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bstract

In this paper, we determine the effective purity of potassium iodate as a redox standard with a certified value linked to the international system of
nits (SI units). Concentration measurement of sodium thiosulfate solution was performed by precise coulometric titration with electrogenerated
odine, and an assay of potassium iodate was carried out by gravimetric titration based on the reductometric factor of sodium thiosulfate assigned
y coulometry. The accuracy of the coulometric titration method was evaluated by examining the current efficiency of iodine electrogeneration,
tability of sodium thiosulfate solutions and dependence on the amount of sodium thiosulfate solution used. The measurement procedure for
ravimetric titration of potassium iodate with sodium thiosulfate was validated based on determination of a reference material of known purity
potassium dichromate determined by coulometry with electrogenerated ferrous ions) using the same gravimetric method. Solutions of 0.2 and
.5 mol/L sodium thiosulfate were stable over 17 days without stabilizer. Investigation of the dependency of titration results on the amount of
odium thiosulfate solution used showed no significant effects, no evidence of diffusion of the sample, and no effect of contamination appearing
uring the experiment. Precise coulometric titration of sodium thiosulfate achieved a relative standard deviation of less than 0.005% under repeating
onditions (six measurements). For gravimetric titration, the results obtained for the effective purity of potassium dichromate were sufficiently

lose to its certified value to allow confirmation of the validity of the gravimetric titration was confirmed. The relative standard deviation of
ravimetric titration for potassium iodate was less than 0.011% (nine measurements), and a redox standard with a certified value linked to SI units
as developed.
2007 Elsevier B.V. All rights reserved.
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. Introduction

High reliability in reference materials has been rapidly
ncreasing in importance owing to recent advances in R&D
nd industrial activities requiring highly reliable analytical
ata. Furthermore, it is essential that there is access to accu-
ate and global reference materials that have traceability to
he international system of units (SI units) or are in com-
liance with ISO guides, because mutual recognition and

aboratory accreditation based on the International Organization
or Standardization/International Electrotechnical Commission
ISO/IEC) 17025 quality system are becoming increasingly

∗ Corresponding author. Tel.: +81 3 3481 1921; fax: +81 3 3481 2900.
E-mail address: asakai-toshiaki@nite.go.jp (T. Asakai).
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ommon, with the aim of eliminating technical barriers to inter-
ational trade.

Titrimetric analysis is one of the most fundamental and
recise methods for determination of a constituent based on
he effective purity of reference materials for stoichiometric
nalysis. It is used in neutralization, redox, chelatometric, and
recipitation titration processes. In Japan, eleven materials are
isted as standard materials for volumetric or other analysis in the
apanese Industrial Standard (JIS K 8005) [1], and are referred to
n more than 300 Japanese industrial standards, and other stan-
ards such as the Japanese Pharmacopoeia. Of these, potassium
ichromate (K2Cr2O7) and potassium iodate (KIO3) are partic-

larly important in stoichiometric analysis by redox reaction.
2Cr2O7 is extremely stable and easily purified, can be used for
irect titration of ions such as S2O3

2− or Fe2+, and is recom-
ended as a primary standard in various countries [2–4]. Reports
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51.9961(6), O: 15.9994(3)) and 2.676 g/cm ; those of KIO3
T. Asakai et al. / Tal

n coulometric titration of K2Cr2O7 [5–10] and an investigation
f drying conditions [10,11] are available, and a comparison of
he certified values of reference materials obtained from differ-
nt laboratories in different countries has been carried out in
rder to validate reliability [12].

Another useful material is KIO3, which is used for direct
itration with S2O3

2−, Fe2+, I−, etc. It is also recommended as
primary standard [2–4]. Iodimetry and coulometric iodimetry
ith electrogenerated iodine are sensitive and useful methods

or standardization of redox standards [2,4,13]. Determination
f arsenious oxide and antimony were studied by coulometric
odimetry, and electrical end-point determination for iodimetry
as investigated [14–18]; however, there are few reports of accu-

ate determination of purity of KIO3. Tuthill et al. reported an
ssay of KIO3 by comparison with arsenic trioxide, and achieved
precision of ±0.04% at a 95% confidence level [19].

The discussion of uncertainty, SI unit traceability and method
alidation, which has been gaining importance in recent years,
s interesting. Ma [20] reported the determination of KIO3
sing sodium thiosulfate (Na2S2O3) assigned by coulometry
ith electrogenerated iodine. Excess Na2S2O3 including KIO3
as back-titrated in the coulometric cell with a buffer solu-

ion (pH = 4.5); however, in terms of method validation, in such
reas as dependency on sample mass, solution stability, current
ensity and comparison among materials, this investigation was
nsufficient.

This paper describes an accurate measurement procedure for
IO3 using a Na2S2O3 solution whose effective concentration

s determined by coulometry. For validation of the coulomet-
ic method, we determined the fluctuation in pH value in the
oulometric cell during the experiment, the current efficiency
f iodine electrogeneration, the stability of Na2S2O3 solutions,
nd dependence on the amount of the sample solution used. In
ddition, the gravimetric titration procedure between Na2S2O3
nd KIO3 was validated by conducting measurements using
2Cr2O7 of known purity, determined by coulometry.

. Experimental

.1. Apparatus (coulometric titration)

The automated coulometric system comprised a coulometric
itration cell, electrolysis unit, indicating unit, and PC/AT-based
ontrolling system (written in LabVIEW®), which is illustrated
n Fig. 1. The electrolysis unit comprised a 6181C Model-
400 constant current source (Keithley Instruments Inc., OH,
SA), a custom-built timer and switching circuit (Taiyo Corp.,
okyo, Japan), Type-1794 standard resistors (10 and 100 �:
okogawa Electric Corporation, Tokyo, Japan), and a Type-
281 voltmeter (Wavetek Ltd., CA, USA). The resistors used
ere chosen to be appropriate for different applied currents.
he value of the applied current was calculated using a voltmeter
nd standard resistors connected in series based on Ohm’s law.

he working electrode was platinum foil (25 mm × 40 mm) and

he cathode was a coiled platinum wire (1.2ϕ × 120 mm). The
ndicating unit, which was used as an end-point detector, com-
rised a Type-7651 voltage source (Yokogawa), a Type-7562

w
1
s
f

Fig. 1. Schematic diagram of the automated coulometric system.

mpere meter (Yokogawa), and a Type-512 Pt–Pt indicating
lectrode (two plates 5 mm × 5 mm: Kyoto Electronics Man-
facturing Co., Ltd., Kyoto, Japan). The end-point was detected
y a dead-stop method with an applied voltage of 150 mV
etween two Pt plates. The same end-point determination
ethod was used for gravimetric titration of K2Cr2O7/Na2S2O3

nd KIO3/Na2S2O3.

.2. Chemicals

Analytical reagent-grade chemicals were used unless other-
ise stated. The salt bridge in the coulometric cell consisted of
00 mL of 33 g/L sodium sulfate containing 3% agar gel, and
as prepared in advance. The composition of the catholyte was
.05 mol/L potassium dihydrogen phosphate and 0.05 mol/L dis-
dium hydrogen phosphate. The anolyte consisted of 0.05 mol/L
otassium dihydrogen phosphate, 0.05 mol/L disodium hydro-
en phosphate and 0.1 mol/L potassium iodide (pH about 6.8).
2Cr2O7 (used for gravimetric method validation) and KIO3

for determination) were obtained from Yanagishima Pharma-
eutical Co., Ltd. (Tokyo, Japan), and were compliant with
IS K 8005 (Table 1); the former was the same material used
n previous research [12]. The drying conditions used were
n accordance with the instructions in JIS K 8005; K2Cr2O7
as crushed, dried at 150 ◦C for 1 h, and cooled in a desicca-

or with anhydrous magnesium perchlorate for 1 h. KIO3 was
rushed, dried at 130 ◦C for 2 h, and cooled in a desiccator with
nhydrous magnesium perchlorate for 1 h. The molar mass and
ensity of K2Cr2O7 were 294.1846 g/mol (K: 39.0983(1), Cr:

3

ere 214.00097 g/mol (K: 39.0983(1), I: 126.90447(3), O:
5.9994(3)) and 3.89 g/cm3 [21]. The density of the Na2S2O3
olution was measured, and buoyancy corrections were applied
or each sample and solution.
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Table 1
Specifications of K2Cr2O7 and KIO3 in JIS K 8005

K2,Cr2O7 KIO3

Assay ≥99.98% K2Cr2O7 ≥99.95% KIO3
Insoluble matter 2.0 g in 30 ml of water 1.0 g in 20 ml of water
Chloride (Cl) ≤5 ppm –
Sulfate (SO4) ≤0.003% ≤0.001%
Sodium (Na) ≤0.01% ≤0.005%
Calcium (Ca) ≤0.002% –
Iron (Fe) ≤2 ppm ≤1 ppm
pH (50 g/L at 25 ◦C) – 5.0–8.0
Chloride and

bromide (as Cl)
– ≤0.001%

Iodide (I) – ≤2 ppm
Nitrate (NO3) – ≤5 ppm
Cupper (Cu) – ≤1 ppm
L
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tion curve was reversed. Blanks were estimated using the same
ead (Pb) – ≤1 ppm
mmonium (NH4) – ≤5 ppm

.3. Procedure (pH conditions and current efficiency)

Na2S2O3 is smoothly oxidized by I2 between pH 5 and pH 9
reaction (1)) [2,4,22]:

Na2S2O3 + I2 → 2NaI + Na2S4O6 (1)

Rowley et al. examined coulometric titration of Na2S2O3
ith electrolytically generated iodine at various pH values [22].
onditions at pH values higher than 9 and lower than 5 lead to
rominently large titration biases. I2 is easily hydrolyzed above
H 9, and air oxidation of I− and production of sulfurous acid are
bserved below pH 5. To determine the changes in pH level in
he coulometric titration cell under all experimental conditions,
H was measured after addition of 0–25 mL of ca. 0.1, 0.2 and
.5 mol/L Na2S2O3, and 0–16 g of KI to 100 mL of the catholyte
n advance of the coulometric titration.

