methanol (LiChrosolv) and sodium acetate
Suprapur) were purchased from Merck (Darmstadt, Germany).
errocene was from Riedel-de-Haën AG (Seelze–Hannover,
ermany) and was purified by sublimation. For solid-phase

xtraction (SPE), the cartridges ENVI-Chrom P (0.25 and
.50 g—6 ml) and ENVI-18 (0.50 g—6 ml) were purchased
rom Supelco (Bellefonte, PA, USA). The chemicals used for
PE were of analytical-reagent grade and were used as received.

The following textile dyes were used in this work: San-
ocryl blue (basic blue 41), sandocryl red (basic violet 16),
andocryl green (basic green 4), sandolan green (acid green
5), sandolan red (acid red 1) and nylosan blue (acid blue 324)
hich were kindly provided by Clariant (México). The dye com-
ounds crystal violet (basic violet 3) and methylene blue (basic
lue 9) were analytical-reagent grade and were obtained from
einchemie K.-H., Kallies KG (Sebnitz, Germany) and Riedel-
e-Haën (Seelze, Germany), respectively. All dye substances

ere used as received without further purification. Table 1 sum-
arizes specifications of the dye compounds used.
Sample pre-treatment for aqueous solutions was based on

PE using ENVI-Chrom P cartridges. The SPE cartridges were
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Table 1
Overview of basic and acid dyes used in this work

Name Color index (code) Chemical structure Chemical classification

Sandocryl blue CI. 11105 basic blue 41 (BB41) Monoazo

Methylene blue CI. 52015 basic blue 9 (BB9) Thiazine

Sandocryl red CI. 48013 basic violet 16 (BV16) Methine

Sandocryl green CI. 42000 basic green 4 (BG4) Triarylmethane

Crystal violet CI. 42555 basic violet 3 (BV3) Triarylmethane

Nyosan blue Acid blue 324 (AB324) Anthraquinone

Sandolan red CI. 18050 acid red 1 (AR1) Monoazo
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Table 1 (Continued )

Name Color index (code) Chemical structure Chemical classification

Sandolan green CI. 61570 acid green 25 (AG25) Anthraquinone
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ctivated immediately prior to use by passing through 3 ml
ethanol followed by 6 ml of distilled water. The sample was

pplied to the cartridge and drawn through at a flow-rate of
mL min−1. The cartridges were then rinsed with 12 mL of dis-

illed water and 2 mL of pure acetonitrile. Thereafter the dyes
ere eluted with 3–5 mL of acetonitrile/tetrahydrofuran (2:1,
/v) solution at a flow-rate of 1 mL min−1 and investigated by
ACE–ED by injecting directly the extracted solution.

. Results and discussion

.1. Voltammetric behaviour of textile dyes in non-aqueous
olutions
In order to investigate the applicability of ED in non-aqueous
edia for the determination of textile dyes the voltammetric

ehaviour of the individual dye compounds was studied. Fig. 1

ig. 1. (a) Cyclic voltammograms of basic dyes: 1, basic violet 3 (408 �g mL−1);
, basic green 4 (418.5 �g mL−1); 3, basic blue 9 (320 �g mL−1); 4, basic blue 41
451 �g mL−1); 5, basic violet 16 (369 �g mL−1) and acetonitrile-based back-
round electrolyte (BGE) containing 1 M acetic acid and 10 mM sodium acetate.
b) Cyclic voltammograms of saturated solutions of acid dyes 6, acid blue 324;
, acid green 25; 8, acid red 1 and acetonitrile-based background electrolyte con-
aining 1 M acetic acid and 10 mM sodium acetate. A 25-�m platinum microdisk
lectrode was used as working electrode and the scan rate was 25 mV/s.
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hows the cyclic voltammograms for the basic and acid dyes in
cetonitrile solution. All target analytes can be oxidized within
he accessible potential range. However, the oxidation mech-
nisms are rather complex involving typically more than one
xidation step and following reactions. In the context of this
ork no further efforts were undertaken to investigate details of

he oxidation processes. All dye compounds allow the recording
f mass transport controlled detection signals within the poten-
ial window from 1.5 to 1.7 V. In order to obtain information
egarding problems due to electrode fouling five consecutive
yclic voltammograms were recorded for the respective dye
ompounds. Without an electrochemical pre-treatment between
he successive recordings decreasing and changing signals were
ypically obtained. This indicates the presence of reaction prod-
cts on the electrode surface causing changes in the electrode
esponse. However, an electrochemical activation procedure
hich applied an anodic pulse of 3.0 V for 5 s and a cathodic

ulse of −1.0 V for 5 s was sufficient to restore the initial
lectrode behaviour. Fig. 2 exemplifies this situation for basic
lue 9 illustrating the positive effect of an electrochemical pre-

ig. 2. Repetitive cyclic voltammograms of basic blue 9 (320 �g mL−1) in
cetonitrile containing 1 M acetic acid and 10 mM sodium acetate (a) without
re-treatment between successive runs and (b) with an electrochemical pre-
reatment (3 V and −1 V for 5 s) between successive runs. Other conditions
ere as in Fig. 1.
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Fig. 3. Non-aqueous capillary electrophoretic separations with electrochemical
detection (NACE–ED) for a mixture of acid and basic textile dyes: 1, basic blue 9
(3.2 �g mL−1); 2, basic green 4 (4.2 �g mL−1); 3, basic violet 16 (3.7 �g mL−1);
4, basic violet 3 (4.1 �g mL−1); 5, basic blue 41 (4.5 �g mL−1); 6, acid green
25 (31 �g mL−1); 7, acid blue 324 (25 �g mL−1); 8, acid red 1 (28 �g mL−1).
The letters a–d represent several separated species present in the respective dye
sample, EOF corresponds to the electro-osmotic flow. Experimental conditions:
capillary dimensions, 60 cm × 75 �m i.d.; running electrolyte, 1 M acetic acid
and 10 mM of sodium acetate in acetonitrile; hydrodynamic injection, 10 s at
a
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were compared. The results are summarized in Table 2. In all
cases ED led to lower LODs than UV detection.

Fig. 4. NACE–ED for a mixture of five basic dyes: 1, basic blue 9 (16 �g mL−1);
366 A.-A. Peláez-Cid et al. / T

reatment between the runs. It should be noted that the effects
f deactivation of the sensing electrode is much smaller for typ-
cal concentrations (�g mL−1) used in the NACE experiments.
n addition, in contrast to cyclic voltammetry experiments in
ACE the electrode is just a short period of time in contact with

he analyte zones.
As a conclusion of the above voltammetric studies and taking

nto account the shift of the signal due to the presence a high
oltage during NACE separations [25], the detection potential of
.8 V was selected for NACE–ED determinations combined with
n electrochemical pre-treatment between consecutive electro-
herograms.

.2. Non-aqueous capillary electrophoresis studies

The electrolyte system used for NACE–ED determinations of
extile dye compounds consisted of 1 M acetic acid and 10 mM
odium acetate in acetonitrile which was previously proofed
o yield very reliable NACE–ED results [16]. Basic dye com-
ounds form cationic species in this buffer medium and acid dyes
igrate as anionic species. Consequently, the migration times

or basic dyes were shorter than that of an electro-osmotic flow
EOF) marker (ferrocene) and acid dyes showed longer migra-
ion times than ferrocene. The acid dye compounds were only
lightly soluble in the electrolyte system used. Therefore, stock
olutions of known concentration were prepared in methanol
nd diluted with the buffer used for NACE separations. For
ome of the dye substances, in particular acid green 25 and acid
ed 1, more than one component were found in the NACE–ED
ecordings. This observation reflected the limited purity of the
espective dye substances. All concentrations given in this study
efer to the total amount of the respective dye preparations. The
ctual concentrations of the main dye components are corre-
pondingly lower in these cases. Fig. 3 illustrates a simultaneous
eparation of acid and basic textile dyes present in a mixture.
bviously, the basic dyes exhibit similar migration behaviour

nd some of them co-migrate (basic violet 3 and basic blue 41)
r are not completely resolved from other signals (basic vio-
et 16). On the other hand a good separation performance was
chieved for the acid dyes and some of their impurities.

The following studies were focused on the separation and
etection of basic dyes because they were available as pure
ubstances and the reliability of the ED response is better if
he analytes migrate before the EOF. The latter result can be
ttributed to water transported by the EOF and corresponding
xidation reactions at the platinum sensing electrode leading to
hanges of the electrode response characteristics. However, a
ell-defined detection response could be restored by the elec-

rochemical pre-treatment protocol described under Section 3.1
hich was applied between consecutive electrophoretic runs.

n order to improve the separation of basic dyes methanol was
dded to the separation buffer. It was found that an increasing
ontent of methanol led to an improved resolution for the sep-

ration of basic dyes, however, the peak width for basic blue 9
ncreased slightly. A methanol content of 25% resulted in well-
eparated signals for all dye compounds. In particular, for the
ignals of basic violet 3 (peak 4) and basic blue 41 (peak 5) a

2
(
a
v
c

height difference of 10 cm; separation voltage of 20 kV; sensing electrode,
5-�m diameter platinum microdisk electrode; detection potential, 1.8 V.

aseline separation could be established. Fig. 4 illustrates these
esults in detail. The composition of the electrophoresis buffer
sed in Fig. 4(b) was chosen for all subsequent studies of basic
extile dyes.

The precision of migration times and peak heights was very
ood as specified in Table 2. Comparative measurements were
ade using a commercial CE system equipped with a UV detec-

or. The limits of detection obtained with ED and UV detection
, basic green 4 (21 �g mL−1); 3, basic violet 16 (18 �g mL−1); 4, basic violet 3
20 �g mL−1); 5, basic blue 41 (23 �g mL−1) (a) in acetonitrile containing 1 M
cetic acid and 10 mM sodium acetate and (b) in acetonitrile–methanol (75:25,
/v) containing 1 M acetic acid and 10 mM of sodium acetate. Experimental
onditions were as in Fig. 3.
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Table 2
Analytical characteristics of determinations of basic textile dyes by means of non-aqueous capillary electrophoresis with electrochemical detection (ED)/ultraviolet
detection (UV)

Compound Concentration (�g mL−1) Migration time (s) (RSDa, %) Peak height (nA) (RSDa, %) LODb (ED) (�g mL−1) LODb (UVc) (�g mL−1)

BB9 16 201.5 (0.43) 3.80 (2.55) 0.13 1.70
BG4 21 213.8 (0.41) 4.07 (0.88) 0.16 0.86
BV16 18 218.5 (0.45) 1.28 (2.30) 0.43 2.39
BV3 20 222.1 (0.45) 5.64 (1.68) 0.11 0.68
BB41 23 225.5 (0.42) 0.98 (4.02) 0.72 2.16

Experimental conditions were as in Fig. 4.
a

eak noise and a signal-to-noise ratio of 2.
5-cm effective length); separation voltage, 25 kV.
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Fig. 5. NACE–ED of (a) a lake water sample after solid-phase extraction and
(b) of a lake water sample spiked with a mixture of four basic dyes: 1, basic
b
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Relative standard deviation (number of measurements, 6).
b The limits of detection (LOD) were calculated on the basis of the peak-to-p
c Detection wavelength, 200 nm; capillary dimensions, 85 cm × 75 �m i.d. (6

.3. Studies of aqueous sample solutions

The above results demonstrate the attractive performance of
ACE–ED for mixtures of cationic textile dyes prepared in non-
queous media. However, for the determination of cationic dyes
n real aqueous samples additional challenges have to be consid-
red. The main problem is the necessity of matrix change from
he aqueous to the non-aqueous medium. Initial attempts were

ade to inject aqueous samples directly into the NACE–ED
ystem. In this case noisy signals and distorted peak shapes
ere obtained. In addition, precipitation of inorganic salts could

omplicate the determination. Therefore, sample pre-treatment
ethods such as liquid–liquid extraction (LLE) and solid-phase

xtraction were tested. A LLE protocol was adapted from a
eport by Pandit and Basu [26]. However, this approach was only
pplicable for spiked samples prepared from distilled water but
ailed in case of more complex aqueous matrices. Consequently,
xperiments based on SPE were conducted using various SPE
artridges and elution procedures. Finally, a SPE protocol was
laborated which is based on ENVI-Chrom P cartridges and
escribed in Section 2. The recoveries of extractions of cationic
extile dyes were determined for different aqueous sample matri-
es including distilled, river and lake water. Table 3 summarizes
he recoveries obtained for various dye components in differ-
nt aqueous samples. In general, the recoveries were reduced in
ore complex aqueous matrices.
Fig. 5 illustrates results of NACE–ED measurements after

PE of lake water (5a) and lake water spiked with textile dyes

5b). No interfering substances were found which suggests that
his analytical approach has the potential to be applied to a wide
ange of real samples. According to literature reports typical
yestuff concentrations found in textile effluents range between

able 3
ecoveries of solid-phase extraction experiments of basic textile dyes based on
NVI-ChromP cartridges (see Section 2 for details)

ype of
ater

Recovery (%)

Basic blue 9 Basic green 4 Basic violet 16 Basic violet 3

istilled 93 81 Not determined 98
iver 87 84 85 82
ake 62 48 83 43

eterminations were done by NACE–ED.

t
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lue 9 (0.013 �g mL−1); 2, basic green 4 (0.017 �g mL−1); 3, basic violet 16
0.015 �g mL−1); 4, basic violet 3 (0.016 �g mL−1) after SPE. Experimental
onditions were as in Fig. 3.

0 and 7000 �g mL−1 [27–30] to which the above protocol could
asily be adapted. For environmental samples with considerably
ower concentrations of the target analytes the sensitivity can
urther be increased by the application of large sample volumes
o the SPE extraction cartridges.

. Conclusions

This work demonstrated the applicability of NACE–ED for
he determination of acid and basic textile dyes. A compromise
etween separation and detection aspects was found using a
ixed acetonitrile/methanol (75:25, v/v) solvent system con-

aining 1 M acetic acid and 10 mM sodium acetate. In this
edium baseline separations could be achieved for all dye

ompounds studied with limits of detection between 0.1 and
.7 �g mL−1 which were clearly lower than obtained with UV
etection.

Based on solid-phase extraction an effective sample pre-
reatment protocol could be established to investigate aqueous

ye samples for which a matrix change from the aqueous to
he non-aqueous medium has to be carried out. The application
f the elaborated analytical approach enables determinations of
extile dyes in real samples such as river or lake water.
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bstract

The use of near infrared spectroscopy (NIRS) in downstream solvent based processing steps of an active pharmaceutical ingredient (API) is
eported. A single quantitative method was developed for API content assessment in the organic phase of a liquid–liquid extraction process and
n multiple process streams of subsequent concentration and depuration steps. A new methodology based in spectra combinations and variable
election by genetic algorithm was used with an effective improvement in calibration model prediction ability. Root mean standard error of
rediction (RMSEP) of 0.05 in the range of 0.20–3.00% (w/w) was achieved. With this method, it is possible to balance the calibration data set with

pectra of desired concentrations, whenever acquisition of new spectra is no longer possible or improvements in model’s accuracy for a specific
elected range are necessary. The inclusion of artificial spectra prior to genetic algorithms use improved RMSEP by 10%. This method gave a
elative RMSEP improvement of 46% compared with a standard PLS of full spectral length.

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

Lab based methods used by the pharmaceutical industry
re often time consuming and add to the manufacturing cycle
ime. NIR spectroscopy offers one possible option for process
ased analytical measurements and has a significant advantage
ver some other technologies as it allows fast analytical mea-
urements with simple sample preparation. However, the main
eature of NIR of being sensitive to both chemical and physical
ffects can sometimes be a challenge when one is dealing with
arge sample matrix variations and very low analyte concentra-
ions. These two conditions, which are a commonplace inside
he pharmaceutical manufacturing, hinder not only the develop-

ent of robust calibrations but also the application of the same

odels in more than one point of the process.
To overcome this problem in the present study, a new method-

logy was applied to build one robust calibration model capable

∗ Corresponding author. Tel.: +351 21 841 9838; fax: +351 21 841 9197.
E-mail address: bsel@ist.utl.pt (L.O. Rodrigues).
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ration

f accurately predicting active pharmaceutical ingredient (API)
ontent in solvent samples independently of their origin. The
odel robustness is based on spectral selectivity for the analyte

f interest and careful wavenumbers selection.
To the best of our knowledge, the use of the same calibra-

ion for measuring streams from different points of consecutive
ownstream processing steps has not yet been reported.

.1. Process overview

An API purification process includes a series of steps: at the
nd of the API fermentation, the culture media is first clari-
ed by filtration or centrifugation and the biomass discarded.
fter the clarification and concentration steps, the active com-
ound is extracted from the aqueous media to an organic phase,
y liquid–liquid extraction. The extraction phase is then con-
entrated by evaporation. At this point, it has a cloudy orange

ppearance given by the degradation products. Next, to remove
hese non-desired products, the solution is submitted to purify-
ng steps, where it loses most impurities but the water content
ncreases.
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(
culated in step one. If no significant improvement is reached,
the algorithm should return to step 2 and new set of spectra
combinations should be added to the previous one.
ig. 1. Process description. The use of one single calibration model along the
rocess is proposed.

A schematic representation of the process is presented in
ig. 1. The use of a single model along the process is proposed
or assessment of concentrations C1, C2, C3 and C4.

. Methods

.1. Feature selection for partial least squares modelling

Partial least squares [1] is used in spectroscopy to extract
elevant information from complex spectra containing overlap-
ing absorption peaks, interferences from light scatter and noise.
LS was first considered as being almost insensitive to noise,
nd therefore, no feature selection was required [2]. In the last
ears, it has been widely recognised that variable selection can
mprove the prediction ability [3].

In near infrared spectroscopy (NIRS) the number of mea-
ured variables is very large and in most cases not all of them
ontain useful information. Theoretically, the regression coeffi-
ient for such variables will be close to zero and the inclusion
f these variables should not affect negatively the calibration.
owever, there are significant improvements in the prediction

ccuracy of a calibration when a proper selection of variables is
ade. Moreover, the variable selection usually leads to a reduc-

ion of latent variables in the model and improve the stability
f the calibration by the reduction of multicolinearity between
ariables [4].

Genetic algorithms (GA) have been successfully used as a
ethod to select the most informative variables [5–7]. GAs

re based upon the principle of natural evolution and selection:
eproduction, mutation and selection based on fitness. The main
isk of the application of GA is overfitting [5]. Meaningless
ariables can be selected due to the presence of non-causal cor-
elations [8]. As such, it is necessary that the model defined
either over-fits nor under-fits the data. The selection criteria
an be based on root mean squared error of cross validation
RMSECV) or on root mean squared error for prediction of an
xternal data set (RMSEP) defined as follows:

MSECV =
√∑n

i=1(Yi(cv) − Yi(ref))2

n
(1)

MSEP =
√∑n

i=1(Yi(pred) − Yi(ref))2

(2)

n

here n stands for the number of prediction samples, Yi(cv) and
i(pred) for predicted values for cross validation and external val-

dation, respectively, and Yi(ref) for reference value of sample i.
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.2. Combined spectra method (CSM)

The proposed methodology combines the spectra of two
amples of different concentrations and assumes that the concen-
ration of the averaged spectrum is also the average of the original
oncentration values (Fig. 2). This assumption pretends to reveal
he most linearly correlated wavenumbers, assuming Beer’s Law
or transmission, which states that observed absorbance at a
iven wavelength for a mixture of different components is addi-
ive and the individual contributions are linear.

It is thus expected that proportional relations between the new
pectra and the new concentrations will only be achieved for the
ariables truly linearly correlated with the analyte, enhancing
he “good” and the “bad” spectral ranges.

Combined spectra method was performed with the following
teps:

1) Find the optimum number of latent variables and the best
pre-processing method for a full PLS model with the raw
calibration set (Data Set 1).

2) Perform the spectra combination in the unprocessed spectra,
for the desired concentration range. Use the Matlab function
code below to create the new spectra, in which X represents
the spectral matrix and Y the corresponding concentration
vector, taken from Data Set 1:

function [xc,yc] = combspec(X,
Y,ncomb)
mix = zeros(1,size(x,2)+1);
for i = [1:10]
sx = shuffle([x y]);
mx = meanspc(sx,ncomb); mix = [mix;mx];
end
mix(1,:) = [];
yc = mix(:,end);xc = mix(:,1:end-1);

3) Add the resulting spectra to the original data set and pre-
process it again to build Data Set 2.

4) Run the GA in Data Set 2.
5) Cut Data Set 2 according to GA best fit results to obtain

Data Set 3.
6) Build the PLS model with Data Set 3 and predict an inde-

pendent data set for validation.
7) Compare resulting RMSEP with the previously RMSEP cal-
ig. 2. Combined spectra method. It combines the spectra of two (or more)
amples of different concentrations and produces an averaged spectrum and its
irtual concentration.
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. Experimental

.1. Samples

Data set was built with samples collected from four streams
f the process. The samples were divided into a training set (118
amples), on which the GA is run and the PLS model is built,
nd an independent evaluation set (68 samples), on which the
odels are tested.
As mentioned previously, samples were collected in four

ifferent process streams (see Fig. 1). Stream 1 results from
liquid–liquid extraction with ethyl acetate. It has a low API

oncentration, water is present in its saturation levels (approxi-
ately 8%) and acetone is present (approximately 3%). Stream
is the condensate of an evaporative process. API concentra-

ion is 10 times higher, acetone was removed, and new impurity
roducts, related with API degradation during the concentration
tep, are present. Streams 3 and 4 result from consecutive purifi-
ation steps through activated charcoal filters. The water content
lightly increases and impurities are removed.

.2. Reference method

All samples were analysed for API content through spec-
rophotometry by reaction with imidazol reagent and the results
sed as reference values. The method has a precision of
0.065% (w/w), at 95% confidence level.

.3. Equipment and software

NIR absorbance spectra were measured with a BOMEM
B-160 FT-NIR spectrometer with an indium-arsenide (InAs)

etector; a Vial Holder for 8 mm cells and a temperature con-
roller. Spectra were acquired using GramsAI-7 (Thermo, USA)
nd for spectra pre-treatment and calibration development, Mat-
ab (Mathworks Inc., USA) with PLS toolbox v.3 (Eigenvector
nc., USA), were used.

.4. Spectra acquisition

Each sample was measured in duplicate in transmittance
ode. The spectra were collected in the wavenumber range

f 4000–12,000 cm−1 (833–2500 nm), based on 32 scans with
6 cm−1 step (resolution). The reference spectrum was taken
ith an empty cell and the analysis was carried at controlled

emperature of 25 ◦C.

. Results and discussion

.1. Pre-processing selection

As a consequence of their different origin in the process,
amples have different compositions and matrices (e.g. degra-

ation products, other residual organic solvents and moisture
ontent). Batch-to-batch variations are expected as well, arising
rom the composition of the fresh solvent, mainly form residual
olvent and water. As such, the first step in model development

f
o
p
a

rocessing methods. (a) Auto-scaled data; (b) Savitsky-Golay first derivative;
c) Savitsky-Golay second derivative. Maximum coefficient obtained in each
ase was 0.48, 0.67 and 0.88, respectively.

as to investigate the most adequate pre-processing method for
uppressing this variability. For each pre-processing method,
he squared correlation coefficient, R2, between each variable
nd the analyte was computed. The highest coefficients were
btained with the second-derivative method (see Fig. 3), with
hich an R2 maximum value of 0.88 was obtained.
The highest values obtained using first derivative or auto-

caling processing were significantly lower, 0.67 and 0.48,
espectively. The second derivative was, therefore, used as
re-processing method from this point on. A second-order poly-
omial adjusted to an 11-points window gave the best results for
avitsky-Golay method (evidence not shown).