Marinenko et al. reported that the current efficiency for
lectrogeneration of I2 from a Pt anode was approximately
00% [15]. However, it was important to investigate the
urrent efficiency of the coulometric titration using our
wn Pt electrode and coulometric cell. The curve of gen-
rating current versus potential was drawn using a Type
ABF-5001 potentiostat/galvanostat (Hokuto Denko Corpora-

ion, Tokyo, Japan) for 100 mL of the catholyte containing
–3.2 g of KI. The potential was measured for the Pt gener-
ting electrode versus an Ag/AgCl reference electrode, linked
ith a Luggin capillary, and saturated KCl solution.

.4. Procedure (coulometric titration)

Approximately 150 mL of the anolyte and 100 mL of the
atholyte were placed in the coulometric titration cell, and dis-
olved air was removed by bubbling Ar gas (>99.999% purity)
hrough for 30 min in advance. During the experiment, the
node compartment was purged with Ar gas. The end-point

as detected by a dead-stop method with an applied voltage
f 150 mV between two Pt plates. Pre-titration was carried out
sing small constant-current pulses (2 mA × 6 s) to about 40 mC
fter the end-point in order to eliminate impurities in the sup-

i

m
u

73 (2007) 346–351

orting electrolyte. In the main titration, 3–9 g of ∼0.2 mol/L
a2S2O3 solution, which was weighed with a resolution of
0 �g using a GastightTM syringe with a needle made of peak
nd to which a buoyancy correction was applied, was titrated
sing a large constant current (100 mA) to about 30 mC before
he end-point. The redox assay was calculated from experimen-
al electric charge, the sample mass, and the Faraday constant
96485.3383(83) C/mol) [23].

The determination of the effective purity of KIO3 has two
teps: determination of the reductometric factor of Na2S2O3 by
oulometry, and gravimetric titration of Na2S2O3 and KIO3.
herefore, it was necessary to carry out short-term stability

esting of the Na2S2O3 solution. Samples (500 mL) of ∼0.1,
.2 and 0.5 mol/L Na2S2O3 were stored without any stabi-
izer in a high-density polyethylene bottle purged with Ar
as at room temperature (approximately 22 ◦C) for 17 days,
nd the reductometric factors of solutions, 5 g of 0.1 mol/L,
.5 g of 0.2 mol/L and 1 g of 0.5 mol/L, were measured by
oulometry.

.5. Procedure (gravimetric titration)

The titrations of K2Cr2O7 with Na2S2O3 and KIO3 with
a2S2O3 are based on the following reactions (reactions (2),

3), and (4)):

K2Cr2O7 + 6KI + 7H2SO4

→ Cr2(SO4)3 + 4K2SO4 + 7H2O + 3I2 (2)

IO3 + 5KI + 3H2SO4 → 3K2SO4 + 3H2O + 3I2 (3)

Na2S2O3 + I2 → 2NaI + Na2S4O6 (4)

Prior to the titration, the time dependence of the I2 gen-
ration after addition of H2SO4 to K2Cr2O7 in reaction (2)
nd KIO3 in reaction (3) with KI was investigated. Approxi-
ately 0.2 g of K2Cr2O7, dried in accordance with JIS K 8005,
as placed in a 300 mL beaker, to which 150 mL of deaerated
ater was added. KI (1–4 g) and 3.2 mol/L H2SO4 (5 mL, conc.
2SO4:water = 1:5) were added, and the indicating current was
onitored, using the same end-point determination system as

hat of the coulometric titration. For KIO3, approximately 0.15 g
f KIO3 and KI (0.5–3 g) were used.

In the determination of K2Cr2O7 using Na2S2O3, about 0.2 g
f dried K2Cr2O7 was dissolved in 150 mL water, and 3 g KI
nd 5 mL of 3.2 mol/L H2SO4 were added. The titration beaker
as covered and placed in a cool dark space for 10 min, after
hich K2Cr2O7 was gravimetrically titrated with ca. 0.2 mol/L
a2S2O3 using a 25 mL GastightTM syringe with a needle made
f peak. The end-point was determined in a similar manner to
hat of coulometric titration, using a dead-stop method with an
pplied voltage of 150 mV between two Pt plates, but the titra-
ndicator.
The assay of KIO3 using Na2S2O3 was carried out in a similar

anner to the determination of K2Cr2O7, except for the amounts
sed: approximately 0.15 g of KIO3 and 2 g of KI.
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Fig. 2. Changes in pH value obtained by adding 0–25 mL of ca. 0.1 mol/L (©),
0.2 mol/L (	) and 0.5 mol/L (�) Na2S2O3.
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Fig. 3. Changes in pH value obtained by adding 0–16 g of KI.

. Results and discussion

.1. pH conditions and current efficiency

Changes in pH due to addition of 0–25 mL of ca. 0.1, 0.2 and
.5 mol/L Na2S2O3, and 0–16 g of KI to 100 mL of the catholyte
re shown in Figs. 2 and 3, respectively. The pH values remained
etween 6 and 7 under all experimental conditions. In addition,
fter addition of 25 mL of ca. 0.1, 0.2 and 0.5 mol/L Na2S2O3,
he pH values of the solutions containing Na2S2O3 completely
xidized by I2 were 6.686, 6.640, and 6.550, respectively; hence,
eaction (1) proceeds smoothly using this electrolyte in the
oulometric titration cell.
Fig. 4 shows the relationship between current and elec-
rode potential for catholyte solutions containing 0, 0.4, 0.8,
.2, 1.6, 2.4 and 3.2 g of KI. The dependence of the Pt anode
25 mm × 40 mm) potential on the electrolysis current was mea-

ig. 4. Relationship between current and electrode potential. Catholyte contain-
ng 0 g KI (©), 0.2 g KI (	) and 0.4 g–3.2 g KI (thin line).
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ig. 5. Dependence of coulometric titration results on short-term storage time:
a. 0.1 mol/L (©), 0.2 mol/L (	) and 0.5 mol/L (�) Na2S2O3 solutions.

ured with respect to an Ag/AgCl reference electrode linked to
he generating electrode via a Luggin capillary and saturated KCl
olution. The current efficiency for coulometric titration with
lectrogenerated I2 can be calculated from the ratio of the elec-
ric currents in the electrolyte with and without KI [15,16,24].
he estimated current efficiency was approximately 100% using
phosphate buffer containing 1.2–3.2 g of KI; therefore, in the

xperiment, we used phosphate buffer with about 1.6 g of KI as
supporting electrolyte in order to take into account electrolyte
ilution due to sample addition.

.2. Determination of Na2S2O3 by coulometry

The end-point using a dead-stop detection method was esti-
ated by extrapolation of the plot of linear indicator current

ersus amount of electrolysis to the intercept (0.00 �A) after
he end-point.

The results of short-term stability testing are shown in Fig. 5.
a2S2O3 solutions of 0.2 and 0.5 mol/L were stable for 17 days

xcept for an initial couple of days. In comparison with these, the
.1 mol/L Na2S2O3 solution was relatively unstable. Na2S2O3
lowly decomposes in solution with O2 and CO2 according to
he following reactions:

a2S2O3 + H2CO3 → H2S2O3 + Na2CO3 (5)

2S2O3 → H2SO3 + S (6)

r

a2S2O3 → Na2SO3 + S (7)

Na2SO3 + O2 → 2Na2S2O4 (8)

The reductometric factor of the solution containing decom-
osed Na2S2O3 rises because 1 mol SO3

2− reacts with 1 mol
2 in a redox reaction. To prevent decomposition of Na2S2O3,

u, which acts as a catalyst for air oxidation, is precipitated as
uCO3 by adding Na2CO3 as a stabilizer. Some manufacturers

n Japan produce a Na2S2O3 solution for titrimetry contain-
ng 0.5–0.8% of 3-methyl-1-butanol as a stabilizer instead of
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ig. 6. Dependence of titration results on amount of Na2S2O3 solution used.

a2CO3. Small rises in the reductometric factors of the Na2S2O3
olutions within 2–3 days after preparation are expected as a
esult of the initial decomposition of Na2S2O3 caused by dis-
olved air. The relative instability of the 0.1 mol/L Na2S2O3
olution may be due to the presence of a larger amount of air in
he upper space of the bottle, because the amount of the solution
emoved for sampling was greater than for the other solutions. It
as concluded that for 0.2 and 0.5 mol/L solutions, coulometric

itration and gravimetric titration must be carried out within 17
ays at the least estimate, but not within the first 2 days.

The dependence of the coulometric results on the amount of
a2S2O3 used is shown in Fig. 6. This investigation confirmed

hat there was no loss of Na2S2O3 as a result of diffusion into the
ounter-electrode chamber and no other external causes due to an
ncrease in electrolysis time. Changes in the titration parameter
id not have any significant effect on the titration results; there-
ore, we adopted 9 g as the most suitable amount of Na2S2O3 in
rder to minimize the uncertainties due to sample weighing and
nd-point determination.