Standard normal variate (SNV) and multiplicative scatter
orrection (MSC) transformations were also tested in the full
ange spectra, giving a maximum R2 of 0.25. This pour results
ere already expected since the transmission spectra were not

ignificantly affected by scatter.
The optimum dimension was determined by the minimum

MSECV for the calibration samples. Samples were divided
nto 10 segments randomly and leave-one segment out was use
s cross-validation method. Eight (8) latent variables (LVs) were
ecessary to retain a significant variance in the data and to
void overfitting. An R2 of 0.993 and a RMSECV of 0.063%was
btained.

.2. Combined spectra method and variable selection

The distribution of the concentration values among the orig-
nal calibration set was evaluated. The histogram shows a lack
f samples in the higher concentration range (Fig. 4). As so, the
ombined spectra method was only performed with raw spectra

rom samples with analyte concentration from 1.5 to 3.0%, in
rder to increase the model sensibility for this range. Seventy
airs of (spectra/concentration) were added to the original data
nd submitted to a GA.
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ison obtained between final and full spectra models’ results. As
expected, the use of PLS without a preliminary variable selec-
tion results in a poor prediction capacity with larger prediction
residuals (Fig. 6a).
ig. 4. Frequency histogram for samples’ concentrations. Original (light grey)
alibration data set; data (dark grey) produced by combined spectra method.

GA was performed using a PLS regression method. Details
n the algorithm used can be found in Table 1. The maximum
umber of factors was imposed regarding the number of compo-
ents (eight) determined by cross validation on the preliminary
odel. Intervals of 10 variables were selected rather than indi-

idual variables to prevent the selection of possible random
orrelated variables. The selected variables are highlighted in
ig. 5. Samples’ matrix is made up of a complex mixture of
olvents, water, API and API degradation products. The API
tself is a molecule that is expected to have absorbance contri-
utions in several regions of the NIR spectrum. The degradation
roducts are also very similar to the API in chemical struc-
ure. After spectral pre-processing, the physical features like
ight scattering, temperature, density or viscosity are not present
r non-significant. As such, the selected wavenumbers are not
xpected to correspond to any spectral features that could be
elated to any physical phenomenon.

.3. PLS model
The augmented data set (118 real samples plus 70 from CS
ethod) and the variables selected by GA (shown in Fig. 5)
ere used to build the final PLS model. Fig. 6 shows a compar-

able 1
arameters of the GA used

arameter Value

opulation size 64
indow width 10

nitial terms 30
aximum generations 100
utation rate 0.005
rossover Double
egression PLS
aximum LV 8
ross validation Contiguous

F
F
(
R

ig. 5. Overview of the best variable selection obtained with GA. Wavenumbers
ncluded are marked in shaded areas.
ig. 6. Comparison between models and their cross-validation residuals. (a)
ull spectrum PLS model, R2 = 0.993, RMSECV = 0.063, RMSEP = 0.091;
b) PLS with variable selection by GA on augmented data set, R2 = 0.999,
MSECV = 0.029, REMSEP = 0.049.
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Table 2
Figures of merit of the PLS models’ predicting performance for the independent validation data set

Model Selection method Data set (variable selection) Data set (model building) RMSECV RMSEP Accuracy improvement (%)

Full spectrum None Original Original 0.063 0.091 Reference
A Correlation Original Original 0.043 0.065 29
B GA Original Original 0.043 0.061 33
C inal
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est results are achieved when GA algorithm is applied in the data set containin

The effect of using 70 combined spectra can be noticed in
he predicted versus measured plot (Fig. 6b), where a linear cor-
elation coefficient of 0.999 is achieved. However, it is relevant
o stress that figures of merit like R2, RMSEC or RMSECV
annot be directly used for comparison because the effect of
he combined spectra might not be entirely eliminated from the
ross-validation procedure. For this reason, the performance of
ifferent models was evaluated in terms of their accuracy (as
MSEP) in predicting a new independent test set of 34 samples
ollected from the different process streams (see Fig. 1).

In order to compare the benefits of the proposed methodology,
hree other models were built and validation results were com-
ared. The validation results are presented in Table 2. Model A
ses wavenumbers selected by univariate correlation. In Model
, only the original data set was used for wavenumber selection
nd model building. In Model C, the augmented data set by CMS
as used for wavenumber selection but the model was built with

he original data. The final model uses the augmented data set
or both wavenumber selection and model building.

Using the full model as reference, the variable selection by
nivariate correlation (Model A), in which only the most cor-
elated variables are used, improved the RMSEP in 29%. The
tandard use of GA on the original data (Model B) showed a sim-
lar improvement, 33%. Finally, Model C, built without adding
he combined spectra to the calibration set, although better than
he previous ones underperformed when compared with the final

odel. Using the augmented data set, a 46% reduction in the pre-
iction error is achieved, leading to the best RMSEP found of
.049%, which is considered to be acceptable for production
lant monitoring for all the process streams.

A precision test was performed with spectra replicates from
he independent test set. The full spectrum PLS model showed
precision of 0.02 and the final model (built with the proposed
ethod showed) a precision of 0.01. The improvement of 50%

n analytical precision is a strong indicator that the proposed
ethod enhances the selectivity towards the analyte, resulting

n a more robust model.

. Conclusion

The content of a certain active pharmaceutical ingredient
large molecule anti-bioactive) in different organic solutions can
e analysed by NIR spectroscopy with an accuracy of 0.05%

w/w) within the process concentration range of 0.10–3.00%
w/w).

A single calibration model was used to monitor the API con-
ent in several points across consecutive steps of downstream

[

[

0.038 0.054 41
ed 0.029 0.049 46

combined spectra.

rocessing. The effects of sample matrix variability among the
rocess streams were attenuated by selecting intervals of vari-
bles from spectroscopic data by genetic algorithms. The pro-
osed methodology of adding artificially created data (generated
y combining spectra of samples of different concentrations) to
he original data set was found to improve the genetic algorithm’s
erformance for the selection of the most informative wavenum-
ers. A 40% reduction in the RMSEP (0.06%) was achieved
hen compared with a full spectrum prediction (0.09%). More-
ver, a more significant improvement, 46%, in prediction ability
as obtained when the same artificial data was also used in the
LS regression step, reducing the RMSEP to 0.05%.

The methodology proposed here is simple, yields lower
rediction errors than classical methodologies and might be
aluable to use whenever a calibration model is required to
ccurately interpolate a concentration range that, for operational
easons, might be difficult to populate. Also it is less arbitrary
han weight calibration methods, although it assumes that linear-
ty and additivity of Beer’s Law hold for the studied case. The use
f one single model for multiple critical to quality monitoring
oints across a multi-stage process, simplifies the routine analy-
is procedure and its implementation as a new analytical method
e.g. documentation), and has obvious advantages in calibration
evelopment and maintenance over time.
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bstract

The use of Fourier transform near infrared (FT-NIR) spectroscopy for simultaneous determination of multiple properties in an active pharma-
eutical ingredient (API) fermentation process is described, together with procedures for developing accurate NIR calibrations with a performance
ndependent of scale and the specific bioreactor used. Measurements were made in situ, by insertion of transflection probes into pilot and industrial
ioreactors providing direct contact with the fermentation culture media. The ultimate goal was to establish methods for real time process moni-
oring aimed at enhanced process supervision, fault detection diagnosis and control of bioreactors. The in situ acquired spectra were related to lab
esults of samples taken from the reactors during the course of the manufacturing process. Suitable spectral wavenumber regions were selected

nd calibration models based on partial least squares (PLS) were developed. The root mean square errors of prediction for API content, viscosity,
itrogen source and carbon source concentration were all within acceptable ranges as compared to the off-line lab measurements, respectively,
.03% (w/w), 150 cp, 0.01% (w/w), and 0.4% (w/w).

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

Fermentation processes are usually controlled based on con-
entration values of the main carbon and nitrogen substrates
resent, main metabolites produced – active pharmaceuti-
al ingredients (APIs) – biomass concentration and even
ome other important substances such as precursors, induc-
rs, and promoters. These parameters are usually obtained
y laborious off-line techniques that take from 30 min to 4 h
ong. As such, for the purpose of real time process supervi-
ion and diagnosis, off-line measurements should be replaced
y on-line automatic and preferably multi-parametric tech-
iques.
The application of near infrared spectroscopy (NIRS) in
ermentation processes has seen a renewed interest in recent
ears, after some years of neglect, as chemometrics has

∗ Corresponding author. Tel.: +351 21 841 9838; fax: +351 21 841 9197.
E-mail address: bsel@ist.utl.pt (L.O. Rodrigues).
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atured into a science and better and more robust instru-
entation became available (probes). The NIR potential to

e simultaneously calibrated for the most important chem-
cal compounds (substrates, API, precursors) and physical
arameters like viscosity can now be explored. The antibiotic
roduction by fermentation, however, revealed to be a sig-
ificant challenge to NIRS in situ measurements [1]: aerobic
ermentation process’s inherent conditions such as vigorous
tirring and gas bubbles; the growing of antibiotic produc-
rs filamentous bacteria as branched structures resulting in
igh viscosities in liquid phase; culture media non-Newtonian
ehaviour; and complex production medium containing meals
fish, soya, etc.), oils, and other water-soluble ingredients. Fur-
hermore, the rheological properties of culture liquids vary along
ultivation time, from batch-to-batch and with reactor scale
2].
Developments were reported using NIR in antibiotic produc-
ion are related with at-line reflection analysis [3–7] and with ex
itu use of flow cells or fiber optic probes (reflectance) placed
n the glass window of the fermentor [8]. In this work the
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tion content (e.g., the signal to noise ratio or the selectivity of
some of its features for chemical or physical sample attributes).
For convenience we can classify the algorithms into scaling,
filtering, baseline correction and derivatives [9]. Since each
L.O. Rodrigues et al. / T

oal was to establish if NIR spectroscopy could be used reli-
bly for extended periods in pilot and industrial bioreactors in
ultivations with complex media.

. Methods and materials

.1. Process description

The bioprocess studied is an industrial scale process
or the production of, an API, at CIPAN S.A. (Portu-
al). The API is clavulanic acid, a beta-lactamase inhibitor.
t is produced by Streptomyces clavuligerus microorgan-
sms in a fed batch process that lasts about 100 h. This
ork uses data acquired from 3 pilot bioreactors (geo-
etric volume of 500 L) and 3 industrial reactors (20 m3

nd 40 m3). The cultivation is carried out using a medium
ontaining soybean meal, a defined carbon source, nitro-
en source, inorganic oils, and an anti-foam. The operating
onditions are typically of those employed in industrial
rocesses for aerobic submerged cultivations at high cell densi-
ies.

.2. Sampling and reference methods

Samples were collected from the fermentors at regular inter-
als (approximately 8 h) and characterised by the conventional
nalytical methods currently established. These at-line values
ere used as reference for model building.
The concentration of the API was determined by HPLC. The

pparent viscosity was measured by a Brookfield concentric
ylinder viscometer (Model LVT, Wilmington, USA). Read-
ngs were taken using 500 ml samples at 25 ◦C, 60 rpm and
pindle number 3. The nitrogen source was determined by the
jeldahl method with a Tecator Digestion System. The con-

entration of the carbon source compound was determined by
spectrophotometric method after reaction with an adequate

ompound.

.3. Equipment

Near infrared spectra over the wavenumber range 4000–
1,000 cm−1 were recorded in transflection mode by a Yoko-
awa NR800 FT-NIR (Fourier transform near infrared) analyser
quipped with an InGaAs (indium, gallium, arsenide) photo-
iode. The analyser with a beam splitter at the interferometer
llows the connection of two transflection probes to measure
wo fermentors simultaneously. The mechanical path length of
he transflection probes was adjusted to 0.5 mm (1 mm of opti-
al path length). Reference spectra were taken from air and

robes were inserted into the fermentors through standard DN25
orts. A total of 600 averaged spectra (128 scans each) were
ecorded for each individual batch at 1 averaged spectra/10 min.
he exact time of sample collection from the bioreactor was

ecorded and the correspondent acquired spectra were selected
or model building data sets.

F
f
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.4. Software

Data collection was made in automatic mode by the NR800
nalyser software every 10 min. Download and storage of the
cquired spectra were made by Yokogawa’s SPECTLAND2
oftware through ethernet communication to a separate pro-
ess PC for calibration development or for trending of predicted
arameters. Data handling and analysis, partial least squares
egression, genetic algorithms (GA), and interval PLS (iPLS)
ere performed by MATLAB v6.5 (Mathworks Inc., USA) and
LS toolbox v.3 from Eigenvector Inc. (USA). All final mod-
ls were transferred to NR800 after being reproduced in and
xported through Unscrambler v.9.1.2.a (Camo) to the analyser
emory.

. Multivariate modelling

.1. Data pre-treatment

Slight differences in bioreactor design (e.g., sparger and baf-
es size and/or orientation, design and/or number of turbines,
tc.) affect the spectra through changes in physic-chemical prop-
rties of cultivation media. As the biomass grows, not only it
hanges the chemical composition of the matrix but it also affects
hysical properties like colour, density and viscosity of the cul-
ivation media. The same type of spectral changes is observed
long a batch during cultivation time (Fig. 1). The most evident
hanges are the baseline shifts that are related to changes in
hysical properties (particulate matter, air bubbles) originating
ight scattering. Aeration, stirring speed, temperature, pH, and
eeding flows also cause smaller alterations in the spectra.

There are several spectral pre-processing algorithms which
ne can use to remove disturbances or to enhance their informa-
ig. 1. Evolution of the transflection spectra collected throughout an industrial
ermentation batch.
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lgorithm has some parameters that can be adjusted, and since
everal of them can be applied to the same data set in consecutive
rder, there are many possible combinations of the above algo-
ithms and their tuning parameters. Some of these combinations
ormally lead to comparable results while others consistently
nder-perform.

In this study all spectra were mean centred, and several com-
inations of methods of each of the above categories were tested
or each property to be calibrated. The best results were consis-
ently obtained with standard normal variate scaling (SNV) and
avitsky–Golay (SG) 1st derivative. The application of SNV
orrects the multiplicative interferences effects of light scatter,
hile SG filtering followed by a 1st derivative removes baseline

hifts and enhances the main features in the spectra. With SNV
ethod the scattering is removed by normalizing each spec-

rum by the standard deviation of the responses across the entire
pectral range, like auto-scaling the transposed spectrum.

.2. Wavenumber selection

After pre-processing, it is important to remove non-
ignificant wavenumbers (non-informative spectral ranges) in
rder to achieve better, more stable and robust models. Different
pproaches were tested in this study for wavenumber selection
uch as univariate correlation, iPLS [10] and GAs [11].

.3. Data set and PLS models

Six batches (pilot and industrial) were monitored in situ and
ata were used as calibration set. The models were validated
sing an independent test set from two production scale batches.

The calibration models were built by leave-one-out cross-
alidation and their predictive ability was assessed in terms of the
oot mean squared error of prediction first for samples set aside
uring cross-validation (RMSCV) and then for external valida-
ion batches (RMSEP) by comparing predictions with reference
alues

MSEP =
√∑np

i=1(Yi(pred) − Yi(ref))2

np
(1)

here np denotes the size of the validation set, and Yi(pred) and
i(ref) are the predicted and reference values for sample i, respec-

ively.

. Results and discussion

The predominant changes in the spectra collected along a
atch are baseline shifts related to scattering due to an increas-
ng cell population along the cultivation (see Fig. 1). Therefore,
re-processing is essential to enhance the chemical information
resent in the spectra and to remove the biomass effect. Using
rincipal component analysis (PCA) on spectra collected dur-

ng the six calibration batches, after pre-processing with SNV,
elevant differences were found between pilot and production
cales (Fig. 2). In particular, the batch-to-batch variability in
he industrial runs (Fig. 2b) is higher because data was col-

t
t
b
(

ig. 2. PCA score plots from fermentation calibration batches. Each point rep-
esents a spectra and different colours strand for different batches.

ected from different scales. This clearly shows that scale must
e included in model development as a source of variability, if a
cale-independent calibration is to be used across different scales
nd different bioreactors of particular design characteristics.

.1. PLS models development

In order to achieve the best prediction performance, several
pectral pre-treatments were investigated followed by variable
election made by different methods. The best combination of
ethods is described in Table 1 for the API content prediction.
First, using the iPLS method, the spectral range was split into

0 intervals, PLS models were calculated for each interval and
MSECV calculated using up to 10 latent variables (LVs). This
rocedure was repeated for each spectral treatment (Fig. 3). The
est RMSECV (0.08) was achieved applying SNV processing
nd using the entire variable range for a PLS model with 5 LVs.
owever, this accuracy in API content was not acceptable for
rocess control purposes. As such, a wavenumber selection was
ade in the mean centred SNV pre-treated spectra using a GA
hat was performed with a PLS regression method. Details on
he algorithm used can be found in Table 2. The maximum num-
er of PLS factors was imposed regarding the number of factors
10) used on the iPLS method. Intervals of 10 variables were
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Table 1
Figures of merit of the models built for API content prediction

Result no. Pre-processing Wavenumbers selection method No. of wavenumbers R2 LVs RMSECV

1 Autoscale iPLS 92 0.723 6 0.13
2 1st derivative iPLS 92 0.584 5 0.12
3 2nd derivative iPLS 91 0.294 2 0.14
4 SNV iPLS 1750 0.895 5 0.08
5 SNV None 1750 0.909 5 0.07
6 SNV GA 240 0.984 9 0.09
7 SNV GA + uncertainity test 132 0.978 6 0.03

Fig. 3. Variable selection results with iPLS method for different pre-processing: (a)
the RMSECV of one spectral interval. Lines with black circular marks represent the

Table 2
Parameters used in the genetic algorithm’s routine

Parameter Value

Population size 64
Window width 10
Initial terms 30
Max. generations 100
Mutation rate 0.005
Crossover Double
Regression PLS
Max. LV 9
Cross-validation Contiguous

s
t
a
m
e
d
b
m
s
b
l
s

SNV; (b) autoscale; (c) 1st derivative; (d) 2nd derivative; each line represents
global model built with all variables.

elected rather than individual variables to prevent the selec-
ion of possible random correlated variables. The best model
chieved an RMSECV of 0.09, which is similar to the reference
ethod precision and therefore, considered acceptable. How-

ver, this model was build with 9 LVs, and there is a risk of
ata over-fitting, meaning therefore, that the relationship found
etween the data and the target values or dependent variables
ay not hold for subsequent predictions. To minimize the pos-
ibility of over-fitting, the variables (wavenumbers) were tested
y an uncertainty test that makes a comparison between model
everages and prediction leverages in order to eliminate non-
ignificant variables. With this procedure, a final model for API
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values obtained by standard reference methods. In Fig. 5 the
grey areas represent the confidence intervals for each predic-
tion, based on a 95% confidence interval around the predicted
Y-value that is computed as a function of the sample’s lever-
ig. 4. Wavenumbers selected by genetic algorithm (grey areas) that were used
or PLS models development. Each grey shade highlights the range used for
ach analyte.

ontent was built with 132 variables and 6 LVs with RMSECV
f 0.03.

The variables selection strategy for other properties studied
as identical to the one described for API model development.
he different wavenumbers ranges used by the models of each
roperty are identified in Fig. 4. The ranges used have a min-
mum overlap between them, which gives a good robustness
ndicator for the models.

The NIR calibration results for the prediction of viscosity,
-source and C-source are presented in Table 3. Viscosity is
odelled best with just mean centred spectra without any further

reatments, as the modelling captures baseline shifts related to
iomass growth and the cultivation broth’s physical changes.

For N-source and C-source compounds, a 1st Savitsky–Golay
erivative was needed to enhance the chemical properties of the
roth by reducing the global baseline variations. The model for
-source compound has a low correlation coefficient (0.716)
hen compared with the other ones. Still, regarding the narrow

alibration range from 0.03 to 0.08%, the achieved RMSECV
f 0.01% is the better one in absolute values. The C-source
odel has a RMSECV of 0.4% that represents a relative error

f 13%.
.2. Real time validation

The transflection probe was placed into a production plant
ioreactor not used during the model development stage. The

able 3
alibration models details for the four analytes. All models built with mean
entered data

roperty Calibration range Pre-processing R2 RMSEP LVs

PI content 0.10–0.50% SNV 0.978 0.03% 6
iscosity 50–1500 cp mncn 0.898 150 2
-source 0.03–0.08% 1st derivative 0.716 0.01 1
-source 0.7–3.6% 1st derivative 0.900 0.4% 1

F
r
C
r

ig. 5. Predicted profiles of a validation batch at production scale. In situ NIR
redictions (lines); reference values (circles). Grey areas represent the confi-
ence intervals for each prediction based on a 95% confidence interval.

redicted properties profiles simultaneously produced by each
f the validated models are shown in Fig. 5 for C-source, N-
ource, and viscosity, as well as the corresponding analytical
ig. 6. API model cross-validation results for model development and prediction
esults for real time validation. NIR predicted values vs. reference values. (�)
ross-validation results, y = 0.9947x + 0.0025; RMSECV = 0.03; (�) validation

esults, RMSEP = 0.03.
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ge and its X-residual variance [12]. The viscosity profile may
e influenced by the differences between the fluid conditions
nside and outside the bioreactor for the at-line reference analy-
is (aeration, temperature). Both N-source and C-source profiles
re in good agreement with reference values and show variations
hat are not visible by the low frequency conventional sampling
cheme.

The API profile is undisclosed as biosynthetic patterns would
e revealed. However, real time prediction results can be seen
n Fig. 6 where the reference values are plotted against the real
ime predicted values. The scale and specific reactor used did
ot affect the model’s prediction performance.

. Conclusion

The main objective of the present study was to develop a
ulti-parametric technique for process monitoring and super-

ision of several bioreactors of different scales and slightly
ifferent designs.

A NIR method was developed based on a transflection steam-
terilizable probe immersed into the fermentation cultivation
edia, to monitor key bioprocess analytes in real time. This
ber optics technique can be an alternative to other methods
ased on sample collection and off-line analysis. The measure-
ents were made under real industrial conditions such as high

emperatures, humidity, and floor vibrations.
Quantitative results obtained were considered satisfactory

oth for process understanding and process control, empha-
izing that the models were valid when applied to variable

atrices, scales, volumes, temperatures, aeration, and stirring

onditions. This method enables to simultaneously monitor mul-
iple fermentation reactors giving multi-parametric analyses of
he fermentation media, with satisfactory accuracy.

[

[
[

75 (2008) 1356–1361 1361

The models built can be used both in pilot and production
cale and as such are a valuable tool for process optimization at
ilot scale and for variability control in industrial production.
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bstract

A method for the extraction of valuable compounds from plants and flowers (viz. laurel, rosemary, thyme, oregano and tuberose) is proposed. The
ynamic approach allows go-and-backward circulation of the extractant (ethanol) through the solid sample subjected to the action of an ultrasound
robe (thus reducing sample amount and avoiding overpressure). A multivariate optimisation study and application of the optimum values of the
ariables to kinetics studies show that 10 min is sufficient to obtain extraction efficiencies that greatly surpass those provided by steam distillation

or essential oils or superheated liquid extraction for these oils and other valuable compounds, with lower costs and higher quality of the extract. The
xtraction time of the proposed method is 176–165 min shorter than steam distillation and 31–20 min shorter than superheated liquid extraction,
epending on the target compound.

2008 Elsevier B.V. All rights reserved.
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eywords: Solid–liquid extraction; Ultrasound; Steam distillation; Superheated
ltrasound-assisted extraction; Dynamic extraction; HPLC–MS identification;

. Introduction

Essential oils are aromatic substances widely used in the
erfume industry, pharmaceutical sector, food and human nutri-
ion field. They are mixtures of volatile compounds mainly
onstituted by monoterpenes and sesquiterpenes and their oxy-
enated derivatives, together with aliphatic aldehydes, alcohols
nd esters—90–95% of the whole oil. A large percentage of
he volatile fraction is composed by terpenes, which make little
ontribution to the flavour or fragrance of the oil, and are decom-
osed by heat, light and oxygen – owing to their unsaturated
roups – to produce undesirable compounds which can give
ff-flavour and off-aromas. The oxygenated fraction is highly
doriferous and mainly responsible for the characteristic flavour
1].
Conventional methods for essential oils isolation are
ydrodistillation or steam distillation. In the former the plant
aterial is inserted into water, subjected to heating and the

∗ Corresponding author. Tel.: +34 957 218615; fax: +34 957 218615.
E-mail address: qa1lucam@uco.es (M.D. Luque de Castro).
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d extraction; Laurel; Rosemary; Thyme; Oregano; Tuberose; Aromatic plants;
S

apor, which contains the volatile compounds, is passed through
cooler for condensation with subsequent collection. In steam
istillation a steam from boiling water is passed through the raw
aterial for times ranging between 60 min and several hours,
hich drives out most of its volatile fragrant compounds. The

ondensate, which contains both water and the aromatics, is set-
led in a flask. Steam distillation is commonly used for fresh
lant materials such as flowers, leaves, and stems. Essential oils
rom citrus used in the food and perfume industries are com-
only isolated by cold pressing, in which a pressure is applied

o the sample in contact with the solvent without increasing
he temperature. Conventional methods based on solid–liquid
xtraction [1–3] provide extracts containing the volatile frac-
ion together with a non-volatile fraction, the nature of which
trongly depends on the method used. In this case the raw mate-
ial is plunged in a solvent able to dissolve the target compounds
nd then agitated to favour mass transfer. Solvents for this macer-
tion/solvent extraction process include hexane, dimethyl ether,

ethanol and ethanol [4–7].
All conventional methods to isolate valuable compounds

rom aromatic plants have important drawbacks, such as low
ields, formation of by-products – owing to degradation of
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Fig. 1. Experimental set-up for the dynamic ultrasound-assisted extraction of
essential oils from aromatic plants and flowers. LC, leaching carrier; EX, extract;
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hermally unstable and unsaturated compounds by temperature
r hydrolytic effects, respectively – large extraction times and
he presence of the extractant, usually a toxic organic solvent
4–6]. These drawbacks have led to searching for alternative
xtraction techniques. Supercritical fluid extraction (SFE) – par-
icularly with CO2 as extractant – has recognised advantages
8–11] over other extraction techniques such as the possibil-
ty to work at relatively low temperatures and its non-toxic
haracter and chemical inertness [12], which makes SFE an
xcellent choice for the isolation of valuable compounds from
romatic plants [13–15], despite the drawbacks linked to the
se of CO2-SFE as are the necessity of high purity CO2 –
wing to contamination of the extracted species with CO2
mpurities – the exclusive affinity of the supercritical CO2 to
ow-polar and non-polar compounds in the sample and the rel-
tively high acquisition cost [1]. Microwave-assisted extraction
MAE) and superheated liquid extraction (SLE) are relatively
ecent alternatives for the isolation of valuable compounds from
romatic plants. Their yields are better than those provided by
onventional methods but they also have the shortcoming of
ample subjection to high temperatures with formation of unde-
irable compounds and frequent use of toxic organic solvents
1].

Ultrasound-assisted extraction (USAE) is a more recent
pproach to obtain valuable compounds from plants [16], which
ircumvents some of the drawbacks of conventional techniques,
uch as losses and degradation of volatile and thermolabile com-
ounds, thanks to its working temperatures, most times at (or
lose to) ambient conditions. In many situations, USAE is faster
nd more efficient than conventional extraction and provides
igh efficiencies with modest consumption of extractant, which
oes not require to be polar as is the case with MAE. The main
dvantages of USAE versus other techniques – such as MAE,
LE and SFE – are lower costs, thanks to the simplicity of the
quipment needed, and the similar or better yields obtained most
imes [17]. The main shortcoming of USAE is potential forma-
ion of free radicals during sonolysis of the solvent, which can
roduce degradation of some labile compounds by oxidation
18].

The aim of this research was to develop a rapid, efficient
nd inexpensive method for the extraction of valuable com-
ounds from aromatic plants and flowers. The extract thus
btained was subject to liquid–liquid extraction coupled to either
as chromatography–flame ionization detection (GC–FID) or
as chromatography–mass spectrometry (GC–MS) for detection
nd identification of the extracted compounds, respectively.

. Experimental

.1. Instruments and apparatus

Ultrasound-assisted extraction was performed using an
xtractor consisting of a stainless steel cylindrical extraction

hamber (100 mm × 10 mm i.d.) that is closed with screw-caps
t either end and permits the circulation of the leaching fluid
hrough it. The screw-caps also contained cotton filters to ensure
hat the sample remained in the extraction chamber. A four-

n
(
(

V, switching valve; PPP, programmable peristaltic pump; UP, ultrasonic probe;
C, extraction chamber; WB, thermostatic water bath.

hannel Gilson Minipuls-3 low-pressure peristaltic pump, PTFE
ubing of 0.8 mm i.d. and an injection valve – acting as a selec-
ion valve – were used to build the flow manifold shown in
ig. 1. The peristaltic pump was programmed for changing the
otation direction at preset intervals and three glass balls were
laced with the sample in the extraction chamber, thus avoid-
ng increased sample compactness and increased pressure in the
ynamic system as a result.

Ultrasonic irradiation was applied by means of a Branson
50 digital sonifier (20 kHz, 450 W) equipped with a cylindrical
itanium alloy probe (12.70 mm in diameter) and immersed into
water bath in which the extraction chamber was placed.

A simple laboratory Quickfit apparatus consisting of a 2000-
l steam generator flask, a condenser and a receiving vessel was

sed to perform steam distillation.
Superheated water extraction (SWE) was performed using

he assembly described by Fernández-Pérez et al. [4].
Identification of the compounds in the extracts was performed

y using a Varian CP 3800 gas chromatograph coupled to a Sat-
rn 2200 ion trap mass spectrometer (Sugar Land, TX, USA) and
Varian (Palo Alto, CA, USA) Star 3400 gas chromatograph was
sed for optimisation and quantification. Both chromatographs
ere equipped with Factor Four Capillary columns (VF-5ms
0 m × 0.25 mm) i.d. DF = 0.25).

.2. Reagents and samples

Ethanol and hexane of HPLC-grade were both from Scharlau
Barcelona, Spain). Eighteen microohms deionised water from
Millipore Milli-Q water purification system was used to pre-
are the water–ethanol extractant mixtures. A stock standard
f 6600 �g/ml of nonane (Sigma, St. Louis, MO, USA) was
repared in HPLC-grade hexane and used as internal standard.
nhydrous Na2SO4 from Merk (Darmstadt, Germany) was used
Leaves of laurel (Laurus nobilis L.), rosemary (Rosmari-
us officinalis L.), thyme (Thymus vulgaris L.) and oregano
Oreganum majorana) were collected in the South of Spain
Montilla, Córdoba). Tuberoses were from a local flower shop.
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.3. Sample preparation

Leaves were collected from five different plants and, in each
ase, mixed, dried in an oven at 40 ◦C for 24 h, milled and kept
t 4 ◦C in dark until use. Flower samples (tuberose) were not
ried to protect labile compounds and could not be milled at the
ame size as the other samples owing to formation of a paste
hich blocked the extraction chamber.

.4. Extraction procedures

.4.1. Ultrasound-assisted extraction
One gram of milled leaves was placed in the extraction cham-

er, which was assembled to the dynamic system, as shown in
ig. 1, and filled with the extractant (ethanol) propelled by the
eristaltic pump with the extraction chamber immersed into a
ater bath at 25 ◦C. The extractant was then circulated through

he solid sample for a 10-min preset time under ultrasonic irra-
iation (duty cycle 0.3 s, output amplitude 10% of the converter,
pplied power 450 W with the probe placed at the minimal
istance to the top surface of the extraction cell, but without
ontacting it). During extraction the direction of the leaching
arrier (at a flow-rate of 4 ml min−1) was changed each 120 s,
hus minimising increased compactness of the sample in the
xtraction cell that could cause overpressure in the system.

.4.2. Steam distillation
The steam generator flask was filled with Milli-Q purified

ater and heated with a heating mantle. As the water vaporised,
he steam passed to the distillation flask containing 3.0 g of plant
nd, then, through the cooled tube where it was condensed. The
istillate (520 ml) was collected in the receiving flask after 3 h
istillation.

.4.3. Superheated water extraction
The cell was filled with 3.0 g of leaves and glass-wool plugs

ere inserted at both ends of the cell to prevent the frit from being
lugged. After assembling the extraction cell to the dynamic
anifold, locating the cell in the oven and filling the cell with

he extractant (water), the oven was brought up to the working
emperature (150 ◦C) and pressurised with ∼10 bar by the pump;
hen, the pump was stopped and static extraction was developed
or 15 min, after which, the outlet valve was opened and the
xtract, pumped at a flow-rate of 2 ml min−1, was collected in a
ial [19].

.5. Extract preparation–individual separation–detection

After USAE, the extract was subject to liquid–liquid extrac-
ion using a small hexane volume for preconcentration and
olvent exchange for subsequent insertion into the gas chro-
atograph. The variables affecting this step – i.e. volume of

xtractant and number of extraction cycles – had been studied

n previous research so, 1 ml of hexane and only one extraction
ycle were used [20–21]. Six �l nonane stock standard solution
as added to the extract before liquid–liquid extraction. The
SAE extract containing the nonane standard solution was put

e
d
t
i

anta 75 (2008) 1369–1375 1371

nto contact with 1 ml hexane, shaken for 5 min and centrifuged;
hen, the ethanolic phase was removed and Na2SO4 was added
o the organic phase as drying agent to eliminate water traces.
he higher volume of the steam distillation extract made nec-
ssary 25 ml hexane and 150 �l nonane stock standard for the
iquid–liquid extraction step.

Aliquots – 1 �l – of the hexane phase were injected into a
actor Four Capillary Column (VF-5ms 30 m × 0.25 mm, i.d.
F = 0.25). The carrier gas (helium) was delivered into the col-
mn head at a constant pressure of 20 psi. The temperature of the
ID was 300 ◦C and the oven temperature 40 ◦C for 2 min, then

ncreased to 250 ◦C at 4 ◦C min−1. The chromatograph worked
n the splitless mode and the analysis took 69 min.

Identification of the different volatile components in the
xtract was obtained by injecting 1 �l hexane extract into the
C column and using a Saturn 2200 ion trap mass spectrom-

ter as detector. The chromatographic conditions were as in
C–FID.

. Results and discussion

The main objectives of the research were identification
f the compounds extracted from the different raw materials
nd comparison of the performance of the different extraction
pproaches. A mass-spectrometry library was used instead of
ndividual standards for the identification of the different com-
ounds. The criteria used to assign a proposed compound as
component of the essential oil were similar to those used in

revious publications [4,9,10]: the Fit, RFit and average values
hould be higher than 950. For the comparison of the differ-
nt extraction approaches a nonane stock standard solution was
dded to the sample and the ratio between the areas obtained
y the target analytes and that provided by nonane, which is
ot present in the extracts, was used as response variable. The
onane solution was also used for correction of the effect of dif-
erences in the amounts of sample used in the different extraction
ethods.

.1. Optimisation of the extraction variables

The aromatic plant selected for the optimisation study was
aurel; then, the optimal working conditions were applied to the
xtraction of valuable compounds from other plants and their
imilar behaviour checked. The response variable for the optimi-
ation of the extraction procedure was the ratio between the area
btained by the nonane standard solution and those provided by
he target compounds. An increase of this ratio can be related to
n enhancement of the extraction efficiency; a decreased value
hould be associated to degradation.

Eight variables were considered for multivariate optimisation
f the extraction step in the dynamic manifold, namely: the probe
osition, percent of ultrasound exposure duty cycle, ultrasound
adiation amplitude, irradiation time, water bath temperature,

xtractant flow-rate, extractant composition and volume of the
ynamic system (extractant volume). A Plackett–Burman design
ype III resolution allowing three degrees of freedom and involv-
ng 12 randomised runs plus three centre points was built for a
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Table 1
Optimisation of the ultrasound-assisted extraction of valuable compounds from
laurel

Variable Tested range Optimum
value

First
design

Second
design

Radiation amplitude (%) 10–50 10 10
Duty cycle (%) 30–70 30 30
Irradiation time (min) 1–5 5–10 10
Extractant flow-rate (ml min−1) 1–4 4 4
Ethanol (%) 25–75 50–100 100
Probe position (cm) 0.1–4 0.1 0.1
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emperature (◦C) 25–40 25 25
xtractant volume (ml) 8.5–10 8.5 8.5

creening study of these eight factors. The upper and lower val-
es of each variable were selected from a preliminary study.
he tested and the optimum values obtained for each variable
re shown in Table 1. The results of this screening study, which
re shown in Fig. 2A, were that the probe position, percent of
ltrasound exposure duty cycle, ultrasound radiation amplitude,
xtractant flow-rate, volume of the dynamic system and bath

emperature were not statistically significant factors within the
anges of the study; however, the results showed higher extrac-
ion efficiencies with the upper values of extractant flow-rate and
robe position and the lower values of the other four variables;

ig. 2. Results obtained by the optimisation of the extraction variables for phel-
andrene (similar results were obtained for the rest of the compounds). (A)
lackett Burman design. (B) Second multivariate design.
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hus, 10% radiation amplitude, 25% of duty cycle, 4 ml min−1,
.1 cm position probe, 8.5 ml volume of the dynamic system
nd 25 ◦C water bath temperature were selected for subsequent
xperiments. The extractant composition and irradiation time
ere the variables statistically significant, and gave better global

xtraction efficiencies with the highest values used in this study;
o higher concentrations of ethanol in the extractant and longer
rradiation times were tested in a multivariate study. The results
f this study, as can be seen in Fig. 2B, show that both variables
ere statistically significant and gave higher extraction efficien-

ies with the upper values; so, the extractant composition was
xed at 100% ethanol and a kinetics study, discussed later, was
ade to optimise the irradiation time.
The optimisation of the chromatographic separation–

etection step was performed in a previous study [21] where
he variables of the chromatographic system – split ratio, flow-
ate of the carrier gas and temperature program – were studied.
he optimum values were checked for application in the present
ethod.

.2. Evaluation of the precision of the USAE–GC method

In order to know the precision of the proposed method,
ithin-laboratory reproducibility and repeatability studies were

valuated in a single experimental set-up with duplicates [22].
he experiments were carried out using 1 g of milled laurel

eaves and the optimum working conditions. Two measurements
er day were made in 7 days. The repeatability, expressed as
elative standard deviation, was from 2.93 to 7.58%; meanwhile
ithin-laboratory reproducibility ranged from 5.99 to 10.45%,

s listed in Table 2.

.3. Scope of USAE: kinetics studies

To assess the scope of the ultrasound-assisted method to
xtract valuable compounds from plants, it was applied to other
lants such as rosemary, thyme, oregano and flowers such as
uberose. Kinetics studies of the extraction were aimed at both
o obtain the optimum irradiation time for maximum or complete
xtraction from each sample and know if degradation of some
ompounds takes place under ultrasound action. The behaviour
f the target analytes is quite different; thus, maximum extrac-
ion of phellandrene, terpinene, pinene and linalyl acetate is
btained after ultrasound irradiation for 2 min, and their con-
entrations in the extract remain constant for longer irradiation
imes; all the others are extracted within 8 min US-irradiation,
xcept elemicin and isoelemicin, which require 10 min, and
ucalyptol and linalool, which behave as shown in Fig. 3 (viz.
aximum extraction for 10 min, after which the concentration

n the extract declines, probably as a consequence of degrada-
ion at longer irradiation times). The behaviour of the aromatic
ompounds was independent of the plant material. In the case

f tuberose, an extraction time of 4 min was optimum; longer
imes result in significant degradation.

The results provided by the USAE method for extraction of
he valuable compounds in the raw materials were compared
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Table 2
Results obtained from the evaluation of the precision of the proposed USAE
method in terms of repeatability relative standard deviation (sr) and within-
laboratory reproducibility relative standard deviation (sWR) for each analyte
(traditional nomenclature in brackets)

Compound sr (%) sWR (%)

5-Isopropyl-2-methyl-1,3-cyclohexadiene
(Phellandrene)

5.29 9.50

1-Isopropyl-4-methyl-1,3-cyclohexadiene
(Terpinene)

4.77 6.20

2,6,6-Trimethylbicyclo[3.1.1]hept-2-ene
(Pinene)

7.31 10.46

3,7-Dimethyl-1,6-octadien-3-yl acetate (Linalyl
acetate)

5.47 6.34

4-Isopropenyl-1-methyl-1-cyclohexene
(Limonene)

4.10 6.68

1,3,3-Trimethyl-2-oxabicyclo[2.2.2]octane
(Eucalyptol)

4.81 6.33

3,7-Dimethyl-1,6-octadien-3-ol (Linalool) 4.74 9.40
1,7,7-Trimethylbicyclo[2.2.1]heptan-2-ol

(Borneol)
6.58 9.05

p-Menthane-1,2-diyl diacetate (Terpin diacetate) 6.02 6.95
1-Isopropyl-4-methyl-3-cyclohexen-1-ol

(Terpinen-4-ol)
4.18 7.42

2-(4-Methyl-3-cyclohexenyl)isopropanol
(Terpineol)

5.14 7.40

2-(4-Methyl-3-cyclohexenyl)isopropyl acetate
(Terpinyl acetate)

7.59 9.05

2-Methoxy-4-propenylphenol (Isoeugenol) 6.35 9.45
4-Allyl-1,2-dimethoxybenzene (Methyleugenol) 4.90 9.21
2-Methoxy-4-(2-propenyl)phenol (Eugenol) 4.35 8.55
3
1
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Table 3
Comparison of target compound-internal standard peak area ratio of extracts
obtained by steam distillation, SWE and USAE under the optimum working
conditions for each type of sample

Compound USAE Steam distillation SWE

Laurel
�-Phellandrene 1.57 0.00 0.43
�-Terpinene 4.35 0.00 0.57
�-Pinene 1.71 0.00 0.41
Linalyl acetate 0.46 0.00 0.12
Limonene 0.09 0.00 0.25
Eucaliptol 16.32 0.22 5.21
Linalool 4.63 0.19 6.91
Borneol 0.12 0.01 0.14
Terpin diacetate 0.05 0.00 0.06
Terpinen-4-ol 0.95 0.04 1.02
�-Terpineol 1.16 0.08 1.34
Terpinenyl acetate 9.37 0.04 1.63
Isoeugenol 0.92 0.20 0.97
Methyleugenol 2.03 0.40 1.60
Eugenol 0.14 0.03 0.04
Elemicin 0.26 0.02 0.03
Isoelemicin 0.51 0.04 0.01

Rosemary
�-Pinene 4.72 0.00 1.29
Camphene 1.26 0.00 0.31
�-Terpinene 0.29 0.00 0.30
Cymene 0.95 0.00 0.30
Terpinolene 9.56 0.57 3.05
Linalool 0.49 0.00 0.58
Camphor 1.66 0.26 1.78
Borneol 3.56 1.27 4.69
Terpinen-4-ol 3.59 0.00 4.61
�-Terpineol 0.58 0.08 1.40
Verbenone 6.25 1.88 4.81
Carvacrol 2.70 0.41 3.93
Thymol 0.90 0.00 0.71

Thyme
�-Phellandrene 0.12 0.00 0.00
�-Pinene 1.30 0.00 0.36
Camphene 0.26 0.00 0.06
�-Pinene 0.44 0.00 0.11
�-Terpinene 0.12 0.00 0.18
Cymene 5.17 0.05 1.65
Eucaliptol 0.96 0.00 1.29
Camphor 1.27 0.04 1.59
Borneol 1.33 0.07 1.47
Terpinen-4-ol 1.11 0.00 1.34
�-Terpineol 0.07 0.00 0.09
Verbenone 1.16 0.00 0.46
Thymol 3.47 0.00 0.28
,4,5-Trimethoxyallylbenzene (Elemicin) 5.79 6.43
,2,3-Trimethoxy-allylbenzene (Isoelemicin) 2.93 6.00

ith those obtained by steam distillation for 3 h, which are usu-
lly taken as complete extraction of essential oils. Table 3 shows
hat the amounts of the oils obtained by USAE are similar to
higher or much higher than) those from steam distillation, which
oint out either an incomplete extraction or loss of these volatile
nalytes occurring by application of the latter method. Also SWE
rovides poorer results than the proposed method, as can be seen
n Table 3, where the results were provided by extracts obtained
nder the optimum SWE working conditions found in the lit-

rature [19,20] for all plants but not for tuberose, which was
ompletely degraded (the peaks of the target compounds disap-
ear in the chromatogram of the extracts obtained by SWE for
min). As shown in the table, most of the extracted compounds

ig. 3. Effect of the irradiation time on the main components of essential oil
rom laurel.

Oregano
�-Phellandrene 1.84 0.00 0.50
�-Pinene 2.01 0.00 0.49
�-Phellandrene 1.07 0.00 0.14
�-Pinene 1.13 0.00 0.27
Cymene 9.73 0.20 2.52
Limonene 1.70 0.00 1.90
Sabinene 1.71 0.00 1.94
Eucaliptol 2.18 0.00 0.70
Carene 0.06 0.00 0.00
Terpinolene 0.53 0.49 0.00
�-Terpineol 0.78 0.15 0.00
Thymol 0.80 0.00 0.00
Carvacrol 0.82 0.07 0.00

Tuberose
Linalool 0.01 0.01
Camphor 0.02 0.02
Borneol 0.14 0.12
Terpinen-4-ol 0.14 0.13
�-Terpineol 0.08 0.07
Verbenona 0.20 0.14
Carvacrol 2.64 2.28
Thymol 6.76 6.52
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re more concentrated in the extracts obtained by USAE. A very
ignificant degradation of these compounds was observed when
he SWE time increased from the optimum value of 30–40 min
as observed by decrease of the peaks in the chromatograms
rom the corresponding extracts).

.4. Comparison of methods

The proposed USAE method was compared with other alter-
atives such as steam distillation and SWE in terms of cost,
apidity, quality of the extract and efficiency for the samples
nder study, shown in Table 3. For aromatic plants, USAE was
ompared with steam distillation and SWE, but in the case of
uberose samples, USAE was only compared with steam distilla-
ion owing to unability of SWE to extract the target compounds
n this matrix without degradation.