Finally, 0.2 mol/L Na2S2O3 was assayed by coulometric titra-
ion for certification of KIO3 and determination of K2Cr2O7 for

ethod validation. We used a 0.2 mol/L solution of Na2S2O3
ecause the gravimetric titration volume was sufficiently large
o minimize the uncertainties of titrant weighing and end-
oint determination. The uncertainties of the measurements for
a2S2O3 are shown in Table 2 [25]. The combined expanded
ncertainty for determination of Na2S2O3 was 0.0077%, calcu-

ated based on the uncertainties of the equipment (resistor, timer,
oltmeter and linearity of balance), fundamental constants (Fara-
ay constant) and other chemical determinations (repeatability,

K

d

able 2
ncertainty of coulometric analysis of Na2S2O3

ncertainty source Relative expanded un
n = number of measur

epeatability 0.00400, n = 6
nd-point (1) 0.00144
nd-point (2) 0.00239
araday constant 0.0000172
esistor 0.00035
imer 0.00121
oltmeter 0.0013
ass of Na2S2O3 0.00534
ependence on the amount of Na2S2O3 0.00203
ombined expanded uncertainty 0.00772
Fig. 7. Time dependence of I2 generation on I− concentration.

nd-point determination and dependence on the amount of the
amples).

.3. Certification of KIO3 and determination of K2Cr2O7

y gravimetric titration

Fig. 7 shows the time dependence of the I2 generation in solu-
ions containing 1–4 g of KI after the starting reaction (2) and
.5–3 g of KI after the starting reaction (3), obtained by moni-
oring the indicator current based on a dead-stop method. The
ndicator current is not directly proportional to the concentra-
ion of I2, and it has an upper limit; however, it is relative data
egarding the rate and amount of I2 generation. For K2Cr2O7, it
as concluded that a time of 7 min was not enough for complete
eneration of I2, and while there were no differences among the
–4 g of KI, the results for 1 g of KI were lacking. For determina-
ion of K2Cr2O7 with Na2S2O3, 3 g of KI and 10 min generation
ime were adopted as experimental conditions. In reaction (3),
here were no differences among the 2–3 g of KI, however,
.5–1 g of KI were not enough for generation of I2 because
acking of I− in the solution led to the deposition of solid I2.
or determination of KIO3 with Na2S2O3, 2 g of KI and 10 min
8005 [1] and previous research [12].
The results of titration between K2Cr2O7 and coulometrically

etermined Na2S2O3 are shown in Fig. 8, and uncertainty esti-

certainty (%, k = 2),
ements

Note

198.293 mmol/kg
Regarding collinear approximation
Incomplete rinsing
96485.3383(83) C/mol
10 and 100-�
±10 ppm + 3 ms
25 mV–10 V
Linearity, sample 9 g
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Table 3
Sources of uncertainty in the determination of K2Cr2O7 and KIO3 with Na2S2O3 by gravimetric titration

Uncertainty source Relative expanded uncertainty (%, k = 2), n = number of measurements

K2Cr2O7 KIO3

Value of Na2S2O3 0.0111, n = 5 0.0077, n = 6
Repeatability 0.0106, n = 9 0.0072, n = 9
End-point 0.0112 0.00857
Weighing K2Cr2O7 or KIO3 0.00707 0.00943
Weighing Na2S2O3 0.00229 0.00229
Molar mass of K2Cr2O7 or KIO3 0.000953
Blank 0.00163
Combined expanded uncertainty 0.0205
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[22] K. Rowley, E.H. Swift, Anal. Chem. 26 (1954) 373.
ig. 8. Results of determination for K2Cr2O7 and KIO3. (*) See reference [12].

ates are shown in Table 3. The titration trial was carried out one
ay after the coulometric determination. The uncertainties were
erived from the following: repeatability of titration, end-point
etermination (fluctuation of collinear approximation), sample
eighing (linearity of balance), molar mass of K2Cr2O7, and
lank (correction, fluctuation in blank); the combined expanded
ncertainty was 0.021% (k = 2).

The effective purity of K2Cr2O7 was 99.984% ± 0.006%
k = 2), which was directly determined by coulometry with
lectrogenerated ferrous ions [12]. The assay of K2Cr2O7
y gravimetric titration based on the reductometric factor of
a2S2O3 determined by coulometry was 99.990% ± 0.021%

k = 2); these results were sufficiently close to the certified value
o confirm the validity of gravimetric titration between K2Cr2O7
nd Na2S2O3 and the coulometric titration of Na2S2O3. The
esults and uncertainty estimations on KIO3 are shown in
ig. 8 and Table 3, respectively. The assay of KIO3 was
9.972% ± 0.017% (k = 2) determined in a similar manner to
2Cr2O7, and KIO3 was developed as a redox standard with a

ertified value linked to SI units.

. Conclusions
Redox reference materials were studied by coulometric and
ravimetric titration. The accuracy of the coulometric method
as investigated by examining the areas of dependency on sam-

[
[
[

0.000489
0.000674
0.0167

le mass, current efficiency of I2 electrogeneration and stability
f Na2S2O3 solutions. For the gravimetric titration method,
alidity was ascertained using K2Cr2O7 of known purity. The
esults presented for Na2S2O3, K2Cr2O7 and KIO3 were estab-
ished with high accuracy, SI unit traceability, and uncertainty.
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bstract

A comparison of two electrochemical immunosensing strategies for PCBs detection, based on the use of two different solid phases, is here
iscussed. In both cases, carbon-based screen-printed electrodes (SPEs) are used as transducers in a direct competitive immunoassay scheme,
here PCBs in solution compete with the tracer PCB28-alkaline phosphatase (AP) labeled for antibodies immobilized onto the solid-phase.
In the standard format (called EI strategy), SPEs are both the solid-phase for immunoassay and electrochemical transducers: in this case the

mmunochemical reaction occurs onto the working electrode. Finally, the enzymatic substrate is added and an electroactive product is generated and
etected by electrochemical measurement. In order to improve the performances of the system, a new approach (called EMI strategy) is developed
y using functionalized magnetic beads as solid phase for the competitive assay; only after the immunosensing step they are captured by a magnet
nto the working surface of the SPE for the electrochemical detection.
Experimental results evidenced that the configuration based on the use of separate surfaces for immunoassay and for electrochemical detection
ave the best results in terms of sensitivity and speed of the analysis. The improvement of analytical performances of the immunosensor based on
MI strategy was also demonstrated by the analysis of some spiked samples.
2007 Elsevier B.V. All rights reserved.

y; Ele

c
t
d
e
o
d
t
[
o
s
m
d
t

eywords: Screen-printed electrodes; Magnetic beads; PCB; Competitive assa

. Introduction

The development of rapid, inexpensive, sensitive, high sam-
le throughput and on-site analytical strategies, which can be
sed as screening system to rapidly detect polychlorinated
iphenyls (PCBs) in food and environmental samples, is an
mportant issue [1,2]. Immunoassays provide sensitive and
eliable screening techniques for detecting trace amount of
hemicals as PCBs for both laboratory and field analysis. Among
he high number of immunoassay techniques, the Enzyme-
inked ImmunoSorbent Assays (ELISAs) combined with a
olorimetric end point measurement are the most widely used
3,4].
An alternative but interesting approach is the use of electro-
hemical immunosensor technology. Electrochemical sensors
ave revolutionized modern analysis because of their techni-

∗ Corresponding author. Tel.: +39 0554573311.
E-mail address: sonia.centi@unifi.it (S. Centi).
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ctrochemical detection

al simplicity and speed in response by the direct transduction
o an electronic equipment [5]. Mass-fabrication, low cost and
ecentralized in field analysis are other important features of
lectrochemical sensors. Electrochemical immunosensors based
n screen-printed electrodes have recently been applied to the
etection of environmental pollutants such as PCBs, PAHs, pes-
icides [6–9] and of important molecules in clinical and food field
10–12]. Electrochemical immunosensors are based on the use
f screen-printed electrodes as solid-phase for the immunoas-
ay and as electrochemical transducers: antibody or antigen
olecules are directly immobilized at the sensor surface (trans-

ucer) and one of these species is enzyme-labeled in order
o generate an electroactive product which can be detected at
he screen-printed electrodes surface. Therefore, this approach
s very interesting because a single surface is used for both
mmunochemical reaction and electrochemical revelation, by

implifying all the procedure.

A different approach can involve the use of screen-printed
lectrodes for the transduction step and the use of another phys-
cal support for the affinity reaction [13]. Actually the use of
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he electrode surface as solid phase as well as electrochemical
ransducer can give some problems: a shielding of the surface by
iospecifically bound antibody molecules can cause hindrance
f the electron transfer, resulting in a reduced electrochemical
ignal. The use of micro-particles (micro-beads) as solid phase
s a relatively new possibility, widely documented in literature
13–18]. Various kinds of beads can be used in electrochemical
iosystems. The beads range from non-conducting (glass, etc.),
onducting (graphite particles) to magnetic materials. Particles
re available with a wide variety of surface functional groups
nd size and have the possibility of reaction kinetics similar to
hose found in free solution. Graphite and magnetic particles
epresent the most commonly used beads in bioelectroanalyti-
al systems. Magnetic particles respond to an applied magnetic
eld and re-disperse upon removal of the magnet. They consist
f 36–40% magnetite dispersed within a copolymer matrix con-
isting of styrene and divinyl-benzene. Their binding capacity
aries with the bead size, composition and the size of the bind-
ng ligand. There is a general consensus that the use of magnetic
eads greatly improves the performance of the immunological
eaction, due to an increase in the surface area, as well as the
aster assay kinetics achieved because the beads are in suspen-
ion and the analytical target does not have to migrate very far
19].