.4.1. Costs
The extraction costs of the proposed method are clearly

dvantageous. The energy cost required for water evaporation
n steam distillation, and for reaching superheated conditions
>5 bar and 150 ◦C) surpassed that required in USAE. Also,
he volume of extract is lower in USAE. These aspects are of
aramount importance for potential future implementation of
he method at an industrial scale.

.4.2. Rapidity
USAE requires a total extraction time between 4 and 10 min.

he time required for steam distillation was 3 h, and 35 min
as needed for SWE; thus, the extraction time for the proposed
ethod is from 176 to 165 min shorter than for steam distillation
from 45 to 12 times faster – and from 31 to 20 min shorter than
WE – from 9 to 2 times faster.

.4.3. Efficiency
The proposed method provides richer and more concentrated

xtracts than steam distillation for all the samples and com-
ounds, more than SWE for the more oxygenated fraction and
imilar to it for terpenes and other less volatile compounds. This
ssertion can be inferred by comparison of the peak area ratio
btained from the methods under optimum conditions, as shown
n Table 3.

.4.4. Quality of the extracts
The amount of very volatile compounds – usually oxygenated

ompounds – constitutes a measure of extract quality as these
ompounds are more valuable than the less volatile fraction.
he extract obtained by USAE contains higher amounts of more
olatile compounds—which appear at shorter retention times in
he chromatogram; therefore, this extract possesses an aroma
ore similar to the natural aroma of laurel, rosemary, thyme or

regano.
. Conclusions

The proposed USAE – combined with GC–FID and GC–MS
or the determination and identification, respectively, of the com-

[

[
[

anta 75 (2008) 1369–1375

ounds of interest – is faster than steam distillation or SWE –
8 and 2.5 times faster, respectively – and allows substantial
avings of both energy and investment cost.

USAE is more effective than steam distillation and SWE
nd gives extracts more valuable than those provided by other
ell established extraction alternatives thanks to the more effi-

ient extraction of the most volatile fraction, which gives rise
o an aroma more similar to the natural aroma of the target
lants. Furthermore, the use of ethanol as extractant facili-
ates industrial application for human uses thanks to its low
oxicity.

The proposed USAE approach is a good alternative to conven-
ional extraction techniques as it solves most of their drawbacks,
amely: long extraction times, high energy and acquisition costs,
ow yields and presence of toxic organic extractant residues in
he extracts. It can be used for the extraction of valuable com-
ounds from a large number of aromatic plants which are widely
sed in food, pharmaceutical and cosmetic industries and also it
roven to be effective for the extraction of valuable compounds
rom some flowers.
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bstract

Natural clinoptilolite was used as a sorbent material for solid phase extraction and preconcentration of vanadium. The clinoptilolite was first
aturated with a cation such as nickel(II) and then modified with benzyldimethyltetradecyleammonium chloride (BDTA) for increasing sorption
f 4-(2-pyridylazo)resorcinol (PAR). Vanadium–PAR complex was quantitatively retained on the sorbent by the column method at the pH range
.2–7.0 at a flow rate of 1 mL min−1. It was removed from the column with 5.0 mL of dimethylformamide solution at a flow rate of 0.8 mL min−1

nd determined by UV–vis spectrophotometry at λmax = 550 nm. 0.031 �g of vanadium can be concentrated from 450 mL of aqueous sample

where detection limit as 0.07 ng mL−1 with preconcentration factor of 90). Relative standard deviation for eight replicate determination of 5.0 �g
f vanadium in final solution is 2.1%. The interference of number of anions and cations has been studied in detail to optimize the conditions and
ethod was successfully applied for determination of all vanadium as V(IV) form in standard samples.
2008 Elsevier B.V. All rights reserved.
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. Introduction

The determination of vanadium has received extensive atten-
ion because of its increasing importance in biological and
nvironmental studies. This metal is widely distributed in the
arth’s crust but in low abundance and their presence in the atmo-
phere is mainly due to the combustion of fossil fuels, which have
mportant vanadium contents [1]. Vanadium at trace amounts
epresents an essential element for normal cell growth, but can
e toxic when present at higher concentration [2].

The content of vanadium in natural samples such as soils and
lants is very low in the range of a few �g L−1, hence powerful
nalytical methods are required. Several analytical techniques
ave been reported for the determination of vanadium, which

ncludes voltammetry [3], atomic absorption spectrometry [4,5],
pectrofluorimetry [6], atomic emission spectrometry [7], high
erformance liquid chromatography [8,9] and ion chromatogra-
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lite

hy inductively coupled plasma-optical emission spectrometry
10]. These techniques suffers from several disadvantages such
s few techniques are expensive (ICP-OES), few other having
oor sensitivity (AAS) and few others require specific electrodes
voltammetry) for the determination of vanadium. Spectropho-
ometry is a common technique used for the determination of
anadium owing to its simplicity and low-cost instrumentation.
ost of the direct spectrophotometric methods for determina-

ion of vanadium in environmental samples lack the necessary
ensitivity and/or selectivity without sample pretreatment [11].
reconcentration/separation procedures based on sorption are
onsidered to be superior to the liquid–liquid extraction due to
heir simplicity and ability to obtain high enrichment factors.
pplication of sorbents obtained by immobilization of chelat-

ng agents on solid supports has the advantage of controlling
he capacity and selectivity of metal sorption by the appropriate
hoice of loading organic agents, thus controlling the efficiency

f the process. Chelating resins [12–14], activated carbon [15]
nd various modified polymers [16–18] have been applied for
he pretreatment of vanadium. Zeolites are naturally occurring
ydrated aluminosilicate minerals, and belong to the class of
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inerals known as “tectosilicates”. Most common natural zeo-
ites are formed by alternation of glass-rich volcanic rocks (tuff)
ith fresh or saline water in playa lakes or by seawater [19].
he structure of zeolites is formed by [SiO4]4− and [AlO4]4−

etrahedral units. An oxygen bridge joins Si and Al atoms. Neu-
ralization of an overall negative surface charge requires counter
ons (e.g., Na+, Ca2+, K+ and Mg2+). Due to the charged nature of
he framework and its ability to form Bronsted acid sites, zeolites
re useful for many applications [20]. Natural zeolites have been
ntensively studied because of their applicability in removing
race quantities of heavy metal ions from aqueous solutions by
tilizing the ion-exchange phenomenon [21–24]. Clinoptilolite
s the most abundant natural zeolite and its typical unit cell for-

ula is given either as Na6[(AlO2)6 (SiO2)30]•24H2O or (Na2,
2, Ca, Mg)3

•[(AlO2)6 (SiO2)30]•24H2O [25,26]. The sorption
n zeolitic particles is a complex process because of their porous
tructure, inner and outer charged surfaces, mineralogical, exis-
ence of crystal edges, broken bands and other imperfections of
he surface [27]. The reason for selecting zeolite as an adsor-
ent is its relatively moderate surface area, high and selective
on-exchange capacity, low cost and relative simplicity of appli-
ation and operation. It is believed that the ability of zeolite
s an adsorbent for organic compounds and metal ions from
dsorption of surfactants onto zeolites [28].

The aim of this research was to investigate analytical
pplicability of natural clinoptilolite zeolite as a new sor-
ent for preconcentration of vanadium traces. In this method
anadium(IV)–PAR complex was adsorbed onto modified
linoptilolite zeolite and then was recovered by 5.0 mL of
imethylformamide. After this steps vanadium was determined
ith UV–vis spectrophotometry. It was found that this method

s simple, highly sensitive, fast and economical.

. Experimental

.1. Apparatus and reagents

Spectrophotometric vanadium determinations with PAR
ere performed by use of a single beam Varian Cary-50
V–vis spectrophotometer equipped with 1.0 cm quartz cell.

metrohm 713 pH meter connected to a glass electrode
as used for pH measurements. A funnel-tipped glass tube

100 mm × 5 mm) was used as the column for preconcentra-
ion. All glassware and columns were washed with concentrated
itric acid before use. All reagents used were of analytical grade.
anadium(IV) stock standard solution (100 �g mL−1) was pre-
ared by dissolving 0.5180 g of VOSO4

•5H2O (Merck) in 5 mL
f concentrated H2SO4 and dilution to 1000 mL with water in
tandard flask. Fresh working standard solutions of VO2+ were
repared daily by dilution of the stock solution. A solutions
f 4-(2-pyridylazo) resorcinol (99%, Merck) 10−3 mol L−1 was
repared by dissolution in distilled water. Benzyldimethylte-
radecyleammonium chloride (BDTA) solution (0.1 mol L−1)

as prepared by dissolving 20.6120 g of (98%, Merck) in
00 mL of distilled water. Phosphate buffer solution was pre-
ared by dissolving 1.2 g of NaH2PO4 in 90 mL of distilled
ater and titration to pH 6.5 with NaOH solution. Make up

a
D
a
v

nta 75 (2008) 1279–1283

olume to 100 mL with distilled water. Nickel(II) standard solu-
ion (200 �g mL−1) was prepared by dissolving 0.1021 g of
itrate nickel (Merck) in 100 mL of distilled water. Cadmium(II)
tandard solution (200 �g mL−1) was prepared by dissolving
.5544 g of nitrate cadmium (Merck) in 1000 mL of distilled
ater. Zinc(II) standard solution (200 �g mL−1) was prepared
y dissolving 0.6185 g of zinc nitrate (Merck) in 1000 mL of
istilled water. Solution of alkali metal salts and various metal
alts were used for studying of anionic and cationic interfer-
nces, respectively. Natural clinoptilolite zeolite was obtained
rom Semnan region in the centre of Iran.

.2. Zeolite modification

The zeolite raw mineral was ground and sieved in order
o obtain a sample with particle size class 0.110–0.125 mm.
he ammonium form of clinoptilolite (NH4

+-Z) was obtained
rom the zeolite by treatment with 1.0 mol L−1 ammonium
itrate solutions in solid/liquid ratio of 1 g/10 mL. This mix-
ure was shaken mechanically for 72 h at room temperature. The
H4NO3 solution was replaced three times. After the shaking
eriod, the solid was filtered and washed with distilled water,
hen was dried in an oven at 100 ◦C. In order to remove (evap-
ration) NH3 and formation of H-form of clinoptilolite (H+-Z),
t was put in furnace at 380 ◦C for 2 h. This form of zeolite had
uch higher ion-exchange capacity than NH4

+-Z.
Clinoptilolite was saturated with nickel (or cadmium or zinc)

y shaking 10 g of clinoptilolite with 100 mL of 200 mg L−1

ickel (or cadmium or zinc) solution for 2 h. These metals seem
o reach saturation, which means that the metal had filled possi-
le available sites and further adsorption could take place only
t new surfaces. After the treatment, the resulting zeolite phase
as subjected to washing with nitric acid 4 mol L−1 in order to

liminate excess of Ni2+ (or Cd2+ or Zn2+) ions and then was
ashed with distilled water to remove excess of acid.
The modification of zeolite was performed as follows:

00 mL of BDTA solution (0.1 mmol mL−1) was added to 10 g
f clinoptilolite and the mixture was shaken at room temperature
or 24 h. The BDTA-modified zeolite was filtered and washed
ith distilled water, then was dried in an oven at 100 ◦C.

.3. General procedure

0.3 g of the adsorbent (BDTA-modified clinoptilolite) was
dded to a A funnel-tipped glass tube. An aliquot of vanadium
olution containing 0.05–15.0 �g was taken into a beaker. 1 mL
f 0.2% ascorbic acid solution was added for convert of all vana-
ium forms to V(IV), if exists. Then 1 mL of 0.001 mol L−1

olution of PAR, 2 mL phosphate buffer (pH 6.5) were added
nd the resulting solution was diluted to 50 mL with distilled
ater. All mixtures were flushed with pure nitrogen and kept

t low temperature for a few minutes, then this solution was
assed through the column at a flow rate 1.0 mL min−1. The

dsorbed complex on the column was eluted with 5.0 mL of
MF at a flow rate 0.8 mL min−1 and the absorbance measured

t 550 nm against blank prepared in the same way but without
anadium.
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Table 1
Analysis of vanadium in standard alloys

Sample Composition (%) Founda

NKK no. 1021; Al Si, Cu, Zn alloy Mg, 0.29; Pb, 0.18; Zn, 1.76; Si, 5.56; Sn, 0.10; Ti, 0.04; Mn, 0.20; Cu, 2.72; Cr,
0.03; Fe, 0.99; Bi, 0.01; Ni, 0.14; Zr, 0.01; Sb, 0.01; Ca, 0.004; V, 0.007

0.0068 ± 0.0002

NKK no. 920; aluminum alloy Si, 0.78; Fe, 0.729; Mg, 0.46; Cr, 0.27; Zn, 0.8; Ti, 0.15; Bi, 0.06; Ga, 0.05; Ca,
.71; M

0.148 ± 0.002
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0.03; Co, 0.10; Ni, 0.29; Cu, 0

onditions were same as Fig. 2.
a Mean of four determination ± standard deviation.

.4. Analysis of vanadium in standard alloys

The method was applied to the determination of vanadium
n Nippon Keikinzoku Kogyo (NKK) no 920 aluminum alloy,
KK no 1021 Al, Si, Ca, Zn alloy. A 0.1-g sample of the stan-
ard alloy was completely dissolved in 10 mL of hydrochloric
cid (1:1) by heating on a water-bath. The 0.2% ascorbic acid
olution was used for convert of all vanadium forms to V(IV).
he solution was filtered and diluted to 100 mL with distilled
ater in a standard flask. An aliquot of this sample was taken

nd analyzed by the general procedure. The results obtained are
iven in Table 1. These results are in agreement with certified
alues.

.5. Analysis of vanadium in synthetic samples

A synthetic sample containing vanadium was prepared in
0 ml of concentrated hydrochloric acid. The 0.2% ascorbic acid
olution was used for convert of all vanadium forms to V(IV).
he solution was filtered if needed, and the volume was made

o 100 ml in a standard flask. An aliquot of the sample solution
as analyzed by the general procedure and the results are given

n Table 2.

. Results and discussion

.1. Effect of the surfactant

The clinoptilolite zeolite without modification was not
uitable for separation and preconcentration of vanadium. There-

ore, benzyldimethyltetradecyleammonium chloride was added
o zeolite. Zeolite cannot adsorb ligand molecules because of
ts smaller pore size than the ligand molecules. In addition to
his, natural zeolite has a negative charge in the entire range

r
c

A

able 2
nalysis of vanadium in synthetic samples

omposition of synthetic sample (�g g)

s, 4.0; Cd, 3.0; Cu, 0.60; Ca, 150; Fe, 6.0; Ni, 6.5; Mn, 10.0; Hg,
8.0; Mg, 100; Pb, 25; Zn, 3.5; Tl, 1.5; Pd, 7.5; Rh, 0.85; Ir, 5.5
n, 3.5; Pb, 2.0; Sb,1.5; Ni, 6.0; Mo, 4.5; Mg, 75; Ca, 74; Cd, 7.5;
Hg, 2.5; Bi, 8.0; Zn, 12; Al, 2.5; Pd, 7.5; Rh, 18.0; Ir, 15.0

i, 15; Fe, 3.5; Zn, 6.5; Ca, 120; Mg, 65; Mn, 25; As, 3,5; Bi, 16;
Mo, 6.5; Sb, 7.5; Hg, 15.0; Pd, 3.5; Rh, 17.5; Ir, 25.5

a Average of five determinations, ±standard deviation.
n, 0.20; V, 0.15

H. Therefore, anionic ligand groups will be repelled from the
egatively charged zeolite surface. This induces a relatively low
dsorption capacity. For this reason, in order to increase the
dsorption capacity, the surface of natural zeolite was modified
ith a surfactant to generate a surface with hydrophobic proper-

ies and partially neutralize the negative charges [29]. A series of
xperiments were carried out to find the optimum time to reach
quilibrium. The conditioning (mixing) time of 24 h was found
o be sufficient for reaching equilibrium.

.2. Absorption spectra

The stability of the VO2+ ion depends on the prevailing con-
itions. In acidic solution and at low temperature, VO2+ species
an be kept for quite a long time. In alkaline solution, VO2+

pecies can be stored for about 4 days at room temperature.
(IV) is readily oxidized by oxygen in air in neutral or high
H media and the oxidation rate increases with increasing pH
nd temperature. V(IV) can be stabilised by complexation with
variety of ligands, because of the high affinity of V(IV) for
ost oxygen, nitrogen and sulfur containing ligands [10]. In

ddition to ascorbic acid [30] and (NH4)2S [10] can be used as
reducing agent. PAR reacts with vanadium(IV) in solution to
ive red–violet complex with an absorption maximum at 550 nm
ith stoichiometric ratio 1:1 as determined using the molar ratio

nd continuous variation methods [31]. Between pH 6.2 and
.0, this complex is sorbed on modified zeolite and desorbed
rom the zeolite with DMF, then was measured at 300–650 nm
gainst blank. The absorbance of the blank was measured at
he same wavelengths. The blank absorbance results from the

eagent fixed on the zeolite. The net absorbance, ANC, for the
omplex was obtained from the following equation [32]:

NC = Acomplex − Ablank

Concentration of vanadium (�g g)

Certified value Founda

6.5 6.4 ± 0.2

25.0 24.8 ± 0.6

48.0 47.6 ± 0.8
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Fig. 1. Absorption spectra of the PAR and its V(IV) complex: spectrum (a)
PAR blank against dimethylformamide; spectrum (b) PAR–V(IV) complex
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Various salts and metal ions were added individually to a solu-
tion containing of 5.0 �g vanadium and general procedure was
applied. The tolerance limit was set, as the diverse ion amount

Table 3
Effect of diverse salts and metal ions

Salt or ion Tolerance limit (�g)

CO3
2− (Na2 CO3) 7,000

CH3COO− (CH3COONa) 80,000
Br− (NaBr), NO3

− (NaNO3), F− (NaF) 4,000
gainst reagent blank. Conditions: V(IV), 5.0 �g; pH, 6.5; flow rate of sam-
le, 1.0 mL min−1; PAR, 0.001 mmol; eluent, 5.0 mL DMF with flow rate
.8 mL min−1.

The spectra of the complex and blank are shown in Fig. 1.

.3. Choice of solvent

A number of solvents were examined to dissolve the metal
omplex along with the zeolite. It is essential to select a sol-
ent which the complex is highly soluble, stable and also allows
ensitive UV–vis spectrophotometric measurements. With min-
ral acids, complex was broken, so these were not suitable.
he complex is insoluble in organic solvents such as toluene,
-hexane, chloroform, dioxan and nitrobenzene but it is soluble
n dimethylformamide (DMF). It was found that 5.0 mL of DMF
as sufficient to dissolve the complex. In order to eliminate the
ater retained in the column, it was necessary to aspirate the

olumn for 2–3 min.

.4. pH dependence

The optimum pH for the formation and fixation of the com-
lex falls in the range 6.2–7.0 (Fig. 2). At pH values below 6.2,
oncentration of hydronium ion is high then vanadium(IV) can-

ot adsorb on the active sites in ligand and the complex was not
xed on the exchanger. At pH values above 7.0, VO2+ cations
an convert to dimmer, other oligomers and polymers, therefore
bsorbance of the V(IV)–PAR decreased. We chose pH 6.5 as

ig. 2. Effect of pH on adsorption of V(IV)–PAR. Absorbance measured at
50 nm. Conditions were same as Fig. 1.
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he best pH value for the standard procedures. The phosphate
uffer was found to yield the best results.

.5. Other experimental conditions

The reaction conditions were investigated with 5.0 �g of
anadium(IV). The flow rate of sample solution was varied from
.1 to 2.0 mL min−1 did not affect adsorption. A flow rate of
.0 mL min−1 was recommended in all experiments.

Under optimum conditions, the volume of the aqueous phase
as varied in the range 50–600 mL under optimum conditions. It
as observed that the absorption was almost constant to 450 mL

preconcentration factor of 90), however for convenience, all the
xperiments were carried out with 50 mL of aqueous phase.

.6. Analytical data

It is possible to retain 0.031 �g of vanadium from 450 mL
f solution passing through the column (where detection
imit is 0.069 ng mL−1). Analytical curve is linear in the
.11–3.0 × 103 ng mL−1 in initial solution or 0.01–3.0 �g mL−1

n final solution with correlation factor of 0.997. Eight replicate
etermination of 5.0 �g of vanadium in final solution gave a
ean absorbance of 0.7732 with a relative standard deviation of

.1%.

.7. Effect of diverse ions
l− (NaCl), CN− (NaCN) 5,000
CO3

− (Na HCO3) 8,000
O4

2− (Na2SO4) 16,000

2O3
2− (Na2S2O3) 9,000

DTA (NaSalt) 1,400
o6+ 3,300
H4

+ 8,000
u2+, Co2+ 3,300a

3+ 5,500b

a2+ 2,000
r2+, K+ 1,000
l3+ 2,000
g2+, As3+ 3,000

n2+ 500
r4+ 10,300b

n2+ 3,400c

u3+ 5,400c

onditions were same as Fig. 2.
a After masked with 0.5 mL of 0.1% solution of EDTA.
b After masked with 1 mL of 0.4% sodium fluoride.
c After masked with 1 mL of 0.5% sodium cyanide.
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Table 4
Comparative data from some recent studied on preconcentration of vanadium

Technique Ligand Sorbent DL (�g L) R.S.D.% Linear range Reference

SPS Eriochrome cyanine R Dextran-type exchanger 0.6 2.2 0.6–25.0 ng mL−1 [33]
SPE-spectrophotometry PAR Amberlite XAD-2 1.6 1.6 [34]
SPE-GFAAS PAN Naphthalene 1.25 1.2 5.0–625 ng mL−1 [35]
SPS PAR Anion-exchanger Dowex 1-X8 0.06 1.5 0.1–2.4 ng mL−1 [36]
SPE-DPP Morpholine-4-carbodithioates Microcrystalline naphthalene 200 1.4 0.5–6.5 �g mL−1 [37]
SPE-spectrophotometry QADEAP C18 cartridge 0.04 1.68 0.01–0.6 �g mL−1 [38]
Catalytic adsorptive stripping

voltammetric
Chloranilic Acid 0.2 3.1 5.0–25.0 ng mL−1 [39]

First derivative PAR 300 0.8 4.0–16.0 �g mL−1 [40]

S tiloli

S inoph

r
T

3

t
b
s
D
t
H
t
m
f
p
p

4

l
a
t
V
m
w
l
i
T
t
f
s
u
o

R

[
[
[

[
[
[

[

[

[
[

[

[
[
[
[

[
[
[
[

[
[
[

[

[
[
[

[

spectrophotometryc
PE-spectrophotometry PAR Zeolite clinop

PS, solid phase spectrophotometry; QADEAP, 2-(2-quinolylazo)-5-diethylam

equire causing ±3% error in the determination of vanadium.
he results are given in Table 3.

.8. Comparison to other methods

The present method was successfully applied to the extrac-
ion, preconcentration and determination of the vanadium ion
y UV–vis spectrophotometry. A comparison of the proposed
ystem with some recent studied procedures is given in Table 4.
etection limit obtained is 0.07 �g L. Thus, it is comparable

o those presented by other methods described in the literature.
igh range of linear concentration, high sensitivity, low rela-

ive standard deviation and high tolerance to interferences from
atrix ions allows the application of the new proposed sorbent

or determination of all vanadium as V(IV) form, extraction and
reconcentration in complex samples. The good features of the
roposed method show that it is a convenient and low-cost one.

. Conclusion

The fixation of the V(IV)–PAR complex on clinoptilolite zeo-
ite is discussed. The application of this method has produced
higher sensitivity and lower detection limit than is given by

he solution methods for the determination of all vanadium as
(IV) form at microgram per liter levels. Although, some of
etal–PAR complexes absorb at similar wavelengths, however,
ith control of pH and using common masking agents this prob-

em has been solved easily for vanadium as demonstrated from
ts application satisfactory to the analyses of standard alloys.
he main advantage of this procedure are: (a) natural clinop-

ilolite is very cheap and abundant; (b) a good preconcentration
actor (90) can be achieved; (c) the preparation of the extractor
ystem is simple and fast. Therefore, clinoptilolite zeolite can
sed as a good sorbent for preconcentration and determination
f vanadium at trace levels.
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bstract

A novel RNA-templated single-base mutation detection method based on T4 DNA ligase and reverse molecular beacon (rMB) has been
eveloped and successfully applied to identification of single-base mutation in codon 273 of the p53 gene. The discrimination was carried
ut using allele-specific primers, which flanked the variable position in the target RNA and was ligated using T4 DNA ligase only when the
rimers perfectly matched the RNA template. The allele-specific primers also carried complementary stem structures with end-labels (fluorophore
AMRA, quencher DABCYL), which formed a molecular beacon after RNase H digestion. One-base mismatch can be discriminated by analyzing

he change of fluorescence intensity before and after RNase H digestion. This method has several advantages for practical applications, such as
irect discrimination of single-base mismatch of the RNA extracted from cell; no requirement of PCR amplification; performance of homogeneous
etection; and easily design of detection probes.

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

Many pathogenic and genetic diseases and cancers are asso-
iated with the mutation of particular genes [1]. Among these
utations, single nucleotide polymorphisms are the most abun-

ant genetic variation in individuals [2,3]. A majority of these
enetic variations can serve as biomarkers for medical diagno-
is at early stage of the diseases [4,5]. Therefore, reliable and
apid methods for single-base mutation detection have consid-
rable significance in the biological research, medical science
nd clinical diagnosis.

In the past decades, a wide variety of techniques and
ethods have been developed for mutation detection, such
s allele-specific oligonucleotides [6], specific primer exten-
ion [7], ligation-mediated methods [8], dynamic allele-specific
ybridization [9], iFRET [10], and molecular beacon assay [11].

∗ Corresponding author. Tel.: +86 731 8821566; fax: +86 731 8821566.
E-mail address: kmwang@hnu.cn (K. Wang).
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se; RNA-templated

owever, most of these methods are incorporated with PCR
mplification and gel-based separation.

Molecular beacons are novel hairpin structure nucleotide
robes [11–13]. With proper design, it is possible to dis-
riminate between targets that differ by a single nucleotide
14]. However, in practical application, the choices of the
robe sequence are limited by target-specific considerations,
nd a fraction of molecular beacons will not work without
ptimization, this increases the cost of this method [15,16].
ew strategies which combines ligase detection reaction and

everse molecular beacon (rMB) have been established for
ingle-base mutation identification [17,18], but it still need
xpensive equipments [17] and washing separation steps
18].

Furthermore, compared with cDNA synthesis, transcripts
nalysis by direct ligation on RNA templates might more accu-

ately report the relative abundance of the RNA [19,20]. In this
aper, a novel RNA-templated single-base mutation detection
ethod was established based on T4 DNA ligase and reverse
olecular beacon.
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Table 1
Oligonucleotide sequences

Name Sequence

F-A 5′-(TAMRA)CGCTGCGGACAGGCACAAACACA-3′

F-T 5′-(TAMRA)CGCTGCGGACAGGCACAAACACT-3′

F-C 5′-(TAMRA)CGCTGCGGACAGGCACAAACACC-3′

F-G 5′-(TAMRA)CGCTGCGGACAGGCACAAACACG-3′

Quenching probea 5′-pCACCTCAAAGCGCAGCG(DABCYL)-3′

Template-Ab 5′-TCTCCCAGGACAGGCACAAACACTCACCTCAAAGCTGTTCCTATAGTGAGTCGTATTAGG-3′
5′-CCTAATACGACTCACTATAGGAACAGCTTTGAGGTGAGTGTTTGTGCCTGTCCTGGGAGA-3′

Template-Cc 5′-TCTCCCAGGACAGGCACAAACACGCACCTCAAAGCTGTTCCTATAGTGAGTCGTATTAGG-3′
5′-CCTAATACGACTCACTATAGGAACAGCTTTGAGGTGCGTGTTTGTGCCTGTCCTGGGAGA-3′

RT-PCR primers 5′-CTGAGGTTGGCTCTGACTG-3′
5′-GTGCTCGCTTAGTGCTCC-3′

2

2

a
T
p
d
d
t
(
a
fl
a
v
o
a
R

I
L
f
f
f
c

c
p
b
u
t

o
T
c
s

o
e
a
m

2

T
a
o
(
T
r
f
u

2

w
T
2
A
a
(
t
t
w
F
t
w

a 5′ end phosphorylation.
b DNA templates for in vitro transcription template-A.
c DNA templates for in vitro transcription template-C.

. Experimental

.1. Reagents and instruments

The ligation probes, in vitro transcription DNA templates,
nd RT-PCR primers (shown in Table 1) were synthesized in
akara Biotechnology Co. Ltd. (Dalian, China). The ligation
robes were designed according to the sequence around con-
on 273 on the exon 8 of p53 gene. Quenching probe (Q) was
esigned to have a six-base arm labeled with DABCYL at 3′
erminal and phosphorylated at 5′ terminal. Fluorescence probe
F) was designed to have a six-base arm labeled with TAMRA
t 5′ terminal and a discriminating base at its 3′ terminal. The
uorescence probes were named as F-A, F-T, F-C, and F-G,
ccording to their 3′ terminal nucleotide which hybridizes to the
ariable position in the target RNA. Six-base arm at 5′ terminal
f each fluorescence probe are complementary to the six-base
rm at the 3′ terminal of the quenching probe but not to the target
NA.

T4 DNA ligase, RNase H, Pyrobest DNA polymerase, DNase
, and dNTPs were purchased from Takara Biotechnology Co.
td. Trizol reagent kit for total RNA isolation was purchased

rom Invitrogen Corporation. RT-PCR reagent kit was purchased
rom Fermentas Corporation. T7 transcription kit was purchased
rom Fermentas Corporation. DNA gel extraction kit was pur-
hased from Tiangen Biotech. (Beijing) Co. Ltd.

HeLa (human cervical carcinoma), A549 (human lung car-
inoma), and C-33A (human cervical carcinoma) cells were
reserved in our lab. RPMI 1640 culture medium and fetal
ovine serum were purchased from Gibcol. All other chemicals
sed were of analytical reagent grade without further purifica-
ion. DEPC-treated purified water was used in experiments.

Instruments: All fluorescence measurements were performed

n a Hitachi FL-2500 fluorometer (Japan) equipped with a
hermo Neslab water bath circulators (USA). RNA samples’
oncentration was detected on DU800 Beckman ultraviolet
pectrophotometer (USA). PCR amplification was carried out

H
o
d
r

n PCR system 2700 (Applied Biosystems, USA). Agarose gel
lectrophoresis was performed using electrophoresis apparatus
nd electrophoresis tank (Beijing Liuyi Electrophoresis Instru-
ent Factory).

.2. RNA synthesis by in vitro transcription reaction

RNA templates were synthesized by in vitro transcription.
he DNA templates for in vitro transcription were designed
ccording to the sequence around condon 273 on the exon 8
f p53 gene, and T7 promoter was added at their 5′ terminal
Table 1). In vitro transcription reactions were performed using
7 transcription kit according to the manufacture’s protocol. The

esultant RNA samples were purified and dissolved in nuclease-
ree H2O. The samples’ concentration was detected on Beckman
ltraviolet spectrophotometer.

.3. Single-base mismatch detection on RNA templates

Ligation reactions on in vitro synthesized RNA templates
ere performed in a buffer containing 10 mM MgCl2, 10 mM
ris–HCl (pH 7.6), 10 �M ATP, 200 nM fluorescence probes,
40 nM quenching probes and 160 nM purified RNA templates.
fter incubated at 65 ◦C for 3 min and cooled to room temper-

ture, 7 U T4 DNA ligase was added to the ligation mixture
100 �L) and incubated at 37 ◦C for 2 h. Then, the reaction was
erminated by incubation at 65 ◦C for 10 min. In order to iden-
ify the base type at the mutation site, four separate experiments
ere performed using different fluorescence probe (F-A, F-T,
-C, and F-G, respectively) for each RNA template. The liga-

ion products were divided into two equal parts. One of them
as added 15 �L 5× RNA degeneration buffer and 1 �L RNase

and the other was added 15 �L 5 ×RNA degeneration buffer

nly. After incubated at 37 ◦C for 1 h, the reaction mixture was
iluted to 400 �L, and the fluorescence was measured on fluo-
ometer with excitation at 521 nm.
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Fig. 1. The scheme of RNA-templated single-base mutation detection. First, the target RNA (T) hybridized with the quenching probe (Q) and fluorescence probe
(F). If F and Q perfectly matched to T, the ligation reactions occurred upon adding T4 DNA ligase. After adding RNase H, the target RNA in RNA/DNA duplex
w ng by
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as digested and a hairpin structure was formed, causing fluorescence quenchi
nligated probes could not form a hairpin structure after adding RNase H and co
nalyze the change of fluorescence intensity before and after RNase H digestio

.4. Mismatch discrimination based on fluorescence
uenching

The change in the fluorescence intensity was measured after
h incubation with RNase H. Excitation and emission wave-

engths were 521 and 578 nm, respectively. To normalize the
ifference in different experiments, quenching efficiency (Qe)
as defined as follows: Qe = ((F0 − F1)/F0) × 100%. Where F0

ndicates the fluorescence intensity before RNase H digestion
nd F1 indicates the fluorescence intensity after RNase H diges-
ion.

.5. Single-base mismatch detection on total RNA samples

Cells were grown in RPMI 1640 culture medium supple-
ented with 10% fetal bovine serum, 100 U/mL penicillin,

00 �g/mL streptomycin at 37 ◦C, and in atmosphere contain-
ng 5% CO2. Total RNA samples were extracted using Trizol
eagent with a standard total RNA isolation protocol from three
ell lines, i.e. HeLa, A549, and C-33A. The purified total RNA
as dissolved in nuclease-free H2O, and the samples’ concentra-

ion was detected on ultraviolet spectrophotometer. Detections
ere performed refer to the method previously described in this
aper (Section 2.3), and modified as follows. Ligation reactions
ere performed in a 100 �L buffer containing 10 mM MgCl2,
0 mM Tris–HCl (pH 7.6), 10 �M ATP, 50 nM fluorescence
robes, 60 nM quenching probes, and 180 �g total RNA sample.
fter incubated at 65 ◦C for 3 min and cooled to room temper-

ture, 7 U T4 DNA ligase was added and incubated at 37 ◦C for
h. Then, the reaction was terminated by incubation at 65 ◦C for
0 min. The ligation products were divided into two equal parts.
ne of them was added 15 �L 5× RNA degeneration buffer

nd 1 �L RNase H and the other was added 15 �L 5× RNA
egeneration buffer only. After incubated at 37 ◦C for 1 h, the
eaction mixtures were all diluted to 100 �L, and the fluores-
ence was measured on fluorometer with excitation at 521 nm.

n order to identify the base type at the mutation site, four sep-
rate experiments were performed using different fluorescence
robe (F-A, F-T, F-C, and F-G, respectively) for each total RNA
ample.

t
i
t
t

fluorescence resonance energy transfer. If F and Q not perfectly matched to T,
ot cause fluorescence quenching. Single-base mutation can be discriminated by

.6. RT-PCR and sequencing

Total RNA samples were firstly purified to remove DNA
ontaminant. Reverse transcription reaction was performed in
0 �L volumes with 4 �L 5× reverse transcriptase buffer, 3 �g
NA template, 5 mM dNTPs mixture, 30 U RNase inhibitor,
U AMV RTase, and 50 pmole oligo (dT) 18 primer at 42 ◦C

or 1 h. PCR amplification was carried out on PCR system 2700.
CR was performed in 50 �L of 1 × Pyrobest buffer, contain-

ng 2.0 mM MgCl2, 200 �M dNTPs, 400 nM PCR primers, 2.5 U
yrobest DNA polymerase, and 2 �L reverse transcription prod-
cts. The amplification was achieved for 30 cycles at 94 ◦C for
5 s, 55 ◦C for 45 s, 72 ◦C for 1 min, and a final extension at
2 ◦C for 10 min.

5 �L PCR products were analyzed on 2% agarose gels con-
aining ethidium bromide. Agarose gels were examined in UV
ight vision system after electrophoresis. Target DNA samples
ere recovered and purified using DNA gel extraction kit. Puri-
ed PCR products were sent to Takara Biotechnology Co. Ltd.
or sequencing.

. Results and discussion

.1. Experimental principle

The scheme of this approach is shown in Fig. 1. The detection
as carried out by using allele-specific probes, which flanked

he point mutation in the target RNA. Quenching probe (Q) was
esigned to have a six-base arm labeled with DABCYL at 3′ ter-
inal and phosphorylated at 5′ terminal and fluorescence probe

F) was designed to have a six-base arm labeled with TAMRA at
′ terminal and a discriminating base at its 3′ terminal. The arm
equences of the F and Q were complementary to each other but
ot to the target RNA. After hybridized the target RNA with the
and Q, ligation reaction was carried out in the presence of T4
NA ligase if the two adjacent probes perfectly matched to the
arget RNA. Then RNase H was added to cleave the RNA strand
n DNA/RNA duplex. The molecular beacon-like hairpin struc-
ure (rMB) was formed by the intramolecular hybridization of
he complementary arm sequence in the ligation products. This
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ismatch detection in this paper, and the base variable position was pointed wi

airpin structure will keep the fluorophore and quencher in close
roximity to each other, causing the fluorescence to be quenched
y fluorescence resonance energy transfer. If the two adjacent
robes were not perfectly matched to the template, unligated
robes could not form a hairpin structure after adding RNase H.
ne-base mutation can be discriminated by analyzing the change
f fluorescence intensity before and after RNase H digestion.

Several computer algorithms such as Mfold [21], primer 5.0,
nd OligoWalk can be chosen to design the detection primers.
he total length comprising the hairpin loop can range between
0 and 35 nucleotides, depending on the target region cho-
en for probe binding. In order to increase the stability of the

NA/RNA hybridization duplex, the fluorescence probe and
uenching probe (not contain the stem sequence) should contain
ot less than 10 nucleotides. The length of the arm sequences
s five or six nucleotides (composed mostly G/C’s) to keep the

s

s

Mfold program. The bold line emphasized sequence was chosen for one-base
arrow.

table of the intracellular stem loop structure of the molecular
eacon-like hairpin structure. Mfold or primer 5.0 can be used
o predict the structure of the loop sequence (the sequence in the

olecular beacon-like hairpin structure not containing the arm
ucleotides) and the molecular beacon; these sequences should
ot form unexpected secondary structure. The most stable sec-
ndary structure of partial of p53 mRNA analysis with the Mfold
rogram is shown in Fig. 2. The bold line emphasized sequence
as chosen for one-base mismatch detection in this paper, and

he base variable position was pointed with an arrow.

.2. Discrimination of single-base mismatch on in vitro

ynthesized RNA

To validate our postulated mechanism in Fig. 1, two in vitro
ynthesized RNA templates (named template-A and template-C
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Fig. 3. Single-base mismatch detect of in vitro synthesized RNA. The Qe
reflected whether the 3′ terminal base of fluorescence probe perfectly matched
the base at the variable position in the target RNA. Base type at the variable
position in the target can be identified by comparing the Qe of relevant fluores-
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Fig. 4. Single-base mutation detect of extracted total RNA samples. The Qe
reflected whether the 3′ terminal base of fluorescence probe perfectly matched
the base at the variable position in the target RNA. Base type at the variable
position in the target can be identified by comparing the Qe of relevant fluores-
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C-33A. The results were shown in Fig. 4. These results indi-

F
c

ence probes. The concentration of fluorescence probe, quenching probe, and
n vitro synthesized RNA were 25, 30 and 20 nM, respectively.

ccording to the base type at the variable position) were used for
ne-base mismatch detection. The designed probes are shown
n Table 1. In order to identify the base type at the mutation
ite, four separate experiments were performed using different
uorescence probe (F-A, F-T, F-C, and F-G, respectively) for
ach RNA template.

As shown in Fig. 3, the Qe for template-A were 0.07, 42.24,
.72, and 1.33% (the corresponding detection probes were F-A,
-T, F-C, and F-G), respectively. The Qe of matched substrate
as 31-fold greater than corresponding mismatched substrates.
or template-C, the Qe were 3.93, 0.80, 1.60, and 42.8%. The
e of matched substrate was 10-fold greater than correspond-

ng mismatched substrates. Using this method, we cannot only
iscriminate one-base mismatch, but also identify the base type
t the variable position in the target RNA.
Then, the quantitative relationship between the template
NA concentration and fluorescence quenching efficiency was
etected. The perfectly matched fluorescence probe and quench-

c
a
t

ig. 5. Sequencing results. (a) The agarose gel electrophoresis image of the RT-PCR p
ell. The nucleotide at the variable position was indicated with a piece of underline.
ence probes. The wild-type base at the variable position in the target RNA is C.
he concentration of fluorescence probe, quenching probe, and total RNA were
5 nM, 30 nM, and 900 mg L−1, respectively.

ng probe were used in all experiments. The Qe (Y) was linearly
orrelated to the template-A RNA concentrations (X) in the range
f 1.25–24 nM. The regression equation is Y = 2.241X + 1.068,
2 = 0.9981. The limit of detection was estimated to be 0.9 nM,
efined by three times of standard deviation (σ) over the blank
easurement.

.3. Discrimination of single-base mismatch on total RNA

To investigate whether this approach has the capability of
etecting single-base mutation in RNA samples, total RNA sam-
les extracted using Trizol reagent with a standard total RNA
solation protocol from three cell lines, i.e. HeLa, A549, and
ated that the base types at the same position of HeLa, A549
nd C-33A RNA were C, C, and U, respectively, by comparing
he Qe.

roductions. (b) The sequencing electropherograms of HeLa, A549, and C-33A



ta 75

3

f
c
s
t
r
(
A
t
t

4

m
h
o
m
i
e
r
(
o

i
p
t
s
(
t
t
a

A

B

P
M
N
P
o
(

R

[
[
[

[
[
[
[
[

[
[19] M. Nilsson, D.O. Antson, G. Barbany, U. Landegren, Nucleic Acids Res.
H. Tang et al. / Talan

.4. Sequence validation

In order to confirm the detection results, a 255 bp DNA
ragment containing the target sequence was amplified specifi-
ally from three cell lines utilizing the RT-PCR technique. The
equencing results (shown in Fig. 5) were in accordance with
he detection results (Fig. 4). By comparing our experimental
esults with the database in the global bioresource center ATCC
C-33A has the CGT > TGT transition at codon 273, HeLa and
549 have the wild-type codon CGT at codon 273), we thought

his method could detect the single-base mutations directly using
otal RNA samples.

. Conclusions

A novel RNA-template single-base mutation detection
ethod based on T4 DNA ligase and reverse molecular beacon

as been developed and successfully applied to identification
f single-base mutation in codon 273 of the p53 gene. This
ethod has several advantages for practical applications, includ-

ng (i) direct discrimination of single-base mismatch of the RNA
xtracted from cell; (ii) no requirement of PCR amplification,
everse transcription PCR, and gel electrophoresis separation;
iii) performance of homogeneous detection; (iv) easily design
f detection probes.

For the limitation of the copy number of the target mRNA
n the sample cells, the pitfall of this method is high sam-
le consumption. Further systematic studies should be taken
o improve the detection sensitivity and minimize sample con-
umption, such as combination of the ligase chain technology
LCR). The development of this method will make it suitable for
he single-base mismatch detection of the clinical sample con-
aining a small number of disease cells, and provide an attractive
lternative to traditional RNA analysis tools.
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bstract

Dispersive liquid–liquid microextraction (DLLME) coupled with gas chromatography–flame ionization detection (GC–FID) was applied for the
etermination of two tricyclic antidepressant drugs (TCAs), amitriptyline and nortriptyline, from water samples. This method is a very simple and
apid method for the extraction and preconcentration of these drugs from environmental sample solutions. In this method, the appropriate mixture
f extraction solvent (18 �L Carbon tetrachloride) and disperser solvent (1 mL methanol) are injected rapidly into the aqueous sample (5.0 mL) by
yringe. Therefore, cloudy solution is formed. In fact, it is consisted of fine particles of extraction solvent which is dispersed entirely into aqueous
hase. The mixture was centrifuged and the extraction solvent is sedimented on the bottom of the conical test tube. 2.0 �L of the sedimented phase
s injected into the GC for separation and determination of TCAs. Some important parameters, such as kind of extraction and disperser solvent and

olume of them, extraction time, pH and ionic strength of the aqueous feed solution were optimized. Under the optimal conditions, the enrichment
actors and extraction recoveries were between 740.04–1000.25 and 54.76–74.02%, respectively. The linear range was (0.005–16 �g mL−1) and
imits of detection were between 0.005 and 0.01 �g mL−1 for each of the analytes. The relative standard deviations (R.S.D.) for 4 �g mL−1 of TCAs
n water were in the range of 5.6–6.4 (n = 6). The performance of the proposed technique was evaluated for determination of TCAs in blood plasma.

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

Amitriptyline is a tricyclic antidepressant (TCA) of the diben-
ocycloheptene type and nortriptyline is its active metabolite.
hey are used for depression treatment, in management of the
hronic and also served for neurogenic pains. Some efficiency
as also been reported in phobic and panic disorder [1]. These
rugs are chemically basic and in the market are in the forms
f hydrochloride salts (log Ka are 9.4 and 9.7 for amitriptyline
ydrochloride and nortriptyline hydrochloride, respectively) [2].

Conventional liquid–liquid extraction (LLE) has been widely
sed as an extraction and sample preparation method for many

ecades [3,4]. In the last 10 years, some researches are focused
n the miniaturizing of analytical LLE, termed liquid phase
icroextraction (LPME) [5–9] that does not have LLE disad-
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al sample; Gas chromatography (GC); Flame ionization detector (FID)

antages and are extremely simple, cheap and virtually solvent
ree sample preparation technique [10–12].

Recently, Assadi and co-workers developed a novel LPME
echnique named dispersive liquid–liquid microextraction
DLLME) [13]. It is based on ternary component solvents system
hat is similar to homogeneous liquid–liquid extraction method
HLLE) [14,15] and also cloud point extraction (CPE) [16].
he advantages of DLLME method are simplicity of opera-

ion, rapidity, low cost, high recovery and enrichment factor.
n the present work, the method was applied for analysis of
mitriptyline and nortriptyline from blood plasma using gas
hromatography–flame ionization detection (GC–FID).