This approach separates the steps related to the immunoreac-
ion from the electrochemical detection step; for this reason, the
orking electrode surface is easily accessible by the enzymatic
roduct, which diffuses onto the bare electrode surface [20].
sing this strategy, finding the optimum conditions for both the

mmunoassay on the magnetic beads and the electrochemical
etection on the transducer (carbon screen-printed electrodes)
s much easier than in the usual one (electrode) surface systems,
ecause optimum conditions for immunoassay do not conform
ith those for electrochemical detection and vice versa.
In our knowledge, a comparison of analytical performances

f immunosensors developed using those two different strategies
s not yet reported. In this work, an electrochemical immunosen-
or (EI) and an electrochemical magneto-immunosensor (EMI)
or detection of PCBs are compared in terms of sensitivity, repro-
ucibility and analysis times. Both strategies are based on the
evelopment of a direct competitive assay using alkaline phos-
hatase (AP) as enzymatic label. Carbon-based screen-printed
lectrodes (SPEs) are used as transducers for the evaluation of
he extent of the immunochemical reaction and the electrochem-
cal detection is thus achieved through the addition of the AP
ubstrate (�-naphthyl-phosphate) and by the use of differential
ulse voltammetry (DPV) as electrochemical technique.

The configuration based on the use of two surfaces, magnetic
eads for immunoassay and screen-printed electrodes for elec-
rochemical detection, gave the best analytical performances in
erms of sensitivity and speed of the analysis. However, the EI
trategy remains very attractive because a single surface is used
or both immunochemical reaction and electrochemical revela-

ion, by simplifying all the procedure. Both strategies were also
pplied to the analysis of some spiked samples, by demonstrat-
ng their suitability for real samples analysis, but evidencing also
heir difference in the sensitivity.
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. Experimental

.1. Chemicals and immunochemicals

Bovine IgG (bIgG), serum albumine bovine (BSA), IgG anti-
heep, �-naphthyl-phosphate (NP), diethanolamine (DEA) and
olyoxyethylene-sorbitanmonolaurate (Tween 20) were pur-
hased from Sigma (Milan, Italy). Methanol, KCl, MgCl2,
aH2PO4, Na2HPO4, NaHCO3, and other reagents were pur-

hased from Merck (Milan, Italy). Aroclor 1016, 1242 and 1248
ixtures were purchased from AccuStandard Inc. (New Haven,
SA).
Sheep polyclonal antibodies against PCB28 (sIgG anti-

CB28) and the tracer solution containing PCB28-alkaline
hosphatase conjugate (PCB28-AP) were provided by Prof.
. Fránek, Veterinary Research Institute, Brno, Czech Repub-

ic.

.2. Materials and equipment

Magnetic beads coupled with protein G were obtained from
ynal Biotech (Milan, Italy). These are uniform, superparam-

gnetic polymer particles with protein G covalently coupled to
he surface and have got a diameter of 2.8 �m (CV < 3%). The

ain advantage of using this kind of particles is, together with
he potential wide applicability of this immunosensing approach,
he proper orientation of the antibody binding sites. The coupling
f antibodies to magnetic beads protein G-coated was achieved
hrough the specific affinity to protein G for the Fc part of the
heep antibody molecules.

All solutions were prepared using water from a Milli-Q Water
urification System (Millipore, UK). The electrochemical cells
ere planar three electrode strips formed by a carbon working

lectrode, a carbon counter electrode and a silver pseudo-
eference electrode. The electrodes were screen-printed in-house
sing a DEK 248 screen-printing machine (DEK, Weymouth,
K). Silver based (Electrodag PF-410) and graphite-based

Electrodag 423 SS) polymeric inks were obtained from Ache-
on (Milan, Italy); the insulating ink (Vinylfast 36-100) was from
rgon (Lodi, Italy). A polyester flexible film (Autostat CT5),
btained from Autotype (Milan, Italy), was used as printing
ubstrate.

Electrochemical measurements were performed using a
Autolab type II PGSTAT with a GPES 4.9 software
ackage (Metrohm, Rome, Italy). All the measurements
ere carried out at room temperature by using differen-

ial pulse voltammetry (DPV) with the following parameters:
ange potential 0/+600 mV, step potential 7 mV, modulation
mplitude 70 mV, standby potential 200 mV, interval time
.1 s.

The sample mixer with 12-tube mixing wheels and the mag-
ets were purchased from Dynal Biotech (Milan, Italy).

PCBs-free marine sediment extracts were obtained by the

isheries Research Service of Marine Laboratory (FRS-ML),
berdeen, Scotland (UK). They were collected, extracted by
oxhlet and certified as PCB-free by GC-ECD in provenance

aboratory.
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.3. Buffer

The buffers used for EI strategy were the following:

(a) 0.1 M carbonate buffer (CB) pH 9.6 for antibody dilutions.
b) 10 mM phosphate buffer (PBS) pH 7.4 containing 1%

methanol and 4% BSA for affinity reaction.
(c) 10 mM phosphate buffer pH 7.4 containing 0.1% of Tween

20 (PBS-T) for washing steps.
d) 0.1 M diethanolamine buffer (DEA) pH 9.6 with 0.1 M KCl

and 1 mM MgCl2.
Buffers and solutions used for EMI approach were:

(e) 0.1 M sodium-phosphate solution pH 5 for washing and
immobilization steps.

(f) 0.3 mM sodium-phosphate buffer pH 7.2 containing NaCl
5 mM and methanol 1% (v/v) (PBS buffer) for affinity reac-
tion.

g) DEA buffer as reported above.

.4. Immunoassay scheme

EI and EMI strategies were developed on the basis of a
ompetitive assay scheme (Fig. 1) and carbon screen-printed
lectrodes and magnetic beads were, respectively, the solid sup-
ort for the immunoassay. Both the solid phases were modified
y immobilization of antibodies against PCB28. A competition
as then performed by incubating the optimized tracer dilution

nd the sample.
After molecular recognition, the extent of the affinity reac-

ion was evaluated by addition of the enzymatic substrate (NP),
hich was transformed in an electroactive product and oxidized

t the electrode surface.
The competitive curves were analyzed with four-parameter

ogistic equation using a proper software (Graph Pad, Prism 4 for
indows, Graph Pad Software Inc.) according to the formula

= A + ((B − A)/(1 + 10[log EC50−X]Hill slope
)), where A is the
-value at the bottom plateau of the curve, B the Y-value at
he top plateau of the curve, EC50 the antigen concentration
ecessary to halve the current signal and Hill slope is the slope
f the linear part of the curve.

Fig. 1. Competitive immunoassay scheme used in both analytical strategies.

s
i
a
fi
b
t
o
b
i
d
t
fi

2

s
o
s
s

3 (2007) 394–399

.4.1. Electrochemical immunosensor (EI) strategy
Carbon SPEs were coated with 10 �L of CB buffer contain-

ng 5 �g/mL of sIgG anti-PCB28. After 1 h at room temperature,
ach electrode was rinsed with 150 �L of PBS-T and dried care-
ully. Once prepared, these modified electrodes can be stored at
4 ◦C in a dried chamber for several days without a decrease in

he sensitivity. A competition solution was prepared by mixing
PCBs standard solution with a suitable volume of the tracer

olution. Ten microliters of this solution were then deposited
nto the working electrode and incubated for 1 h at room tem-
erature and then the electrode was rinsed again with 150 �L
f PBS-T buffer and covered with 60 �L of enzymatic substrate
olution (NP 1 mg/mL in DEA buffer). After 5 min, the DPV
easurement was performed.

.4.2. Electrochemical magneto-immunoassay (EMI)
trategy

After each incubation or washing step, the magnetic beads
ere separated from the supernatant by placing the tubes in a
agnet separator until the beads migrated to the tube sides and

he liquid was clear.
Magnetic beads coupled with protein G were washed with

00 �L solution (e) to remove the NaN3 preservative, as advised
y the manufacturer. A suspension of 10 �L of the beads was
ntroduced in a tube containing 500 �L of antibody solution
IgG anti-PCB28) 100 �g/mL prepared in solution (e). After
0 min of incubation time under stirring in the sample mixer,
ach tube was positioned on a magnet holding block. Once
he beads were deposited on the bottom of the test tube, the
upernatant was removed and the beads were then washed twice
ith 500 �L of solution (e). Each washing step consisted of a

e-suspension of the beads in the washing solution for 2 min,
ollowed by the separation with the magnet holding block to
emove the supernatant. In this way, antibody-coated beads were
btained.

The competition was performed by mixing 50 �L of suspen-
ion containing antibody-coated beads with 940 �L of sample
olution and 10 �L of tracer solution (PCB28-AP). The compet-
tive reaction was left to proceed with gentle shaking for 20 min
t room temperature. The beads were washed two times and
nally the beads were re-suspended in 100 �L of working assay
uffer. Ten microliters of the suspension were transferred onto
he surface of the working electrode. To better localize the beads
nto the electrode, the magnet holding block was placed on the
ottom part of the electrode. Then 60 �L of a solution contain-
ng the enzymatic substrate (NP) 1 mg/mL in DEA buffer were
eposited on the screen-printed strip, making attention to close
he electrochemical cell. After 5 min, the enzymatic product was
nally detected by DPV.

.5. Samples treatment

Marine sediment extracts were spiked to obtain contaminated

amples. At this purpose, 1 mL of each sample was evaporated in
rder to remove the organic solvent and then reconstituted in the
ame volume of PBS buffer. Subsequently, 10 �L of the standard
olution (Aroclor mixture) were added in order to obtain final
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assay (data not shown). At these conditions, no diffusion effect
due to the beads amount was observed in the electrochemical
measurement.
S. Centi et al. / Tala

oncentrations in the range: 0.5–1000 ng/mL. Afterwards, the
ompetition reaction was performed.

. Results and discussion

.1. Assay optimization

.1.1. EI strategy
Solid-phase modification is a critical point in the develop-

ent of an electrochemical immunosensor. Two factors have to
e considered: the sensitivity of the immunosensor against the
arget analyte and the non-specific adsorption onto the working
urface.

The first point depends on the quantity of antibodies present
n the solid-phase and on the ratio between antibody and tracer,
hereas the second effect can be minimized by the use of a
locking agent. However, it is important that the blocking agent
oes not isolate the electrode surface for electrochemical mea-
urement. Thus, some experiments were performed to evaluate
he non-specific adsorption using IgG anti-sheep, bovine serum
lbumine (BSA) and bovine IgG (bIgG) as different blocking
gents.

Immunoglobulins G anti-sheep have got affinity for the Fc
raction of sheep antibodies. Two effects could be obtained
sing this blocking agent: the blocking of the electrode sur-
ace and the orientation of the antigenic sites of antibodies
owards the solution. The use of BSA as blocking agent is
ery common in ELISA: such blocking agent can be directly
dded to the buffer containing the sample. The use of non-
pecific IgG (bovine IgG) is a method called pre-coating method,
hat provides for the deposition of these onto the solid-phase
ollowed by the co-adsorption of antibodies against the target
olecule.
Ten microliters of blocking agent (IgG anti-sheep or bIgG)

olution 1 �g/mL in buffer (a) were deposited onto graphite
urface. After 1 h at +4 ◦C, the working electrode surface was
ashed with 10 �L of PBS-T buffer. Then, 10 �L of sheep

gG anti-PCB28 (sIgG anti-PCB28) 5 �g/mL in buffer (a) were
eposited on the working electrode and incubated 1 h at room
emperature. Then, 10 �L of buffer (b) (without BSA) containing
he enzyme tracer diluted 1:15,000 respect to the stock solution
ere deposited on the working electrode surface and allowed

o incubate 1 h at room temperature. After washing, the elec-
rochemical measurement was performed depositing 200 �L of
P 1 mg/mL in buffer (d) onto the strip in order to cover all the

lectrochemical cell. After 5 min of incubation time, the DPV
easurement was carried out.
A slightly different procedure was adopted by using BSA

s blocking agent. In this case BSA is not deposited onto the
orking surface but added by using the buffer (b) contain-

ng 5% BSA. All the others steps were the same. Moreover,
he experiments were repeated without the immobilization of
IgG.
The results obtained are shown in Fig. 2, where the com-
arison between the signal obtained in presence and in absence
f sIgG is shown for the three different blocking agents. Using
SA, a significant difference of signal was measured in both
ig. 2. Optimization of the blocking agent using EI strategy. Such choice was
arried out comparing the specific signals and those non-specific measured using
ifferent blocking agents.

ases, whereas using IgG anti-sheep and bIgG the signals
ere similar. Thus, further experiments were performed adding
irectly 5% of BSA in buffer (b).

The tracer concentration was another important parameter
o optimize: this has to be in limiting amount, that means in a
uantity such to saturate the antibodies immobilized on the solid
hase. This concentration was optimized by incubation different
ilutions of PCB28-AP on electrodes modified by adsorption of
IgG anti-PCB. In Fig. 3 the binding curve is shown: for dilutions
:10,000 and 1:5000 the current reaches a steady-state and it
eans that all antibodies sites are saturated. Thus, 1:15,000 was

hosen as dilution to perform the competition.

.1.2. EMI strategy
The best conditions for the development of the competitive

ssay on the magnetic beads were optimized as reported in
13]. Experiments were performed using 20 min for the anti-
ody immobilization on the particles and for carrying out the
ompetition and choosing 1:1000 as the best dilution of PCB28-
P for competition. The ratio between the beads stock solution
nd the re-suspension volumes was chosen by evaluating the
est results in terms of sensitivity and reproducibility of the
Fig. 3. Optimization of the tracer dilution using EI strategy.
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ig. 4. Comparison between the calibration curves of Aroclor 1248 performed
sing EI and EMI strategies.

.2. Comparison between EI and EMI strategies

.2.1. Calibration curves
A comparison between the two strategies was carried out by

etecting some Aroclor mixtures. Calibration curves for Aro-
lor 1248, 1242 and 1016 were performed with both methods.

n Fig. 4 the two curves for Aroclor 1248 mixture, reported
s binding percentage Bx/Bo (%), are compared. As it can be
een, the sensitivity obtained by EMI strategy was of two order

s
t
e

able 1
nalytical results for some Aroclor mixtures obtained by using both EI and EMI stra

ixture Methods Concentration range (�g/mL) DL (ng

roclor
248

EI 0.1–1.0 × 102 40
EMI 1.0 × 10−4–20 0.4

roclor
242

EI 0.1–1.0 × 102 50
EMI 1.0 × 10−4–20 0.5

roclor
016

EI 0.1–1.0 × 102 200
EMI 1.0 × 10−4–20 0.8

he detection limit of the method (DL) was calculated by evaluation of the mean of th
eviations.

able 2
esults obtained from the analysis of marine sediment extracts

ample code Spiked aroclor mixture Spiked concentration (ng/

Aroclor 1242 1000
Aroclor 1242 10
Aroclor 1242 1
Aroclor 1242 0.5
Aroclor 1248 1000
Aroclor 1248 10
Aroclor 1248 1
Aroclor 1248 0.5
Aroclor 1016 1000

0 Aroclor 1016 10
1 Aroclor 1016 1
2 Aroclor 1016 0.5

comparison between the signals obtained using EI and EMI strategies is reporte
epetitions.
3 (2007) 394–399

egrees higher than that obtained with the EI approach; a DL of
.4 ng/mL for Aroclor 1248 mixture was found using the EMI
pproach, while a DL of 40 ng/mL was measured using the EI
pproach. A similar behavior was observed for other Aroclor
ixtures and the results are reported in Table 1.
The average CVs were calculated for all cases, and the

btained values were very similar and around 9%. For both
ethods, the non-specific binding was evaluated by perform-

ng the immunoassay in absence of antibodies against PCB. The
ignal without antibodies was very low and independent on the
ixture concentration (data not shown).
From the data comparison it emerges that, using the EMI

trategy, detection limits for all PCB mixtures were lower than
pproximately two orders of magnitude. The use of magnetic
eads greatly improves the yield of the affinity reaction, because
he surface area of the solid phase is greater and the assay kinetics
re faster. Moreover, during the electrochemical measurement
he working electrode surface is easily accessible by the enzy-

atic product, which diffuses onto a bare electrode surface.
The measurement time was another important point: for the

MI strategy, the time necessary to perform the analysis was
aster (45 min, including the antibody immobilization onto the
eads) respect to 125 min for the EI strategy. Thus, the EMI
trategy allowed to obtain a faster and a more sensitive immuno-
ingle surface as a screen-printed electrode. For this reason,
his approach can be advised in the development of different
lectrochemical immunosensors for various analytical purposes.

tegies

/mL) IC50 (ng/mL) CV (%) Measure time (min)

2 × 10−3 7 125
24 6 45

6 × 10−3 6 125
8 10 45

5 × 10−3 9 125
94 7 45

e blank solution (not containing PCBs) response minus two times the standard

mL) EI response (Bx/Bo (%)) EMI response (Bx/Bo (%))

70 ± 6 11 ± 4
91 ± 4 51 ± 2

100 ± 5 86 ± 3
100 ± 7 92 ± 3

59 ± 6 17 ± 3
84 ± 5 68 ± 3

100 ± 6 83 ± 3
100 ± 6 95 ± 3

75 ± 9 16 ± 2
87 ± 6 73 ± 6

100 ± 4 89 ± 5
100 ± 6 94 ± 4

d. The points correspond to the Bx/Bo percentage ±S.D. calculated for n = 3
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.2.2. Samples analysis
Marine sediment extracts were spiked with different con-

entrations and mixtures of PCBs and analyzed using both
trategies. The obtained results are shown in Table 2. The mea-
ured signals are expressed as residual percentage respect to
he blank signal, which is assumed as 100%. Non-spiked sam-
les were also analyzed in order to evaluate the potential matrix
ffect. This one was experimentally demonstrated that it does
ot affect the measure (data not shown).

For both systems the signal measured for each sample was
n accordance with the spiked concentrations: precisely, the per-
entage signal measured for Aroclor 1242 formulation in sample
was lower than the value obtained for samples 2–4, containing

he same mixture at a lower concentration (10, 1 and 0.5 ng/mL
ersus 1000 �g/mL).

All spiked samples gave a signal decrease when analyzed by
MI strategy, whereas the samples 3, 4, 7, 8, 11 and 12, e.g.,

he samples containing the lowest concentration of the Aroclor
ixture (0.5 or 1 ng/mL), resulted as not contaminated using EI

trategy. Thus, these results demonstrate that both systems are
uitable for PCB detection in samples, but that the performances
f the EMI assay allow to detect lower PCB quantities with a
igh reproducibility.