. Experimental
.1. Chemicals and reagents

The drugs, amitriptyline hydrochloride; 1-propanamine,
-(10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5-ylidene) N,N-
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imethyl-hydrochloride and Nortriptyline hydrochloride; 1-
ropanamine,3-(10,11-dihydro-5H-dibenzo[a,d]cyclohepten-
-ylidene)-N-methyl-hydrochloride, were from Daropakhsh.
o. (Tehran, Iran).

Organic solvents and analytical reagents: Chloroform, was
btained from Fluka (Buchs, Switzerland) while methanol,
ichloromethane, nitrobenzene, tetrachloroethylene, carbon
etrachloride, isopropanol, acetonitrile, sodium chloride were
rom Merck (Darmstandt, Germany), sodium hydroxide was
rom Farabi Co. (Iran). Carbon disulfide was obtained from
iedel-de Haen (Hannover, Germany) and acetone was from
nalarR (BDH, England) (all of these reagents were of analyt-

cal grade). Doubly distilled water was used for preparation of
queous solution.

Drug-free human plasma sample was obtained from a healthy
ale volunteer.

.2. Instrumentation

Chromatographic analysis was performed on Chrompack
P9001 (Middelburg, The Netherlands) gas chromatography

quipped with a split/split-less injector used in split mode and
ame ionization detector (FID). Separations were conducted
sing a CP-Sil 24CB (50% phenyl, 50% dimethylsiloxane) cap-
llary column, WCOT Fused silica, 30 M × 0.32 mm i.d. with

s
s
t
e

ig. 1. Photography of different steps in DLLME: (a) before addition of mixture of d
b) starting of addition (c) end of addition (d) after shaking the tube and (e) after cent
5 (2008) 1293–1299

.25 �m stationary film thickness (Chrompack, Middelburg,
he Netherlands).

The carrier gas was ultra pure helium (99.999%, Sabalan Co.,
ran) at a flow rate of 1.11 mL min−1 and split ratio 46:1. The
C conditions were as follows: injector temperature 280 ◦C;

nitial oven temperature 100 ◦C for 1 min increased to 240 ◦C at
rate of 2 ◦C min−1 and a second ramp to 260 ◦C at a rate of
◦C min−1. The total time for one GC run was 18 min.

The FID temperature was maintained at 280 ◦C. The flow
f Zero Air (99.99%, Sabalan Co, Tehran, Iran) for FID was
50 mL min−1 and flow rate of hydrogen was 30 mL min−1.

The Hittich Scientific Centrifuge (model Hittich, UNIVER-
AL, USA) was used for centrifuging.

.3. Dispersive liquid–liquid microextraction procedure

A 5.00 mL of double-distilled water was placed in a 10 mL
crew cap glass test tube with conic bottom and spiked at level
f 4.00 mg L−1 of TCAs. 1.00 mL of methanol (as a disperser
olvent) and 18.0 �L of carbon tetrachloride (as an extrac-
ion solvent) were mixed and injected rapidly into the aqueous

ample by syringe. The mixture was gently shaken. A cloudy
olution (water/methanol/carbon tetrachloride) was formed in
he test tube. In this step, the TCAs in water sample were
xtracted into the fine droplets of carbon tetrachloride. The mix-

isperser solvent (methanol) and extraction solvent (CCl4) into sample solution,
rifuge and enlarged view of sedimented phase (3.7 ± 0.2 �L).
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Table 1
Physical properties of extraction solvents

Solvent Structure and molecular weight Boling point (◦C) Density (g mL−1) Solubility in 100 g of water

Carbon disulfide CS2, 76.14 46.26 1.2566 0.29
Carbon tetrachloride CCl4, 153.82 76.8 1.5842 0.08
Chloroform CHCl3, 119.38 61.2 1.4799 0.8
Dichloromethane CH2Cl2, 84.93 39.8 1.25 1.3
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itrobenzene C6H5NO2, 123.11 210
etrachloroethene C2Cl4, 165.83 121

ure was then centrifuged for 10 min at 1000 rpm. Afterward
he dispersed fine droplets of carbon tetrachloride were sedi-

ented on the bottom of test tube. A portion of the sedimented
hase (2.0 �L) was removed using 10 �L microsyringe (Hamil-
on Bonaduz AG, Bonaduz, Switzerland) and injected into GC.
he volume of sedimented phase was determined using a 10 �L
icrosyringe which was about (3.7 ± 0.2 �L). The extraction

teps are illustrated in Fig. 1.

.4. Preparation of standard solutions and plasma sample

Stock solutions of amitriptyline and nortrityline
100 �g mL−1) were prepared by dissolving calculated
mounts of each drug in methanol. They were stored at 4 ◦C
n refrigerator, protected from light. Fresh working solutions
4 �g mL−1) were prepared daily by diluting the stock solution
n distilled water. The pH was adjusted to 12 by addition of
aOH (1 M).

.5. Human plasma

Amitriptyline and nortriptyline are extensively bounded to
lasma proteins (91–97%) [2], and should be librated prior to
xtraction. So, 1.00 mL methanol was added to 0.50 mL plasma.
he mixed solution was centrifuged for 15 min at 1000 rpm. A
olume of 0.05 mL of supernatant was transferred to test tube
nd diluted with water to 5.0 mL, the pH was adjusted to 12 with
M NaOH.

. Result and discussion

In this study, DLLME combined with GC–FID was devel-

ped for determination of TCAs. There are several factors that
ffect the extraction process, like, extraction solvent, disperser
olvent, volume of extraction solvent, volume of disperser sol-
ent, pH of the aqueous solution, salting effect and extraction

v
T

t

able 2
xtraction solvent behaviors in DLLME

nalyte CCl4 peak area C2Cl4 peak area

mtriptyline 360759.67 194929.67

ortriptyline 235025.33 125615
1.1987 0.19
1.6227 0.015

ime. The optimization was carried out on water solutions of
�g mL−1 for each drug. The chromatographic peak area was
sed to evaluate the extraction efficiency under different exper-
mental conditions.

.1. Selection of extraction solvent

Choosing the most suitable extraction solvent is of primary
mportance for achieving good selectivity of the target com-
ounds. Therefore, some factors should be considered, i.e., the
olvent must be immiscible with water, the solubility of the ana-
ytes should be higher in the organic phase than the donor phase
o promote the extraction of the analytes, good GC behavior and
n the case of DLLME, the density of the extraction organic sol-
ent must be higher than water [17,18]. Six solvents, which have
hese characteristics, were selected and their physical properties
re collected in Table 1.

A series of sample solution were studied by using 1.00 mL
f acetone and 20.0 �L of different kind of extraction sol-
ents. After the addition of chloroform, carbon disulfide and
ichloromethane not only the cloudy state was formed but also
here was not sedimented phase on the bottom of the test tube
fter centrifugation. It was probably due to higher solubility of
hese solvents in water than the other tested solvents.

With nitrobenzene as an extraction solvent, the cloudy state
as formed and remained constant even after centrifugation. In

his case the sedimented organic phase was not appeared which
ay be due to the solvent–solvent interaction of homogeneous

istribution throughout the solution. Carbon tetrachloride and
etrachloroethylene formed cloudy state and after centrifuging,
he organic solvent separated from sample solution and sedi-

ented on the bottom of test tube.
Three replicate tests were performed for each of these sol-
ents under the same conditions. The results are shown in
able 2.

The extraction efficiency of carbon tetrachloride is higher
han tetrachloroethylene (Table 2). Therefore, carbon tetra-

CHCl3, CS2, CH2Cl2 C6H5NO2

Cloudy state was not formed. Cloudy state was formed, and
remained after centrifuging.

Extraction solvent was not
separated from sample
solution, after centrifuging.
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significant effect in extraction efficiency. This is the most impor-
tant advantage of DLLME technique. It is obvious that the
surface area between extraction solvent and sample solution is
ig. 2. Effect of disperser solvent on extraction efficiency. Extraction condi-
ions: water sample volume, 5.00 mL; disperser solvent (acetone, isopropanol
nd methanol) volume, 1.00 mL; extraction solvent (CCl4) 20.0 �L.

hloride was selected as extraction solvent for subsequent
xperiments.

.2. Selection of disperser solvent

The disperser solvent must be miscible in extraction sol-
ent (organic phase) and also sample solution (aqueous phase).
herefore, acetone, methanol and isopropanol were tested. A
eries of sample solutions were studied using 1.00 mL of each
isperser solvent containing 20.0 �L carbon tetrachloride (as an
xtraction solvent). The effect of disperser solvent on analytical
ignal was shown in Fig. 2.

The maximum peak area was obtained by using methanol
s a disperser solvent. That is due to its higher compatibility
f methanol with aqueous solution than the other solvents [19].
ethanol was selected for further experiments.

.3. Effect of extraction solvent volume

Variations in volumes of both extraction and disperser sol-
ents cause change in the volume of the sedimented phase. For
ptimization of extraction solvent volume, different volumes
f CCl4 were added to 1.00 mL of methanol and these mix-
ures were subjected to the same DLLME procedures. Fig. 3
hows that by increasing the volume of CCl4, and therefore,

edimented phase volume, the peak area decreases. For the vol-
mes less than 18.0 �L the sedimented phase volume was so
ittle, that means the collection of it was too difficult. Therefore,
he volume 18.0 �L was selected as optimal volume.

ig. 3. Effect of the volume of carbon tetrachloride on extraction efficiency.
xtraction conditions: water sample volume, 5.00 mL; extraction solvent (CCl4),
isperser solvent 1.00 mL methanol.

i

F
D
v

ig. 4. Effect of volume of methanol on extraction efficiency. Extraction condi-
ions: water sample volume, 5.00 mL; extraction solvent 18.0 �L CCl4, disperser
olvent methanol.

.4. Effect of disperser solvent volume

To examine the effect of disperser solvent volume, different
olumes of methanol were added to 18.0 �L of CCl4. Fig. 4
hows that by increasing the methanol volume, in spite of pro-
ucing better cloudy state, the sedimented phase volume is
ecreased. Therefore, up to 1.00 mL addition of methanol, peak
rea increases, afterward at higher volume of methanol the solu-
ility of analytes in water increase and the extraction efficiency
ecrease. Therefore, 1.00 mL of methanol was selected as an
ptimal volume.

.5. Effect of extraction time

The time of extraction is one of the most important factors
n extraction procedures, especially in microextraction methods
uch as SPME and LPME. Extraction time in DLLME is defined
s an interval time between injection of mixture of disperser
olvent (methanol) and extraction solvent (CCl4), and before
tarting to centrifuge. The time of extraction was examined in
he range of 0–30 min with keeping experimental conditions
onstant [13]. Fig. 5 shows that the time of extraction has no
nfinitely large. Therefore, the mass transfer from sample solu-

ig. 5. Effect of extraction time on the peak area of TCAs obtained from
LLME. Extraction conditions: water sample volume, 5.00 mL; extraction sol-
ent 18.0 �L CCl4, disperser solvent 1.00 mL methanol.
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Fig. 7. Effect of addition of NaCl on the peak area. Extraction conditions: water
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ig. 6. Effect of aqueous solution pH on the extraction of analytes, peak area.

ion to extraction phase is fast. As a result, equilibrium state is
chieved quickly which cause the extraction time to be short.

.6. Effect of sample pH

The pH of aqueous feed solution which contains acidic or
asic drugs should be controlled in the extraction process [20].
mitriptyline and nortriptyline are basic compounds [2], there-

ore, the pH of the aqueous feed solution should be higher than
he pKa of the analytes. In this condition analytes are largely neu-
ral and it is obvious that neutral form of organic compound has
greater tendency to extract into the organic solvent compared

o the ionized form.
The pH of the sample solutions was changed in the range

f 10–13 with addition of NaOH solution (1 M). Fig. 6 shows
hat, first the peak areas increase and then decrease. It may be
xplained that at the beginning, the analytes are in the form of
mitriptyline and nortriptyline hydrochloride, by the addition of
aOH to the solution ionic forms of analytes will be converted

o molecular forms and NaCl salt is also produced. The addition
f NaOH (higher than pH 12) causes salting in effect due to
pontaneously producing NaCl. This effect reduces the peak
rea. Therefore, the pH 12 was selected as an optimal pH.

.7. Salt addition effect

In the extraction methods, the solubility of many analytes in
queous solutions decreases with increasing ionic strength due
o salting out effect [21].

The salt effect on extraction of antidepressant drugs was
nvestigated by adding different amount of sodium chloride in
he range of 0–10 % w/v. As shown in Fig. 7, by addition of salt,
reverse effect on extraction efficiency is occurred.
The results indicate that by increasing the NaCl, the volume
f sedimented phase increases because of the decreasing in sol-
bility of extraction solvent in the presence of salt (salting in
ffect).

R

able 3
uantitative results of DLLME and GC–FID

ompound Linearity range
(�g mL−1)

Correlation
coefficient (R2)

LODs (�
(n = 6)

mitriptyline 0.005–16 0.9960 0.005
ortriptyline 0.02–16 0.9972 0.01
ample volume, 5.00 mL; extraction solvent 18.0 �L CCl4, disperser solvent
.00 mL methanol; pH 12.

.8. Validation of the method

.8.1. Analytical performance
Calibration curves were drawn utilizing 10 spiking levels

f drugs in concentrations between (0.004–20 �g mL−1) with
espect to each analyte in distilled water. For each level three
eplicate extractions at optimal conditions (extraction organic
olvent, 18 �L carbon tetrachloride; disperser solvent, 1.00 mL
ethanol; and pH 12) were performed and two calibration curves
ere drawn.
The correlation coefficients (R2), dynamic linear ranges

DLR) and the limits of detection (LOD) were calculated and
hown in Table 3 [22,23]. Limits of detection were calculated as
he minimum concentration providing chromatographic signals

inimum 3 times higher than background noise. LODs were
etermined in distilled water [5]. Repeatability (R.S.D.) was
valuated on six replicate experiments at 4 �g mL−1 concentra-
ion (Table 3).

Eqs. (1) and (2) were used for calculation of enrichment factor
nd recovery.

F = Csed

C0
(1)

here EF, Csed and C0 are the enrichment factor, concentration of
nalyte in sedimented phase and initial concentration of analyte
n aqueous sample, respectively.
Vaq C0

% =
(

Vsed

Vaq

)
EF × 100 (3)

g mL−1) R.S.D. (%) Enrichment factor
(Csed/Ca)

Recovery %
Csed/Ca × 100

5.6 740.04 54.76%
6.4 1000.25 74.02%
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ig. 8. Chromatogram of drug-free plasma (a), plasma contains 0.067 �g mL−1

f each analyte (b) 1. amitriptyline, 2. nortriptyline.

here R%, Vsed and Vaq are the percent of extraction recovery,
olume of sedimented phase and volume of aqueous sample,
espectively.

In order to examine the enrichment factor of each analyte,
hree replicate extractions were performed at optimal conditions
rom aqueous solutions consisting 4 �g mL−1 amitriptyline and
ortriptyline. The enrichment factor was calculated as the ratio
f final concentration of analytes in sedimented phase and its
oncentration in the original solution. The standard solutions
f TCAs were prepared in carbon tetrachloride as solvent and
he calibration curves were drawn (4.00–30.00 mg L−1). Finally,
he actual concentration of each analyte in carbon tetrachloride
as calculated from this calibration curves and the enrichment

actors were determined and summarized in Table 3.

.8.2. Human plasma
Plasma samples were prepared as mentioned in Section 2.4.

hromatograms of drug-free plasma and a plasma sample con-
aining 0.067 �g mL−1 of each substance are shown in Fig. 8.

LPME is not exhaustive extraction method, so the rela-
ive recovery was determined as the ratio of the concentration
ounded in real samples and distilled water sample, with both
amples spiked at the same concentration level [19,20]. Under
he optimized conditions the relative recovery that was obtained
or amitriptyline and nortriptyline in plasma sample were
9.17% and 48.23%, respectively. The relative standard devi-
tions (R.S.D.s) (4 �g mL−1) in plasma 6.1% for amitriptyline,
nd 8.4% for nortriptyline. The calibration graphs were lin-
ar in the range of (0.007–21 �g mL−1) for amitriptyline and
0.03–24 �g mL−1) for nortriptyline in plasma. LODs (0.007
nd 0.02 �g mL−1) for amitriptyline and nortriptyline, respec-
ively.
. Conclusion

This method provides high recovery and enrichment fac-
or within a very short time. Solvent consumption was greatly

[
[

[

5 (2008) 1293–1299

educed compared to conventional LLE and low detection lim-
ts were achieved. The comparison of the data obtained with
his method, with other LPME methods such as SDME in our
aboratory, like the enrichment factors show a very good advan-
age of DLLME .The efficiency factors (EF) with DLLME and
DME methods are (740.04–1000.25) and (89.5–139), respec-

ively. The detection limits of Am. and Nor. are also improved in
LLME (0.005–0.01 �g mL−1) in comparison with single drop
icroextraction (0.01–0.02 �g mL−1) [24].
Despite of several advantages of DLLME, this method is not

ell compatible for extraction from biological samples such as
rine, plasma and hair. Due to the interaction of matrix com-
onents in this kind of samples with organic solvent, it is not
ossible to produce sedimented phase for injection to GC. To
btain the sedimented phase in this kind of real samples, we have
o make several dilutions. This treatment has got two opposite
ffects. From the first view, this high dilution of the real sample
auses changing the inherent property of the matrix. And this
s the disadvantage of the method, unless the method uses just
or biological samples that were spiked with high concentration
evel of drugs. From the second view, the method is very good
or environmental water samples.
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16] R. Carabias-Martýnez, E. Rodriguez-Gonzalo, B. Moreno-Cordero, J.L.
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bstract

Enrofloxacin (ENR) is a fluoroquinolone developed exclusively for the use in veterinary practice for the treatment of respiratory and gastroin-
estinal infections, and ciprofloxacin (CIP) is its main active metabolite. Their contents are regulated by the EU Council Regulation no. 2377/90
n animal edible tissues. We developed a sensitive and rapid method for the determination of ENR and CIP by capillary electrophoresis (CE) with
lectrochemiluminescence (ECL) detection. The method is based on the detection of aliphatic tertiary or secondary amino moieties in ENR and
IP with end-column tris(2,2-bipyridyl)ruthenium(II) electrochemiluminescence. Parameters that affect separation and detection were optimized.
nder the optimized conditions, the calibration functions were linear in the range of 0.03–1 �g ml−1 for ENR and 0.05–1.2 �g ml−1 for CIP.

he detection limits of ENR and CIR were 10 ng ml−1 and 15 ng ml−1, respectively, based on the signal-to-noise ratio of 3. The relative standard
erivations of the peak height and the migration time for ENR and CIP were less than 4.13%. The developed method was successfully applied to
etermine ENR and CIP in milk with a solid-phase extraction procedure.

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

Quinolones are an important group of synthetic antibiotics
ith bactericidal action. They are derived from nalidixic acid,
naphthyridine derivative introduced for clinical applications

n the livestock and farming industries [1]. Enrofloxacin (ENR)
s a fluoroquinolone developed exclusively for the use in veteri-
ary practice for the treatment of respiratory and gastrointestinal
nfections. It is an extended spectrum antimicrobial drug that has
een employed successfully in the treatment of a variety of infec-
ions caused by susceptible bacterial pathogens in food animals
2]. The pharmacokinetic properties of ENR have been studied

n a number of mammals and aquatic animals, such as cows
3], goats [4], sea bass [5], and juvenile Atlantic salmon [6]; and
NR’s active ciprofloxacin (CIP), derived by ENR deethylation,

∗ Corresponding author. Tel.: +86 20 85210089.
E-mail address: xingda@scnu.edu.cn (D. Xing).
URL: http://laser.scnu.edu.cn/xingda.htm (D. Xing).
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ofloxacin; Milk

as investigated in these animals. ENR and CIP are representa-
ives of stimulants that belong to amine species. The molecular
tructures of ENR and CIP are shown in Fig. 1.

In the recent years, the utilization of antibiotics in food-
roducing animals has caused public concern due to the transfer
f antibiotic-resistant bacteria to man [7]. This is an increasingly
rominent problem because antibiotics are used in animals to
reat infections and to act as growth promoters, this will leads
o the antibiotic-resistant strains can emerge in both healthy and
ick animals. This fact would make the antibiotics treatment use-
ess in common human infections. European Community (EC)
as fixed a maximum residue limit (MRL) in edible animal
roducts for some quinolones, such as ENR and its metabo-
ite CIP. The MRL values are in the range 100–300 �g kg−1

or the sum of ENR and CIP in foodstuffs of animal origin [8].
herefore, the development of rapid, simple, sensitive, and accu-
ate methods for monitoring their levels in animal-producing
oods is of increasing interest. Chromatographic methods such
s high-performance liquid chromatography (HPLC) combined
ith either ultraviolet or fluorescence and mass spectrometry
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MS) detection have been widely studied and were commonly
sed to analyze quinolone residues in biological samples [9–14].
owever, these HPLC-based methods are sometimes limited by
oor separation efficiencies, expensive columns, and the con-
umption of relatively high amounts of buffer solutions and
rganic solvents. Some non-chromatographic methods, such
s luminescence spectroscopy [15,16], immunoassays [17,18],
ave also been reported for the determination of quinolones
ncluding ENR and CIP. Problems encountered by these meth-
ds include lack of required selectivity for complex mixtures, or
nly allow semi-quantitative analysis. Capillary electrophore-
is (CE) seems to have potential for the analysis of quinolones.
he advantages of CE for quinolones analysis include its speed
nd cost of analysis, reductions in solvent consumption and
isposal, and the possibility of rapid method development. CE
ombined with ultraviolet (UV) detection [19,20], MS [7,21,22],
r laser-induced fluorescence (LIF) [23], amperometric detec-
ion (AD) [24,25] for quinolones analysis has been reported.
he UV detection is relatively non-specific and the achievable
ensitivity is limited. LIF and MS can offer higher detection
ensitivity, but the expensive instruments limit extensive appli-
ation. AD shows high sensitivity and cheap facility. However,
he detection of AD is easily affected by the high-voltage (HV)
lectric field and the adsorption of analytes on the working elec-
rode [26,27]. Electrochemiluminescence (ECL) is a kind of
hemiluminescence produced directly or indirectly as a result
f electrochemical reactions. ECL detection, emerging as a very
ensitive mode of detection, has many advantages including its
implicity, inexpensive instrumentation, low background noise,
igh sensitivity, good selectivity, and wide dynamic linear range
28–31]. The marriage of CE to ECL is a sensitive and effi-
ient analytical technique and has got excellent performance
or the analysis of amino acids [32,33], alkaloids [34,35], drugs

36–38], herbicide [39], and enzyme activities [40,41]. The pur-
ose of this study is to develop a new simple and sensitive
E–ECL method for the analysis of ENR and CIP in milk

Fig. 1. Molecular structures of ENR and CIP.
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amples. The method is based on the capillary electrophoretic
eparation and the detection of aliphatic tertiary or secondary
mino moieties in ENR and CIP with end-column tris(2,2-
ipyridyl)ruthenium(II) electrochemiluminescence. The path-
ay of this Ru(bpy)3

2+/(ENR and CIP) system is similar to the
eaction of Ru(bpy)3

2+ with alkylamines which was firstly pro-
osed by Noffsinger and Danielson [42]. It can be expressed as
ollows:

u(bpy)3
2+ − e− → Ru(bpy)3

3+

ENR or CIP) − e− → (ENR or CIP)•+ → (ENR or CIP)• + H+

u(bpy)3
3+ + (ENR or CIP)• → Ru(bpy)3

2+∗ + products

u(bpy)3
2+∗ → Ru(bpy)3

2+ + hv (λ = 620 nm)

In this study, samples cleanup and further preconcentra-
ion were executed by solid-phase extraction (SPE). Some
arameters that affect separation and detection conditions were
iscussed in detail. The detection limits obtained in this work are
ow enough to determine concentrations below the permissible

RL in milk.