. Conclusions

The aim of this paper is the comparison between the analyt-
cal performances of two immunosensing strategies applied to
CBs detection. These are based on the use of different solid
hases for the immunoassay development. The first strategy
nvolves the use of disposable carbon screen-printed electrodes
s solid support for the immunoassay development and as trans-
ucers; whereas the second strategy involves the coupling of
agnetic beads which are used as solid phase for the molecular

ecognition to disposable carbon screen-printed electrodes. All
he parameters which can influence the immunoassay develop-

ent have been optimized. This optimization was of paramount
mportance, since the performances of the immunoassay per-
ormed onto different solid supports (screen-printed electrodes

r magnetic beads) can vary considerably.

From the comparison of experimental data it emerges that,
oth strategies were suitable for PCB detection, even if the use
f the EMI strategy gave the best results: the detection limits

[

[

[

3 (2007) 394–399 399

or all analyzed mixtures were lower than approximately two
rders of magnitude respect with those obtained using EI strat-
gy. Actually, the EMI strategy allowed to obtain a faster and a
ore sensitive immunochemical detection respect to the strategy
hich employs a single surface as a screen-printed electrode. For

his reason, this approach is advised in the development of dif-
erent electrochemical immunosensors for analytical purposes.

The good performances of the EMI strategy in the detection
f PCBs in marine sediment extracts suggests the possibility of
sing the proposed approach for environmental investigations.
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bstract

The response of localized surface plasmon resonance (LSPR) spectra of gold and silver nanoparticles, and gold nanoshells to organic vapors was
nvestigated. The surface area of nanomaterials was sufficiently high for quantitative adsorption of volatile organic compounds (VOCs). Surface
dsorption and condensation of VOCs caused the environmental refractive index to increase from n = 1.00 in pure air to as high as n = 1.29 in near
aturated toluene vapor. The extinction and wavelength shift of the LSPR spectra were very sensitive to changes in the surface refractive index
f the nanoparticles. Responses of the LSPR band were measured with a real-time UV–vis spectrometer equipped with a CCD array detector.
he response of silver nanoparticles to organic vapors was most sensitive in changes in extinction, while gold nanoshells exhibited red-shifts in

avelength (∼250 nm/RIU) when exposed to organic vapors. The LSPR spectral shifts primarily were determined by the volatility and refractive

ndices of the organic species. The T90 response time of the VOC–LSPR spectrum was less than 3 s and the response was completely reversible
nd reproducible.

2007 Elsevier B.V. All rights reserved.
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. Introduction

A collective oscillation of free electrons at the surface bound-
ry of metal film, known as surface plasmon resonance (SPR),
as attracted broad research interest in the past few decades
1]. Traditionally, this phenomenon is measured using a prism
oated with a thin metal film (i.e. the Kretschmann configura-
ion). The changes in SPR are measured by either the shift of the
ncident angle or attenuation at a fixed reflection angle. SPR is
ensitive to changes in the refractive index of the liquid medium
djacent to a metal film. Therefore, SPR can be used for detec-
ion of selective adsorption of large biochemical molecules to
he modified metal surface in the liquid phase. In the past few
ears, a significant amount of research on the application of SPR
iosensors, has been published and reviewed [1]. For example, a

rotein-modified SPR immunosensor recently was used to detect
n environmentally hazardous precursor of dioxin in solution
2].

∗ Corresponding author. Tel.: +8 862 2905 3573; fax: +8 862 2902 3209.
E-mail address: 056470@mail.fju.edu.tw (C.-J. Lu).
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Although the majority of SPR sensor research has focused
n the application of SPR in liquid phase bio-chemical detec-
ion, one of the earliest SPR sensors was a gas/vapor sensor
nvented by Nylander et al. [3] and Liedberg et al. [4]. In order
o facilitate vapor detection, an absorptive polymer layer (e.g.
V-225) was used to coat the metal film, enhancing vapor sorp-

ion. The SPR signal responds to the changes in the thickness
nd refractive index of the polymer film that result from sorption
f the vapor molecule. Langmuir–Blodgett films of phthalocya-
ine derivatives also have been used as adsorbent on prism-type
PR sensors for the detection of toluene [5] and NOx [6]. Shenoy
nd co-workers coated SPR sensors with cavitands and were able
o selectively detect aromatic vapors [7]. Rella and co-workers
emonstrated alcohol sensing by using the SPR changes in TiO2
anocrystal film layered on metal film [8]. Each of these SPR
as sensors requires an organic or inorganic absorbent film on a
etal surface to enhance sensitivity and to serve as a refractive

ndex transducer for incoming gas/vapors.

Other than the Kretschmann configuration, surface plasmon

ensors using fiber optical couplers also have been reported.
iggemann et al. [9] and Abdelghani et al. [10] used this metal
lm-fiber configuration coated with sorptive polymer to detect
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hemical vapors. Booksh and co-workers created an SPR sen-
or for organic vapor using a specific tapered angle between a
eflective mirror and the sensing surface, which was glass coated
ith thin Au film at the tip of the optical fiber [11].
SPR phenomenon also is found in noble metal nanoparti-

les, namely, the localized surface plasmon resonance (LSPR).
t occurs when the incident light frequency matches the collec-
ive oscillation frequency of the conducting electrons within a
anoparticle; the light energy absorbed and scattered results in
n absorbance band in the UV–vis spectrum. The absorbance and
avelength of the LSPR band are highly dependent on the size,

hape, and local environment of the nanoparticles (i.e. refrac-
ive index or surface binding molecules) [12,13]. The LSPR of
anoparticles can be readily measured by UV–vis spectrometry
nd does not require a delicate optical coupler (e.g. a controlled
hickness metal thin film deposited on prism or optical fiber).
anoparticles can be used as the SPR sensing medium by mea-

uring the UV–vis spectrum of either a colloidal suspension
r a nanoparticle film that has been chemically immobilized
o a glass substrate [14]. Either method is much cheaper and
asier for fabrication of sensors in conventional chemical lab-
ratories. Many novel sensors based on the LSPR spectrum of
anoparticles have been developed. The applications span from
lucose detection to biotin-streptavidin sensing to DNA detec-
ion [15–17]. Sun and Xia recently reported that an Au nanoshell
as more sensitive than are Au nanoparticles to environmental

efractive index changes in the liquid phase [18]. In terms of gas
etection using the LSPR of nanoparticles, Ando et al. inves-
igated a series of gas-sensing film composites of metal-oxides
e.g. WO3, CuO, NiO, etc.) doped with noble metal colloid (e.g.
u, Pd and Pt), and tested their response characteristics to inor-
anic gases such as CO, H2, etc. [19–21]. Yanase and Komiyama
ound that the LSPR of nano-Ag film shifted as the atmosphere
hanged from 5% H2 to 1% O2 in helium background [22]. They
ttributed the changes of SPR to the surface adsorption of O2 on
he silver nanoparticles.

In this paper, an organic vapor sensor using the LSPR spectra
f metallic nanoparticles was developed. Nanoparticles were
mmobilized on a glass substrate via a self-assemble mono-
ayer (SAM) reaction and the LSPR spectra were measured
sing a real-time CCD array UV–vis spectrometer. In contrast
o the traditional SPR vapor sensor that required an absorbent
ayer on a smooth metal film to enhance the vapor sorption,
he large surface area of SAM nanoparticles facilitated quan-
itative adsorption of organic vapors. Three different metallic
anoparticles: silver nanoparticles, gold nanoparticles and gold
anoshells were synthesized and tested for their vapor-sensing
roperties. Factors and mechanisms that influence the sensitivity
f the LSPR sensor to organic vapors were investigated.

. Experimental section

.1. Metallic nanoparticles synthesis [17,18]
Gold nanoparticles were prepared by sodium citrate reduction
f hydrogen tetrachlororaurate (HAuCl4, Alfa Aesar). 100-mL
f an aqueous solution of 1 mM HAuCl4 was boiled with vigor-

a
s
c
g

73 (2007) 358–365 359

us stirring in a round-bottom flask. 10 mL of 38.8 mM NaBH4
ere added rapidly to the solution. The solution was boiled

or 10 min and the color of the solution changed from yellow
o purple-red. The solution was cooled to room temperature
ith continual stirring. The solution was filtered and stored in a

efrigerator at 4 ◦C for further experiments. Silver nanoparticles
ere synthesized by reduction of AgNO3 in an ethylene gly-

ol solution containing polyvinylpyrolidone (PVP). PVP (2 g)
as dissolved in 10 mL ethylene glycol, followed by addition
f 130 mg of AgNO3 with continuous stirring. The solution was
lowly heated at approximately 1 ◦C/min until the temperature
eached 120 ◦C, and was then refluxed for 22 h. The solution
radually turned dark yellow and was cooled at room tempera-
ure.

Gold nanoshells were synthesized using silver nanoparticles
s a template. The surface atoms of silver nanoparticles were
radually replaced by the addition of HAuCl4 solution. 1 mL of
ilver nanoparticles solution was diluted to 20 mL with deion-
zed water and heated to boiling. 3.2 mM HAuCl4 solution was
lowly dripped into the solution until the color turned blue. The
olution was then cooled to room temperature; white precipitate
AgCl) was formed by centrifuge.