. Experimental

.1. Chemicals and materials

Tris(2,2′-bipyridyl)ruthenium(II) chloride (Ru(bpy)3Cl2,
8%) was purchased from Aldrich (Milwaukee, WI, USA).
ure powder of ENR (≥98%) and CIP (≥98%) was obtained
rom Sigma (St. Louis, MO, USA). Water (≥18.2 M�) used
hroughout the experiments was generated by a Milli-Q water
urification system (Millipore, Bedford, MA, USA). All other
eagents were of analytical grade. All solutions for CE were
tored in the refrigerator at 4 ◦C prior to use. The solutions were
ade up to volume with appropriate buffer. The solutions used

hroughout the experiments were all passed through 0.22-�m
lters before being injected into the CE system. Oasis HLB car-

ridges (60 mg, Waters, Milford, MA, USA) were used in the
rocedure of SPE.

.2. Apparatus and equipments

A programmable high-voltage power supply (0–20 kV, Xi’an
emax Electronics Co. Ltd., Xi’an, China) was applied to per-

orm the electrokinetic sample injection and electrophoretic
eparation. ECL detection was carried out with a MPI-A cap-
llary electrophoresis ECL detector (Xi’an Remax Electronics
o. Ltd., Xi’an, China), using a three-electrode system consist-

ng of a 300-�m diameter platinum wire as working electrode,
g/AgCl (KCl saturated) as reference electrode, and a platinum
ire as counter electrode. Before use, the working electrode sur-

ace was polished with 0.3 �m �-alumina powder and washed

ith water in an ultrasonic cleaner. A 300-�l aliquot of 100 mM
H 8.5 phosphate buffer containing 5 mM Ru(bpy)3

2+ was added
o the cell for CE–ECL detection and replaced every 3 h. The
hotons were captured by PMT which was located in the lower
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separation voltage on and ECL intensity was investigated in the
range of 8–20 kV. In these experiments it was found that ECL
intensity increased and reached the maximum value at 14 kV
for both ENR and CIP. This was also increased due to electroos-
302 X. Zhou et al. / Talan

ayer of detection cell. The voltage of PMT was set at 800 V
n the process of detection. An uncoated fused-silica capillary
ith 50 cm length, 50 �m i.d., and 360 �m o.d. was used for sep-

ration (Yong Nian Optical Fiber Factory, Hebei, China). The
apillary-to-electrode distance was fixed at 120 �m according
o the previous optimization [43].

.3. Electrophoretic procedure

Running buffer solutions were prepared with NaH2PO4 and
a2HPO4 at different concentrations and pH was adjusted with
aOH and H3PO4. For preconditioning, the capillary was pre-

reated by rinsing at high pressure with 1 M NaOH for 10 min,
ollowed by pure water for 10 min, and phosphate electrolyte for
5 min. In order to obtain better reproducibility, between runs,
he capillary was rinsed at high pressure with 0.1 M NaOH for
min, pure water for 2 min, and buffer for 3 min. The injec-

ion was done electrokinetically and CE was executed in room
emperature.

.4. Standard solutions

A standard solution containing ENR and CIP was first dis-
olved in methanol as a stock solution at concentration of
mg ml−1 and stored in refrigerator at 4 ◦C. Working standard

olutions were prepared daily with designated concentration
y diluting the stocking standard solutions in 0.1% acetic
cid.

.5. Extraction procedure

The extraction procedure of ENR and CIP used here was
modification of the technique reported by Barbosa and

oworkers [44]. A 5-g aliquot of milk purchased from a local
upermarket was accurately weighed in a 50-ml test tube and
piked with ENR and CIP at different concentration levels. The
ample was shaken on a vortex mixer for 30 s and then allowed
o stand at 4 ◦C in the dark, for at least 20 min, to enable suffi-
ient equilibration with the milk matrix. Then 1.5 ml of 0.1 M
hosphate buffer (pH 7.4) and 20 ml of dichloromethane were
dded to the sample in order to extract the ENR and CIP. After
gitating for 10 min the sample was centrifuged for 10 min at
500 rpm. The organic phase was transferred into a 50 ml heart-
haped flask and the sample was re-extracted with another 10 ml
ortion of dichloromethane. The organic extracts were com-
ined and 1 ml of 3 M H3PO4 was added. Dichloromethane was
vaporated under vacuum in a rotary evaporator at room temper-
ture until only aqueous phase remains. The above mixture was
efatted with 10 ml of hexane. After centrifugation, the aqueous
hase was passed through the HLB cartridge, which was pre-
iously conditioned with 2 ml of methanol and 2 ml of water.
he cartridge was then washed with 2 ml of water and vacuum-

ried. ENR and CIP were eluted from the cartridge with 3 ml of
ethanol. The eluent was evaporated to dryness at 40 ◦C under
stream of nitrogen. The residue was reconstituted in 500 �l of
.1% acetic acid.
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. Results and discussion

.1. Optimization of CE–ECL conditions

.1.1. Effects of detection potential
The ECL intensity is dependent on the rate of the light-

mitting chemical reaction, and this reaction rate relies on the
etection potential. Therefore, the potential applied to the work-
ng electrode directly affected the detection sensitivity. In order
o obtain best detection results, optimum potential applied to the
orking electrode should be selected. In this study, the effect of
etection potential from 1.0 V to 1.4 V on the signal intensities of
oth ENR and CIP was investigated. As can be seen from Fig. 2,
he signal intensity of the two analytes exhibited same depen-
ence on the detection potential. Increase in detection potential
rom 1.0 V to 1.15 V resulted in a strong increase in the signal
ntensity of ENR and CIP. The reason may be that the relative
ow oxidation rate of Ru(bpy)3

2+ at the surface of electrode when
pplied potential was below 1.15 V and reached its maximum
xidation rate at 1.15 V. However, with the increasing detection
otential from 1.15 V to 1.4 V, the signal intensity of both ENR
nd CIP decreased, possibly due to the oxidation of water which
as negative effect on the ECL intensity. Thus, 1.15 V was cho-
en as the detection potential for further determination of the
wo analytes.

.1.2. Effects of separation voltage
Both the electroosmotic and electrophoretic velocities are

irectly proportional to the field strength, so the micro-
nvironment of the outlet of capillary aligned with the working
lectrode will be affected by the effluent from the capillary when
eparation voltage was changed. Based on this fact, the effect of
ig. 2. Effect of detection potential on the ECL intensity (5 �g ml−1 stan-
ard solutions): (a) ECL intensity of ENR and (b) ECL intensity of CIP.
onditions—electrokinetic injection: 10 s at 10 kV and separation voltage:
4 kV.



ta 75 (2008) 1300–1306 1303

m
l
s
a
v
h
c
t
1

3

f
o
t
p
e
4
o
b
p
t

a
m
B
o
v
r
t
l
f
b
p
c
a
l
s
t
a
o
E
h
r
i
o
r
i
o
b
F
e
i
a
s
t
a

Fig. 3. Electropherograms showing the effect of the running buffer pH on the
ECL intensity and separation (5 �g ml−1 standard solutions): (a) pH 7, (b) pH
7.5, (c) pH 8, (d) pH 8.5 and (e) pH 9. Conditions—detection potential: 1.15 V,
15 mM phosphate running buffer (pH 8.5), electrokinetic injection: 10 s at 10 kV
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X. Zhou et al. / Talan

osis and more analytes in the effluent arrived in the diffusion
ayer of working electrode within a given time [37]. When the
eparation voltage exceeded 14 kV, the ECL intensity decreased,
t the same time the noise of the background increased with the
oltage, possibly due to the effect of high joule heat. On the other
and, the strong flow of effluent from the capillary decreased the
oncentration of Ru(bpy)3

2+ at the working electrode surface,
hereby reducing the efficiency of ECL reaction. For this reason,
4 kV was chosen as the optimum in the following experiments.

.1.3. Effects of running buffer concentration and pH
An investigation of running buffer concentration was per-

ormed. Although buffer concentration has various influences
n this CE–ECL method, for example, migration time, resolu-
ion, and ECL intensity, sensitivity is one of the most important
arameters in the trace analysis. So, ECL intensity was carefully
xamined when the buffer concentration changed from 5 mM to
0 mM. Results have shown that the highest ECL intensity was
btained at a running buffer concentration of 15 mM. Higher
uffer concentration had a negative effect on the ECL intensity,
erhaps because other ions replace Ru(bpy)3

2+ in the vicinity of
he working electrode.

Besides the running buffer concentration, its pH value is also
n important parameter because of its effect on the electroos-
otic flow (EOF) as well as the net charge of the ENR and CIP.
ecause both ENR and CIP have two pK values, the pK1 values
f ENR and CIP are 5.86 and 5.88, respectively, and the pK2
alues of ENR and CIP are 8.24 and 7.74, respectively. In acidic
unning buffer the cationic species should be predominant while
he basic pH of the running buffer should have shifted the equi-
ibrium to the right, leaving the anionic species predominant
or both the ENR and CIP. Previous reports have indicated that
asic pHs provide better separation of quinolones than acidic
Hs acidic buffer, possibly due to interactions on the interior
apillary wall of the predominantly cationic form of quinolones
nd lack of an EOF [21]. Barbosa and coworkers have also estab-
ished the model for predicting the optimum pH range for the
eparation of ENR and CIP, it is deduced that the best separa-
ion is around pH 8 [19]. On the other hand, the ECL response is
lso pH-dependent because the oxidation of alkylamines occurs
nly in their deprotonated form and at very low pH values the
NR and CIP radical cations are difficult to deprotonate to form
igh reducing free radical intermediate which is critical for ECL
eaction. For these reasons, acidic buffer could not be assayed
n this study. Therefore, the effect of the pH of running buffer
n CE separation and ECL intensity was investigated in the pH
ange of 7.0–9.0 (7.0, 7.5, 8.0, 8.5, and 9.0). As shown in Fig. 3,
t was found that the peak of ENR and CIP was completely
verlapped at pH 7.0. With the increase of the pH of running
uffer, the separation of ENR and CIP was improved gradually.
inally, baseline separation can be reached when background
lectrolyte was set at pH 8.5. But above this value there was no
mprovement in the resolution. As was expected, ECL intensity

lso showed the similar tendency. We noted that the ECL inten-
ity decreased when the buffer pH exceeded 8.5. The reason of
he decrease of the ECL intensity can be ascribed to the reduced
vailability of Ru(bpy)3

3+ due to the competitive reaction with

a
l
f
t

nd separation voltage: 14 kV. Note that the time axes for the electropherograms
ere shifted horizontally for clarity of presentation.

he OH− ion which assumes considerable concentration levels
t high pHs [45]. For a comprehensive thought, the buffer pH
alue of 8.5 was chosen to obtain sensitive ECL response and
igh separation efficiency.

.1.4. Effect of injection time
In order to avoid excessive heat generation and bubble for-

ation under these high electric field strength conditions, we
hose 10 kV as the injection voltage. For injection time opti-
ization, the studied interval was from 5 s to 30 s. The effect

f the injection time on resolution was also investigated. The
esolution (Rs) between ENR and CIP was calculated with the
ollowing equation: Rs = 2(t2 − t1)/(Wb1 + Wb2), where t1 and t2
re migration times of CIP and ENR, respectively, Wb1 and Wb2
re the peak widths at half-height of CIP and ENR, respectively.
enerally, at larger injection time, more analytes appeared at the
orking electrode, which produced a higher ECL signal. How-

ver, the sample zone may expand in the capillary during its
unning, which will lead the deterioration of resolution. In our
xperiments, the ECL intensity of both ENR and CIP increased
ith the increase of injection time in the range of 5–25 s. When

he injection time exceeded 15 s, the resolution got deteriorated
radually (Fig. 4). We noted that the resolution was satisfac-
ory even though the injection time extended as long as 20 s, and
ttended by a remarkable enhancement of sensitivity. Therefore,
e selected 20 s as the injection time for subsequent experi-
ents. The phenomena can be generally referred to as a stacking

ffect. A rational explanation is that sample injection was per-
ormed electrokinetically, and separation was performed using
s samples solvent, which may prompt the protonation of ana-
ytes. When high voltage was applied, a discrete pH step was
ormed and literally stacked charged analytes at the interface of
he sample and background electrolyte zones.
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Fig. 4. Effect of injection time on ECL intensity and resolution (5 �g ml−1
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tandard solutions): (a) ECL intensity of CIP, (b) ECL intensity of ENR and
c) resolution between ENR and CIP. Conditions—detection potential: 1.15 V,
5 mM phosphate running buffer (pH 8.5) and separation voltage: 14 kV.

.2. Linearity, repeatability, detection limit of ENR and CIP

Under optimized experimentation conditions: detection
otential 1.15 V, separation voltage 14 kV, 15 mM phosphate
unning buffer (pH 8.5), injection voltage 10 kV and injec-
ion time 20 s, the different concentrations of ENR and CIP
ere measured from 0.01 �g ml−1 to 1.5 �g ml−1. It was

ound that calibration was linear over concentration ranges of
.03–1 �g ml−1 and 0.05–1.2 �g ml−1 for ENR and CIP, respec-
ively. Regression analysis of the calibration data was performed
y the use of OriginPro 7.5. The calibration equations and regres-
ion coefficients were y = 1438(±40)x + 32(±13) and R = 0.998
or ENR, y = 810(±26)x + 45(±18) and R = 0.997 for CIP. The
alibration graphs of ENR and CIP are shown in Fig. 5. Limits of

etection (LOD) were evaluated, by comparing signals from low
oncentrations of analytes with those from blank samples, and
stablishing the minimum concentrations at which the analytes
ould be detected reliably, on the basis of signal-to-noise ratio of

ig. 5. The calibration graphs of ENR and CIP. Conditions—detection potential:
.15 V, separation voltage: 14 kV, 15 mM phosphate running buffer (pH 8.5),
njection voltage: 10 kV and injection time: 20 s.
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. For ENR and CIP the LOD were 10 ng ml−1 and 15 ng ml−1,
espectively. The repeatability of the method was studied by six
onsecutive injections of standard solution of both ENR and CIP
t 1 �g ml−1. Relative standard derivations (R.S.D.s) of the ECL
ntensity and the migration time were 4.13% and 1.16% for ENR
nd 3.25% and 0.84% for CIP, respectively.

.3. Application to milk sample

The developed CE–ECL method in this report was applied
o the separation and determination of ENR and CIP in milk
amples. On account of the complexity of the milk samples
hich contain large concentrations of fat and proteins, thus

amples need to be pretreated before to perform CE separa-
ion. In general, liquid–liquid extraction and SPE are the most
requently used methods to extract quinolones from complex
amples. In this study, attempts were initially made to analyze
NR and CIP with a liquid–liquid extraction procedure. How-
ver, this proved unsuccessful as numerous interfering peaks
ppeared in the electropherogram. Therefore, additional sample
reparation was required and involved off-line SPE to remove
nterfering compounds. For SPE procedure, there are different
vailable solid-phase cartridges (for example, ion-exchange car-
ridge, polymeric phase cartridge, and reversed-phase exchange
artridge) which can be utilized for quinolones (include ENR
nd CIP) extraction from biological samples. Literature searches
ave revealed that the highest recoveries can be obtained for
oth ENR and CIP that was used a polymeric phase HLB
artridge [7,11,44]. Thus, HLB cartridge was chosen for this
xperiment. The detailed extraction procedure was described in
ection 2. Chiefly, proteins and the fat were eliminated by sol-
ent extraction using dichloromethane and hexane. Then the
leaner extracts obtained were used later for a second step
sing HLB cartridges to eliminate salts and a preconcentra-
ion factor 10 was applied. This method was validated using

ilk samples spiked with several levels of standard ENR and
IP mixture, and subjected to the entire extraction procedure.
ecovery studies were determined by comparing the spiked

ample peaks with an externally generated calibration curve
t three concentration levels. The recoveries data are reported

n Table 1. The mean recoveries were 77.4% for CIP and
0.6% for ENR, and R.S.D. was lower than 10% for both ENR
nd CIP. Calibration parameters in spiked milk samples were
etermined and were summarized in Table 2. The LOD and

able 1
ecovery for ENR and CIP at different spiked levels in milk samples

piked concentration (�g kg−1) Recovery (%) R.S.D. (%) (n = 3)

IP
20 76.3 9.21
40 78.7 8.33
80 77.4 8.12

NR
20 79.6 8.48
40 80.8 7.36
80 81.4 7.71
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Table 2
Calibration parameters in spiked milk samples

ENR CIP

Linearity (�g kg−1) 5–400 8–400
Calibration equationa y = 10.1(±0.4)x + 22.4(±10.4), R = 0.996 y = 6.11(±0.2)x + 25.4(±18.1), R = 0.997
LOQ (�g kg−1)b 5 8
LOD (�g kg−1)c 1.5 3

a y = ECL intensity; x = spiked concentration of the ENR and CIP in �g kg−1.
b Calculated from the peak height based on a signal-to-noise ratio of 10.
c Calculated from the peak height based on a signal-to-noise ratio of 3.

Table 3
Comparison of the results obtained by the present method with other CE-based assay

LOQ (�g kg−1) LOD (�g kg−1) Recovery (%) Extraction procedure

CIP ENR CIP ENR CIP ENR

CE–ECL 8 5 3 1.5 77.4 80.6 SPE
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imit of quantitation (LOQ) of ENR and CIP were estimated
n the basis of the results for two replicates of milk samples
piked at low concentration levels, considering a signal-to-noise
atio of 3 and 10, respectively. For ENR and CIP the LOQ
as 5 �g kg−1 and 8 �g kg−1 and LOD was 1.5 �g kg−1 and
�g kg−1, respectively, considering that the MRL established

or ENR plus CIP are 100 �g kg−1, the proposed method is
ensible enough for the analysis of ENR and CIP in milk or
ther biological samples, because the values of LOD and LOQ
btained were below the MRL established for ENR and CIP

n the Council Regulation 2377/90 of European Union [8]. The
inearity of the response was established from six calibration
evels with a start point of the LOQ, covering the range from
�g kg−1 to 400 �g kg−1 for ENR (5 �g kg−1, 10 �g kg−1,

ig. 6. Electropherograms of (a) blank milk sample and (b) the blank milk
ample spiked 15 �g kg−1 CIP and 15 �g kg−1 ENR; (1) and (2) are the peaks of
nknown compounds in extract. Conditions—detection potential: 1.15 V, 15 mM
hosphate running buffer (pH 8.5), electrokinetic injection: 20 s at 10 kV and
eparation voltage: 14 kV.
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54 74 SPE
84 92 Two-step SPE
22 68 Liquid–liquid extraction

0 �g kg−1, 100 �g kg−1, 200 �g kg−1, and 400 �g kg−1) and
rom 8 �g kg−1 to 400 �g kg−1 for CIP (8 �g kg−1, 10 �g kg−1,
0 �g kg−1, 100 �g kg−1, 200 �g kg−1, and 400 �g kg−1).
njecting each level in triplicate and intending to establish the

RLs in the middle of the linear calibration range. The stud-
ed linearity ranges were considered valuable for analysis since
eal milk samples with higher content of ENR and CIP only
ccurs rarely. The calibration curves established for both ENR
nd CIP present correlation coefficients higher than 0.990. The
ata of comparing the results obtained by the present method
ith previously published CE-based assays are given in Table 3.
s can be seen, the LOQ and LOD of CIP and ENR, obtained
y our method, were lower than that of other CE-based assays.
his indicates that the present method is one of the most sensi-

ive methods for the analysis of ENR and CIP using CE to the
resent.

Fig. 6 shows the typical electropherograms of a blank milk
ample and milk sample spiked with 15 �g kg−1 CIP and ENR,
hich was threefold lower than of the MRLs established by the
uropean Union. No interferences were found co-migrating with
NR and CIP showing the proper specificity of the proposed
ethod.

. Conclusions

We have demonstrated that CE–ECL, combined with an
ffective sample cleanup, is the method of choice for the detec-
ion of ENR and its metabolite CIP in milk samples. Relative to
ther reported CE procedures for ENR and CIP, this approach
ffers improved detection limits. In addition, the whole method
s simple, accurate, selective, and can detect the concentration

f ENR and CIP residues in milk below MRLs. This work gives
demonstration of the feasibility of CE and ECL detection for

race analysis of ENR and CIP. However, there may be a much
ider range of application of the area of food and other kinds of

amples.
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bstract

A microchip electrophoresis method was established for the determination of intracellular superoxide (O2
•−) in individual HepG2 cells. Dihy-

roethidium (DHE) was used as the specific fluorescent probe to react with intracellular O2
•− to form the fluorescent 2-hydroxyethidium. Excellent

esolution between 2-hydroxyethidium and ethidium cation (E+) can be achieved within 20 s. E+ was reported to be generated from photochemical
xidation of DHE and interfere the determination of O2

•− with fluorescence microscopic technique. An extremely low detection limit of 2.0 amol

as achieved owing to the minute sample volume and insignificant dispersion effect during microfluidic chip-based electrophoretic separation.
urthermore, only 2-hydroxyethidium peak was detected with the suggested single-cell analysis method, which indicates the photooxidation of
HE to E+ could be blocked by isolating either oxygen or light from them.
2008 Elsevier B.V. All rights reserved.
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. Introduction

In a normal cellular environment, endogenously produced
eactive oxygen species (ROS) are essential to life [1]. While
n case of overproduction, these reactive species become highly
armful, causing DNA and protein damage, lipid peroxidation
2]. It is of extreme importance to study and understand oxida-
ive stress in diverse diseases, such as cancer, hypertension,
therosclerosis, Alzheimer’s disease, lung injury, and aging [3].

ROS, mainly generated from the mitochondrial respiratory
hain, include O2

•−, hydrogen peroxide (H2O2), hydroxyl rad-
cal (•OH), and hydroperoxyl radical (HO2

•−) [4]. It has been
onsidered that each species of them is likely to have a spe-
ific role in living cells [5]. The scientific research in the field
f ROS associated with biological functions and/or deleterious
ffects continuously calls for new sensitive and specific tech-

iques that can provide deeper insight on its action mechanisms.
owever, these reactive species demonstrate unique character-

stics, such as high reactivity, low concentration and very short

∗ Corresponding author. Tel.: +86 571 87991636; fax: +86 571 87952070.
E-mail address: yinxf@zju.edu.cn (X. Yin).
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ifetime, which make the determination of intracellular ROS a
hallenging task, especially for individual species of ROS.