.2. Nanoparticle self-assemble monolayer on glass
ubstrate [17,18]

Glass substrates were prepared by cutting cover glass to
mm by 18 mm, followed by immersion in cleaning solution

70% H2SO4 and 30% H2O2), sonication for 30 min and rinsing
ith deionized water. The substrates were then dried under N2,
eated in a 100 ◦C oven for 10 min, and placed in a 10% solu-
ion of 3-aminopropyl-trimethoxysilane (APTMS) in methanol
or 1 h. These surface modified glass substrates were rinsed
horoughly with methanol and deionized water to remove any
nreacted APTMS. Glass substrates were then immersed in the
olution containing metal nanoparticles. The reaction between
old nanoparticles and surface amino groups is much faster than
ith silver nanoparticles and gold nanoshells. Gold nanoparti-

les are bound to the surface of the glass substrates after 40 min
ompared with the 24 h required for silver nanoparticles and
old nanoshells. The formation of a nanoparticle layer can be
isually confirmed by the color of the glass surface: purple-red
or Au nanoparticles, yellow for Ag nanoparticles and blue for
u nanoshells. The UV–vis spectra of the nanoparticle SAM
n glass slides also were recorded. The glass slides were rinsed
ith ethanol and water, repeatedly, until the UV–vis spectra

emained constant. Images of the nanoparticles SAM on glass
ere captured using a field emission scanning electron micro-

cope (FESEM, JSM-6500F).

.3. Vapor generation and detection system

A dynamic flow system was constructed in order to gener-

te variable organic vapor concentrations for testing the LSPR
ensors. Compressed air was passed through a two-stage trap
onsisting of a molecular sieve and charcoal to remove back-
round moisture and organics. A high efficiency particle filter
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as placed in the line to remove any particles that were produced
y the traps. The temperature and humidity of this background
ir stream were monitored by a humidity meter (DO9861T-
1, Delta Ohm, Padua, Italy). The humidity was less than the
etection limit (<1%) for all experiments. A saturated vapor
oncentration at room temperature was produced by passing
he background air through a bubbler. The organic vapor con-
entration was then varied by diluting the saturated vapor with
ackground air using different flow rates. Mass flow-controllers
5850i, Brooks Instrument, PA) were calibrated with a bubble
urette before being installed in the vapor generation system.

three-way solenoid valve was connected in front of the test
ell, which allowed computer-controlled switching between the
ackground air and the test vapor. The vapor concentrations
ere calibrated with GC-FID (HP-5890, Agilent) to the mass-

esponse of calibration curves obtained by CS2 solution injection
f the same compound.

LSPR spectra were measured using a CCD array UV–vis
pectrometer (USB-2000, Ocean Optics). In order to enhance
he signal-to-noise ratio, a customized 10-slide stainless steel
older that fits into a conventional optical cube was made.
en glass substrates, with nanoparticle SAM on both sides,
ere placed in the holder and exposed to organic vapor inside

he flow cell cube (Fig. 1). The absorbance signal of the
anoparticle LSPR was enhanced 10-fold, according to Beer’s
aw.

. Result and discussion

.1. Self assemble monolayer of nanoparticles on glass

Fig. 2 shows the FESEM images and UV–vis spectra of the
hree types of nanoparticles as SAM on glass substrate. As shown
n Fig. 2a, gold nanoparticles form a uniform and well-scattered

onolayer. The wavelength for the maximum absorption band
f gold nanoparticle film LSPR is 532 nm, which is slightly more

ed-shifted than the LSPR band obtained from Au nanoparticles
n solution (524 nm). The reason for the red-shift is the short
istances between nanoparticles. The Au nanoparticle diame-
er is about 25 ± 4.5 nm. The distance between most particles

a
b
F
s

Fig. 1. Diagram of LSPR–VO
73 (2007) 358–365

s less than 30 nm (Fig. 2a). When incubation time for the
u colloid solution was increased to 4 h, the Au nanoparti-

les started to aggregate and there was a dramatic red-shift of
he LSPR band. To prevent aggregation of Au nanoparticles,
he assembling time for Au SAM was kept under 40 min in all
xperiments.

The size distribution of Ag nanoparticles (i.e. 51.2 ± 16 nm)
as wider than that of gold nanoparticles. In addition, the
AM of Ag nanoparticles was less uniform than that of Au
anoparticles (Fig. 2c). Also, the assembling process of the
g nanoparticles monolayer was much slower than that of Au
anoparticles. A very faint yellow color was evident on the glass
ubstrate after a minimum of 12 h. The polymer (PVP) used to
rotect the Ag nanoparticles may also reduce the effectiveness
f the surface binding between Ag nanoparticles and APTMS.
ost of the Ag nanoparticle monolayer was formed by small

lusters of 2–3 Ag nanoparticles. The affinity between APTMS
nd Ag was weakened by PVP, which enables the mobilization
nd clotting of Ag nanoparticles on the glass surface. The partial
ggregation of Ag nanoparticles causes the broadening and tail-
ng of the LSPR band toward the long wavelength (Fig. 2d). A
imilar phenomenon was found in Au SAM nanoshells (Fig. 2e
nd f). The Au nanoshells were synthesized using Ag nanoparti-
les as template that already had PVP protection. The mean size
f gold nanoshell is 59.3 nm, which is slightly larger than Ag
anoparticles. The LSPR band of Au nanoshells also red-shifted
ompared to those suspended in solution. The broad size distri-
ution and random clotting of nanoshells resulted in a broad
SPR band.

Initially, the LSPR spectrum was tested with a single glass
lide. The absorbance was very low (i.e. <0.1 a.u.), because
t contained only two monolayers of nanoparticles (i.e. one

onolayer on each side). This absorbance value was similar
o previously reported values [17,18]. The single-slide config-
ration resulted in significant spectrum to spectrum variation
uring exposure to the test vapor concentrations. Therefore,

10-slide holder was made to increase by 10-fold the num-

er of nanoparticle monolayers in the light path. As shown in
ig. 2b, d and f, all LSPR absorbances were greater than 1.0,
ignificantly enhancing the signal-to-noise ratio. Increasing the

C sensor testing system.
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Fig. 2. FESEM picture and LSPR spectrum for SAM on glass of (a

umber of glass slides only influences the absorbance signals;
he LSPR wavelength shift, due to changes in vapor concentra-
ion, yields the same results with a single slide. An alternative
ay to increase the absorbance signal would be growing mul-

ilayers of nanoparticles on a single glass slide using dithiol
ross-linker, with repeated immersion into the nanoparticle
olution. However, this approach created a multilayer struc-
ure with all nanoparticles closely linked to organic species,
uch that the environmental refractive index was very simi-
ar to that of the absorbed organic molecules. Thus, the LSPR
pectrum of organically linked multilayers is already shifted to
he extent that it can no longer respond to changes in vapor
oncentration.

.2. LSPR spectrum response to vapor concentrations
Fig. 3 shows the LSPR spectrum changes of three types
f nanoparticles when exposed to different relative satura-
ion toluene concentrations (P/Psat × 100%). Au nanoparticles

s
s
a
w

u nanoparticles, (c, d) Ag nanoparticles, and (e, f) Au nanoshells.

howed significant absorbance changes, but relatively small
hifts in the wavelength of the LSPR band. Both absorbance
ncreases and wavelength shift of Ag nanoparticles were more
ensitive than with Au nanoparticles. The responses of Au
anoshells were unique: the maximum absorbance increases
ere minimal, but the wavelength shift of the full LSPR
and was very sensitive to changes in toluene concentration.
Fig. 3c)

The Ag LSPR responses to altered vapor concentrations
f organic compounds with various functional groups and
olatilities are shown in Fig. 4. Both absorbance (Fig. 4a)
nd wavelength shift (Fig. 4b) of the LSPR band increased
s concentration of the VOC increases. The wavelength used
or determining the absorbance changes was 402 nm. Among
he five vapors tested, chlorobenzene, m-xylene, and pentanol

howed a fairly good linear response, but octane and toluene
howed curvi-linear calibration lines. The shape of the octane
nd toluene curves fits the type IV BET adsorption isotherm,
hich describes multi-layer adsorption and limited physical



362 C.-S. Cheng et al. / Talanta 73 (2007) 358–365

F
v
n

s
l
s
w
a

c
t
t
o
s
c
c
f
t
t
c
c

F
a
c

d
w
p
(
s
t
b
t
o
l
c
(
a
i
i
s
n
c
s
w
i
t
s
t
[

ig. 3. LSPR spectrums responding to 0∼100% relative saturated toluene
apor concentrations. (a) Au nanoparticles, (b) Ag nanoparticles, and (c) Au
anoshells.

urface adsorption. For those compounds with relatively good
inear responses, the boundary between adsorption and conden-
ation was blurred due to early condensation. This phenomenon
as caused by either low volatility or strong inter-molecular

ttraction.
The detailed response mechanism of the LSPR sensor to

hanges in vapor concentration is illustrated in Fig. 5. When
he nanoparticle monolayer was exposed to low vapor concen-
ration, the organic vapor physically adsorbed onto the surface
f the nanoparticles as the first monolayer. In this region, the
ensitivity of the LSPR sensor was relatively low. Once the con-
entration of the organic vapor was sufficiently high, surface
ondensation took place and multi-layers of organic adsorbate
ormed thin liquid phases that partly covered the surface of

he nanoparticles. Up to this point, the sensitivity increased as
he thickness of the surface condensation layer increased. The
ondensed organic layers caused the surface refractive index to
hange from air to a portion of the organic liquid refractive index.