O2
•− is a free radical, which can form more reactive species

ia secondary reactions [6]. It has been reported that O2
•−

nhibits enzymes including glutathione peroxidase, catalase,
nd creatine kinase. In vascular cells, excessive production of
2
•− has been suggested to occur in hypertension, hypercholes-

erolemia, diabetes, and heart failure [7]. O2
•− also serves as

progenitor for other ROS, such as H2O2, peroxynitrite and
OH. For example, O2

•− is converted to H2O2 spontaneously
r by action of superoxide dismutase. O2

•− reacts with NO to
orm the powerful oxidant peroxynitrite, which can cause many
iseases linked to inflammatory processes and autoimmune dia-
etes [8,9]. Reaction of H2O2 and peroxynitrite can give rise
o highly reactive •OH [10,11]. Thus, accurate detection and
uantification of intracellular O2

•− are critically important in
nderstanding the pathogenesis of various cardiovascular disor-
ers and other noncardiovascular diseases.

Intracellular O2
•− has been measured by fluorescence micro-
copic technique, such as image-based techniques [12,13] and
ow cytometry [14,15]. DHE is one of the most popular flu-
rescent probes for the measurement of intracellular O2

•−
14,16–18], which is cell permeable and reacts specifically
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ith O2
•− to form a highly fluorescent product. Other reac-

ive oxygen, nitrogen, and halogen species, such as H2O2, •OH,
eroxynitrite and hypochlorous acid failed to oxidize DHE to the
ame product [19,20]. Recently, Zhao et al. identified the major
roduct formed from the reaction between O2

•− and DHE as 2-
ydroxyethidium by using mass spectral and NMR techniques
21]. They also studied the effect of light on the quantitation
f O2

•− using DHE. Results indicate that 2-hydroxyethidium
timulates the photooxidation of DHE to E+ [21,22]. Because
f the extensive spectral overlap of 2-hydroxyethidium and E+,
hey suggested that currently popular fluorescence microscopic
echnique was not suitable for quantitating intracellular O2

•−
21,22] and proposed an improved methodology by using HPLC
ith fluorescence [21] or electrochemical detection [22]. How-

ver, the sensitivity was greatly reduced due to the inevitable
ilution effect caused by HPLC eluents as well as solvents used
or cell lysate preparation.

The ability of integrated microfluidics to accurately manipu-
ate, handle and analyze very small volumes has opened up new
pportunities for analysis of intracellular constituents in indi-
idual cells [23]. Wu et al. reported an integrated microfluidic
evice for analyzing the amino acids in the lysed contents of a
ingle Jurkat cell [24]. To reduce unwanted dilution, the lysis
nd derivatization of the amino acids of a single Jurkat cell were
ccomplished in a reaction chamber with a volume of 70 pL
y using microfabricated valves. Ramsey and co-workers [25]
esigned a glass microfluidic device for the high throughput
hemical analysis of Jurkat cells, which integrated cell han-
ling, cell lysis, electrophoretic separation and detection of
uorescent cytosolic dyes. Jin and co-workers [26] developed a
ethod for analyzing ascorbic acid in single wheat callus cells

n a microfluidic chip with a double-T injector coupled with
n end-channel amperometric detector. In our previous articles
27,28], we successfully integrated operational functions for sin-
le human erythrocytes introduction, docking, cytolysis, and
lectrophoretic separation of cellular constituents on a single
lass microchip, and detected intracellular reduced glutathione
nd ROS with laser induced fluorescence detector (LIF). To the
est of our knowledge, no work has been reported regarding the
nalysis of intracellular O2

•− in individual cells by microflu-
dic chip electrophoresis, in which cell lysis and the reaction
f intracellular O2

•− with DHE are carried out in an air-free
nvironment.

Herein, a highly sensitive and selective method for the
etermination of O2

•− in single HepG2 cells was devel-
ped by microfluidic chip electrophoresis combined with LIF
etector after examination of the electrophoretic behavior of
-hydroxyethidium and E+. This method can minimize the dilu-
ion resulted from sample preparation and HPLC analysis, and
chieve a detection limit of 2.0 amol, which is more than three
rders of magnitude lower than that obtained by using HPLC-
C [22] and five orders of magnitude lower than that obtained
y employing HPLC fluorescence analysis [21,22]. Different

rom the HPLC analysis results, only 2-hydroxyethidium but
ot E+ was detected, indicating that photooxidation of DHE
o E+ was avoided by using the suggested single-cell analysis

ethod.
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. Experimental

.1. Materials

All chemicals of analytical reagent grade and Millipore puri-
ed water were used throughout. PBS, which consisted of
.9% NaCl, 0.2% Na2HPO4 and 0.01% NaH2PO4 (pH 7.6),
as used for washing and preserving HepG2 cells. Hydrox-
lpropyl methylcellulose (HPMC) was purchased from Sigma
St. Louis, MO, USA). PBS-HPMC solution (4 mg HPMC was
issolved in 10 mL PBS) was used to make cell suspension
o minimize cell assembling, sedimentation and adsorption to

icrochannels [29]. Potassium superoxide (KO2) was purchased
rom Alfa Aesar. DHE and ethidium bromide were purchased
rom Molecular Probes. The stock solution of DHE was pre-
ared at a concentration of 500 �mol/L in dimethyl sulfoxide
DMSO) and kept in dark at −20 ◦C. Before use, it was diluted
o 5.0 �mol/L with PBS solution for cell treatment. The satu-
ated KO2 in DMSO was prepared immediately prior to use. The
tandard solution of 10.0 �mol/L 2-hydroxyethidium was pre-
ared daily by adding excess KO2-saturated DMSO solution to
10.0 �mol/L DHE solution and kept in dark at 4 ◦C. Solutions

or O2
•− calibration were obtained by diluting the 10.0 �mol/L

-hydroxyethidium with 10 mmol/L borate buffer (pH 9.2). Five
ercent (w/v) sulfosalicylic acid (SSA) prepared in 10 mmol/L
orate buffer was used to precipitate intracellular protein. Ten
illimolar SDS solution was prepared by dissolving the surfac-

ant in 10 mmol/L borate buffer (pH 9.2), which was used as the
edium for cell lysis as well as the working electrolyte solution

or microfludic electrophoresis analysis of single cells.

.2. Apparatus

The schematic diagram of the experimental setup used for
ingle-cell analysis is shown in Fig. 1. It consists of a home-
uilt confocal microscope LIF system coupled with a 4-terminal
igh voltage power supply. As described previously [27], an
ir-cooled solid-state laser (473 nm, 10 mW, Optoelectronic
echnologies, Changchun, China) was coupled to an inverted
icroscope (Jiangnan Optics & Electronics, Nanjing, China)
ith necessary optical components. The laser beam was reflected
y a dichroic mirror and focused into a 20 �m spot on the separa-
ion channel from the bottom of the chip. The emitted light was
ollected by the same focusing system, and directed to a pinhole
y the optics of the inverted microscope. A photomultiplier tube
PMT, CR 114, Hamamatsu, Beijing; bias: 600 V) was mounted
n top of the microscope tube with a cutoff filter to reduce the
ackground noise caused by any scatter and stray light below
20 nm and connected to an amplifier (GD-1, Reike Electronic
quipment, Xi’an, China). Data acquisition and processing were
arried out using a N2010 A/D converter (Zheda Instruments,
angzhou, China) and a computer. A laboratory-built 4-terminal

igh voltage power supply, variable in the range of 0–1500 V,
as used for single-cell sampling and microchip electrophore-

is. Laser confocal scanning microscope (LCSM) (LSM 510,
eiss, Germany) was used to collect the cellular fluorescence.
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ig. 1. Schematics of (a) the channel design of the multi-depth microfluidic chip
dimensions are given in mm) and (b) the experimental setup.

.3. Microfluidic chip fabrication

The schematic diagram of the channel design is shown in
ig. 1a. The channel between sample (S) reservoir and sample
aste (SW) reservoir was used for sampling and the channel
etween buffer (B) reservoir and buffer waste (BW) reservoir
as used for separation. To avoid the blockage of the sampling

hannel by adhered cells, a multi-depth microfluidic chip was
abricated on a glass substrate using conventional lithography
nd wet etching procedure by controlling the etching time as
escribed previously [30]. Briefly, the line widths of the sam-
ling and separation channel on the photomask were both 20 �m.
he separation channel was etched to a depth of 12 �m, while

he sampling channel a depth of 37 �m. Owing to the isotropic
haracter of glass in wet etching, the average widths of the sam-
ling channel and the separation channel were about 60 and
0 �m, respectively. A 1-mm long weir (W) was constructed
n the separation channel, 100 �m downstream from the chan-
el crossing. The channel at the weir section was 6 �m deep to
top the loaded cell and precisely position it. Access holes were
rilled into the etched plate with a 1.2 mm diameter diamond-
ipped drill bit at the terminals of the channels. After permanent
onding by a thermal bonding procedure reported before [31],
our 4-mm inner diameter and 6-mm tall micropipette tips were
poxyed onto the chip surrounding the access holes, serving as
eservoirs.
.4. Cell culture

HepG2 cells were kindly provided by the Institute of Bio-
ogical Macromolecule and Enzyme Engineering (College of

t
l
r
s
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ife Science, Zhejiang University, China). Cells were cultured
n RPMI-1640 medium (Gibco BRL, Gaithersburg, MD, USA)
upplemented with 100 U/mL penicillin, 100 �g/mL strepto-
ycin, and 10% fetal bovine serum in a humidified atmosphere

f 95% air, 5% CO2 at 37 ◦C. All cells were grown from the
rozen stock and were used for no more than five passages.

.5. Intracellular labeling O2
•− with DHE for single-cell

nalysis

Two microliters of DHE/DMSO stock solution were added to
00 �L of cell suspension and reacted with intracellular O2

•− in
he dark at room temperature for 30 min to form the fluorescent
-hydroxyethidium. Then the cells were washed with 1 mL of
BS twice to remove any unreacted DHE and extracellular 2-
ydroxyethidium formed from DHE autoxidation. Then the cells
ere resuspended in 0.4% PBS-HPMC to a cell population of
.2 × 105 cells/mL measured with a hemocytometer (Shanghai
edical Optical Instrument Plant, Shanghai, China).

.6. Preparation of cell lysate

Two hundred and fifty million of HepG2 cells were treated
ith 1 mL of 1 mmol/L H2O2 for 20 min, subsequently washed
ith 1 mL of PBS. One milliliter of 5.0 �mol/L DHE was added

o the H2O2-treated HepG2 cells to react with intracellular O2
•−

n the dark for 30 min to avoid photooxidation of DHE [22]. After
emoving the medium, the cells were washed with 1 mL of PBS
wice and lysed with 200 �L of 10 mmol/L SDS borate buffer.
hen, 40 �L of 5% (w/v) SSA was added to cell lysate to pre-
ipitate intracellular protein [32]. The mixture was centrifuged
t 430 × g for 15 min. The supernatant was used for cell lysate
nalysis.

.7. Procedures for single-cell analysis

The working electrolyte solution in the volume of 100,
00 and 50 �L were added to the reservoirs B, BW and SW,
espectively. Then 150 �L of the DHE-labeled cell suspension
1.2 × 105 cells/mL) were added to the reservoir S. Owing to
he difference between the liquid levels of the reservoirs, the
ell suspension flowed from S to SW under hydrostatic pressure
27]. When a single cell moved within the cross section of the
hannels, as monitored under the microscope, a set of electrical
otentials was applied to the four reservoirs with B at 1500 V, S
nd SW both at +1200 V, and BW grounded. The sampled cell
as diverted into the separation channel and transported towards

he BW reservoir by electroosmotic flow (EOF) and stopped by
he weir W. The PBS medium plug surrounding the trapped cell
as then replaced quickly with the SDS containing working

lectrolyte solution to achieve cell lysis [30]. After 5 s, the set of
otentials was switched off. Observed under the microscope, the
ell lysed completely within 20 s. The chip was then shifted from

he channel-crossing viewing position to the detection point. The
aser beam was refocused and the set of electrical potentials was
esumed. Simultaneously, the data acquisition and processing
ystem was activated to record electropherograms.
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.8. Calibration

One hundred microliters of electrophoresis working elec-
rolyte solution were added to the reservoirs SW, B and
W, respectively. Then 100 �L of standard solution of 2-
ydroxyethidium was added to the reservoir S. The chip was
perated under either a “sample loading” or “separation” mode.
n the sample loading mode, the 2-hydroxyethidium standard
olution was electrokinetically injected from S to SW by apply-
ng a set of electrical potentials to the four reservoirs for 60 s,
ith the reservoir S at 500 V, SW grounded, B at 450 V and
W at 480 V. Then, the 4-terminal high voltage power supply
as automatically switched to applying another set of elec-

rical potentials to the four reservoirs, with the reservoir B
t 1500 V, BW grounded and both S and SW at 1200 V, the
inched sample plug was injected from the channel-crossing into
he separation channel and the electrophoresis separation was
ctivated. Simultaneously, the data acquisition and processing
ystem was activated to record electropherograms. Calibration
urve was made by plotting the peak areas against the masses of
-hydroxyethidium injected.

. Results and discussion

.1. Electrophoretic behavior of 2-hydroxyethidium and E+

As O2
•− is non-fluorescent in its native form, its conversion

nto fluorescent compound is required for detection with LIF.
HE is a cell permeable fluorescent probe. The LIF detector used

n our experiment cannot excite and detect the fluorescence of
HE, whose optimal excitation and emission wavelengths were
70 and 420 nm, respectively. DHE reacts with O2

•− to form a
ed fluorescent product 2-hydroxyethidium [21]. O2

•− can be
roduced by adding KO2-saturated DMSO into aqueous solu-
ions [33]. Thus, the standard solution of 2-hydroxyethidium for

2
•− calibration was prepared by adding excess KO2-saturated

MSO into 10.0 �mol/L DHE aqueous solution. The effect of
eaction time on the formation of 2-hydroxyethidium was inves-
igated by monitoring its fluorescent intensity with chip-based
lectrophoresis. Results showed that initially the fluorescent
ntensity increased along with the reaction time, then reached
o a plateau after 20 min. Therefore, reaction time of 25 min was
hosen to prepare the standard solution of 2-hydroxyethidium.
2-hydroxyethidium is amphiprotic. Fig. 2 shows a schematic
iagram of the protonation/deprotonation equilibrium of 2-
ydroxyethidium. As indicated, two species, abbreviated as
-OH-E+ and 2-O−-E+, exist in the electrophoretic system.

ig. 2. Schematic diagram of the protonation/deprotonation equilibrium of 2-
ydroxyethidium.

p
T
a
g
t
F
a
h

p
d
1
t
b

a) 2.5 �mol/L 2-hydroxyethidium, pH 6.8; (b) 2.5 �mol/L E , pH 6.8; (c)
.5 �mol/L 2-hydroxyethidium pH 9.2; (d) 2.5 �mol/L E+, pH 9.2; field strength
33 V/cm, separation length 2.0 cm.

herefore, the effect of buffer pH on the electrophoretic behavior
f 2-hydroxyethidium was investigated using 10 mmol/L borate
uffer at pH 6.8 and pH 9.2, respectively, as working electrolyte
olution for chip-based electrophoresis separation. The electro-
herograms obtained are shown in Fig. 3a and c. Two peaks
ith migration time of 21.5 s and 27 s can be distinguished in
ig. 3a, indicating that 2-OH-E+ and 2-O−-E+ coexist in the
lectrophoretic buffer at pH 6.8. The net charge on the zwit-
erion 2-O−-E+ is zero, which migrates much slower than the
ositively charged 2-OH-E+ during electrophoretic separation.
herefore, the peak at 21.5 and 27 s can be identified as 2-OH-E+

nd 2-O−-E+, respectively. At alkaline pH (pH 9.2), the hydroxyl
roup in 2-hydroxyethidium acts as an acid and the protona-
ion/deprotonation equilibrium of 2-hydroxyethidium shown in
ig. 2 shifts to the right. Only one peak of 2-O−-E+ appears
t 20 s in Fig. 3c, implying that the isoelectric point of 2-
ydroxyethidium is at pH 9.

The electrophoretic behavior of E+ was also evaluated at both
Hs. The results are shown in Fig. 3b and d. Only one peak was

+
etected at both pHs. The migration times of E were 19 s and
5 s at pH 6.8 and 9.2, respectively. The difference of the migra-
ion times of the same species (E+ or 2-O−-E+) at both pHs can
e ascribed to the change of electroosmotic flow. Increasing the
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(20.3 s) with a reproducibility of 2.1% R.S.D. for five consec-
utively injected cells, agreed well with that obtained using the
2-hydroxyethidium standard (20.0 s). The O2

•− contents in a
single HepG2 cell were 3.1, 2.1, 2.0, 3.5 and 2.5 amol in terms
ig. 4. Recorded electropherograms of 5.0 �mol/L 2-O−-E+ standard solutions
n = 6). The arrows corresponding to the starting points of CE separation. Same
xperiment condition as in Fig. 3c.

H from 6.8 to 9.2 concomitantly increases EOF, which gives
ise to a shorter migration time for the same species. After com-
aring the electrophoretic behavior of 2-hydroxyethidium and
+ at both pHs, 10 mmol/L borate buffer at pH 9.2 was selected
s the working electrolyte solution for microfludic electrophore-
is separation in the following experiments. In this pH, only
ne species 2-O−-E+ was detected in electropherogram, which
mplied the higher detection sensitivity for O2

•−.

.2. Analytical performance

A standard solution of 5.0 �mol/L 2-hydroxyethidium was
sed to investigate the reproducibility. The results are shown in
ig. 4. The average migration time was 20.0 s with a precision of
.8% R.S.D. and the peak area reproducibility was 1.9% R.S.D.
n = 6).

A series of 2-hydroxyethidium standard solutions were
sed to calibrate O2

•−. A concentration regression equation
f y = 2.16 × 102 c (c is the concentration in �mol/L, y is
he peak area in mV s) was obtained for the calibration with
egression coefficient γ of 0.99967 and a dynamic range of
.125–5.0 �mol/L. The detection limit for 2-hydroxyethidium
as 0.125 �mol/L (S/N = 3). In single-cell analysis, it is of more

ignificance to determine the mass of analytes rather than the
oncentration as the cell volume varies. To calculate the mass
egression equation for intracellular O2

•− quantitation, the vol-
me of the injected standard sample plug was experimentally
easured to be 16 pL by using an inverted fluorescent micro-

cope and a charge-coupled device (CCD) camera as described
efore [26]. Taking into consideration of the volume of 16 pL,
he concentration regression equation can be converted to the

ass regression equation of y = 13.5 n, (n is the mass in amol).
ccordingly, the mass detection limit was 2.0 amol in terms

f 2-hydroxyethidium, i.e. 0.66 fg, which is more than three
rders of magnitude lower than 0.004 ng obtained by employing
PLC-EC [22] and five orders of magnitude lower than 0.2 ng
btained by employing HPLC fluorescence analysis [21,22]. The
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rastically improved detection limit was attributed to (1) the
inute sample volume, (2) insignificant dispersion effect dur-

ng microfluidic chip electrophoresis, and (3) the use of highly
ensitive LIF detector.

.3. Determination of intracellular O2
•−

In order to avoid diluting the intracellular O2
•− that is already

resent at trace levels, an intracellular derivatization method by
ncubating living cells with a cell membrane-permeable DHE
as used to specifically label intracellular O2

•−. The cell itself
cted as a reaction chamber. Fluorescent microscopy images of
ingle HepG2 cell before and after incubation with DHE were
sed to monitor the labeling process. No intracellular fluores-
ence was observed before the labeling. After incubation with
HE for 30 min, red fluorescence was observed in the cyto-
lasm of both non-stimulated and 1.0 mmol/L H2O2-stimulated
epG2 cells. The fluorescence intensity remained constant for at

east another 10 min, indicating that the reaction between intra-
ellular O2

•− and DHE was completed. Therefore, incubation
ime of 30 min was adopted for intracellular labeling O2

•− with
HE for single-cell analysis.
We used chip-based electrophoresis to determine the back-

round value of O2
•− in individual HepG2 cells and measure

he intracellular O2
•− in response to 1.0 mmol/L H2O2 stim-

li. The electropherograms of a series of single HepG2 cells
re shown in Fig. 5a. The average migration time of the peaks
ig. 5. Eelectropherograms of five HepG2 cells injected consecutively. (a)
nstimulated and (b) stimulated with 1.0 mmol/L H2O2 for 20 min. Field

trength 333 V/cm, separation length 2.0 cm. The arrows correspond to the
tarting points of CE separation.
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ig. 6. Recorded electropherogram of cell lysate. Field strength 333 V/cm, sep-
ration length 2.0 cm.

f the amount of the generated 2-O−-E+, respectively. The dura-
ion required for a complete analysis, including cell injection,
ocking, chip shifting, laser refocusing, cell lysis, separation
nd detection for each HepG2 cell was less than 3 min. The
lectropherograms for a series of five HepG2 cells stimulated
y 1.0 mmol/L H2O2 for 20 min are shown in Fig. 5b. The O2

•−
ontents in a single HepG2 cell were equivalent to 14.7, 11.2,
8.1, 11.7 and 21.8 amol in terms of the amount of the generated
-O−-E+, respectively. The result demonstrated the cellular het-
rogeneity. An average content of 15.5 amol was obtained. Such
alues were six times higher than those for HepG2 cells absent
rom H2O2 stimulation. Since DHE cannot react with H2O2
13,19,20] to form 2-hydroxyethidium, the escalation of intra-
ellular O2

•− level in the H2O2-stimulated HepG2 cells may be
wing to H2O2 overwhelming cellular defense mechanisms and
nducing secondarily generated O2

•− in cells [15].
Different from the HPLC analysis results [21], in which

wo intracellular fluorescent products corresponding to 2-
ydroxyethidium and E+ were detected in the extract of cells
reated by menadione, a redox-cycling quinine known to gen-
rate intracellular O2

•−, only one 2-O−-E+ peak appeared for
he determination of intracellular O2

•− in individual cells with
icrofluidic chip electrophoresis as shown in Fig. 5. In our

xperiment, intact single cells were used as sample. Intracel-
ular contents were isolated from atmospheric oxygen by cell

embrane before lysis. After on-chip lysis, intracellular con-
ents was separated and detected in dark within 30 s. While in
PLC analysis, intracellular formed 2-hydroxyethidium stim-
lated the photooxidation of excess DHE to E+ during sample
ysate preparation. To verify our assumption, cell lysate prepared
s described in Section 2 was analyzed by microfluidic elec-
rophoresis after HepG2 cells was stimulated with 1.0 mmol/L

2O2 for 20 min. The recorded electropherogram is shown in
ig. 6, in which two peaks corresponding to both 2-O−-E+ and
+ were observed. This indicates that photooxidation of DHE to
+ can be avoided by the suggested single-cell analysis method.

. Conclusions
The proposed microfluidic electrophoresis-LIF method
rovides an ultrasensitive, fast and selective approach for
uantitative analysis of trace amount of O2

•− in individual

[

[
[

(2008) 1227–1233

epG2 cells. Extremely low detection limit of 0.66 fg 2-
ydroxyethidium as well as the quantification of background
ntracellular O2

•− level of individual cells were achieved
ith the microfluidic chip-based electrophoretic separation.
his method demonstrates favorable potentials for studying

he pathogenesis of various diseases, basic cellular functions
nd intra- and intercellular communication associated with
2
•−. With the suggested method, only 2-hydroxyethidium was

ormed. Thereby, the fluorescent spectral interference of E+ was
voided. It also implies that currently available image-based
echnique and flow cytometry can still be applied for intracel-
ular O2

•− study because cell lysis is not required using these
uorescence-based methods.
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