L
A
r
a

ig. 4. Ag nanoparticles LSPR vapor response calibration curves of (a)
bsorbance at 402 nm and (b) wavelength shift (�: toluene, �: n-octane, �:
hlororbenzene, �: m-xylene, ♦: petanol).

To estimate the surface refractive index changes during vapor
etection, the LSPR wavelength shift of Ag nanoparticle SAM
as measured in air (n = 1) and in liquid octane (n = 1.39), in
entanol (n = 1.41), in toluene (n = 1.49), and in chlorobenzene
n = 1.52). The results are plotted in Fig. 6. The wavelength
hifts were used instead of absorbance here because light scat-
ering by the liquid interfered with the magnitude of absorbance,
ut not the wavelength shift. The wavelength shift was propor-
ional to the environmental refractive index, with a sensitivity
f 71.7 nm/RIU for the Ag nanoparticles. The maximum wave-
ength shifts due to vapor adsorption at near saturated vapor
oncentration were 14.6 nm for toluene and 9.4 for octane
Fig. 4b). The equivalent surface refractive indices for toluene
nd octane were calculated to be 1.21 and 1.14, respectively. This
s equivalent to changes of only 43% (toluene) and 36% (octane)
n refractive index changes compared to the liquid state. Table 1
ummarizes the surface refractive index calculations for all three
ano-materials and the five tested vapors at the highest tested
oncentration that was generated by the system employed in this
tudy. The surface refractive indices ranged from 1.11 to 1.29,
hich are all less than the liquid refractive index. These data

ndicate that the condensed organic layer either partly covered
he nanoparticle or is very thin (i.e. few molecules in thickness),
uch that the electromagnetic field of LSPR can reach beyond
he thickness of this adsorbed layer. Van Duyne and co-workers
13] estimated that the electromagnetic field of a nanoparticle

SPR probes into the surrounding media as far as 50 nm in nano
g core-shell experiments. Thus, the LSPR senses the combined

efractive index of the condensed organic liquid and the nearby
ir region.
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increase in sensitivity versus 1/Pv, there were variations among
compounds. m-xylene (n = 1.49) and chlorobenzene (n = 1.52)
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Fig. 5. Illustrations for LSPR–VOC sensor response mechanism.

.3. Factors influencing sensitivities
The absorbance calibration data of six vapors testing all three
ano-materials are shown in Fig. 7. The calibration curves of Au
anoparticles and Au nanoshells are not shown here, to reduce
he redundancy of similar figures. The best-fit straight lines were

F
o

able 1
quivalent surface refractive index at high vapor concentrations

iquid R.I. calib. Vapor concentrations (ppm) and calculated

lope (nm/RIU) R2 Toluene 45639 Octane 20382

u Np
32.7 0.992 1.29 1.26

g Np
71.7 0.990 1.21 1.14

u Ns
249.8 0.997 1.18 1.11
ig. 6. Calibration for LSPR wave length shift of Ag nanoparticles SAM versus
nvironmental refractive index.

etermined and the slopes (i.e. the absorbance sensitivities) ver-
us the reciprocal of vapor pressure (1/Pv) were plotted for each
rganic compound. As shown in Fig. 7, the vapor sensitivi-
ies of all three nano-materials increased almost linearly with
ecreasing vapor volatility (i.e. lower volatility = higher 1/Pv)
egardless of the chemical structure of the organic compounds.
hus, the interaction between metallic nanoparticles and organic
apors was limited to physical adsorption. Chemical differences
n the functional groups did not contribute to the sensor response.
he regression lines in Fig. 7 represent the relationship between
ig. 7. LSPR–VOC sensor absorbance sensitivity vs. the volatility of tested
rganic vapor (�: Ag nanoparticles, �: Au nanoparticles, ©: Au nanoshell).

surface R.I.

Chlorobenzene 12921 n-Xylene 6348 Pentanol 3759

1.26 1.25 1.18

1.19 1.12 1.11

1.18 1.18 1.18
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xhibited small positive deviations, while pentanol (n = 1.41)
nd octane (n = 1.39) demonstrated small negative deviations
rom the regression lines in Fig. 7. Compounds with a higher
efractive index were slightly more sensitive (i.e. the positive
eviation) than the volatility trend would predict, while the lower
efractive index compounds fell below the regression lines.

Despite the relatively low absorbance sensitivity for Au
anoshells, the wavelength shift sensitivity to refractive changes
f the Au nanoshells outperformed that of the Au and Ag
anoparticles: Au nanoshells (249.8 nm/RIU) > Ag nanoparti-
les (71.7 nm/RIU) > Au nanoparticles (32.7 nm/RIU) as shown
n Table 1. The original response spectra (Fig. 3) provide a
etter visual comparison of the differences between the three
ano-materials tested in this study.

.4. Response time of VOC–LSPR sensor

The dynamic vapor response signals of the Ag nanoparti-
le LSPR are shown in Fig. 8. The m-xylene concentration
f 4766 ppm was switched on for 20 s then switched off for
0 s during the five test cycles. The LSPR spectra were col-
ected at 1 s intervals. The responses of the LSPR sensors
o changes in vapor concentration were rapid, reversible, and

eproducible. Fig. 8a shows the response signal of single point
bsorbance at λ = 405 nm. The single wavelength absorbance
esponse appeared to be noisy due to the small background vibra-
ions of the instrument and optic fiber. Longer averaging time for

ig. 8. Real-time response signal of Ag nanoparticles LSPR–VOC sen-
or (a) absorbance at λ = 405 nm (b) spectrum integration area between
= 350∼550 nm.
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V–vis spectrum improved the signal to noise ratio, but the data
cquisition rate was slower. Fig. 8b shows the response signal of
he integrated LSPR band area to be between λ = 350∼550 nm
f the spectrum. As can be seen in Fig. 8, with the spectrum area,
here was less variation than with a single point absorbance. The
ntegration of the absorbance over a given wavelength range
veraged the noise along the spectrum and, therefore, greatly
mproved signal-to-noise ratio. The same approach previously
as used by de Julian Fernandez et al. [23] in a study of poly-

mide/Au ion composite SPR gas sensors. The limit of detection
3σ) was calculated to be 87.8 ppm for m-xylene based on the
esults in Fig. 8b without any smoothing of the data. The 90%
ull-scale response time (i.e. T90) was about 3 s, including the
ime required for vapor concentration to reach equilibrium in the
est chamber.

.5. Comparison with conventional VOC sensors

There are several types of well-known sensors that are also
apable of detecting VOCs in air, such as metal oxide (partic-
larly, SnO2), surface acoustic wave (SAW), and monolayer
rotected nanocluster (MPC) coated chemiresistor [24–28].
here are certain advantages and disadvantages associated with
ach type of sensor. For example, the SnO2 sensor is sensitive
o low concentrations of alcohol and ketones, i.e. on the order of
pm. However, the dynamic range of the SnO2 sensor is fairly
imited. The sensor presented in this study has a limit of detec-
ion near several tenths of a ppm, which is about one order higher
han a SnO2 sensor. However, the LSPR sensor responds linearly
o increases in VOC until near saturated concentrations. In addi-
ion, the SnO2 sensor is limited by the toxic effect of halogen
ompounds. In this study, cholorobenzene was used to test the
SPR sensor and no toxic effect was observed.

Both SAW and MPC chemiresistor sensors are known for
heir wide dynamic ranges and low sensitivities [25–28]. Both
f these sensors performed better than the LSPR sensor at low
oncentrations. However, the detection limits of the LSPR sen-
or are improved if a spectrometer with greater stability and
ensitivity is used (i.e. photomultiplier instead of CCD detec-
or). SAW and MPC sensors also require a finite time for vapor

olecules to diffuse the sensing film during the response pro-
ess. The typical T90 for these two sensors are around >10 s. In
he current study, the typical T90 of the LSPR sensor was 3 s,
imited by the speed of gas mixing in the test chamber. Thus,
SPR responds to surface adsorption almost instantly.

. Conclusion

In this study, we developed and tested the concept of using
he LSPR spectra of metal nanoparticle, self-assembled mono-
ayers as VOC sensors. The high surface area of nanoparticles
rovided a sufficient route for vapor adsorption and condensa-
ion. Upon the adsorption and condensation of VOC molecules,

he surface refractive index changed from air (n = 1.0) to an aver-
ge of n = 1.2, depending on the vapor volatility, concentrations,
nd the refractive index of the organic species. The interaction
etween the organic vapor and the nanoparticles was limited to
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hysical adsorption, regardless of the functional groups present
n the organic molecule. The metal properties (i.e. gold or sil-
er) or nanostructure (i.e. particle or shell) determined whether
he sensor exhibited changes in absorbance or wavelength. The
ontribution of the organic liquid refractive index toward vapor
ensitivity was detectable, but minor. This effect is small because
ost of the sensor signal comes from the surface refractive

ndex deviation from air instead of from the small differences
etween organic compounds. Studies to improve sensitivity of
ensors using fiber optical fiber designs and modification of the
anoparticle surfaces are underway.
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bstract

In this paper, 22 samples consisting of Balsamic vinegar of Modena and two Traditional Balsamic vinegar of Modena samples have been
nalyzed by means of 1H NMR spectroscopy. Some selected resonances have been used for quantification and for T1 (spin–lattice relaxation
ime) measurements. Statistical protocols applied to NMR data for quantification of selected resonances revealed the possibility to differentiate the
amples according to their ageing process. Additionally, T1 measurements revealed a strong correlation with the ageing process and these new data

ere added for improving the statistical model, which was used to predict T1 relaxation time of selected compounds for Balsamic vinegar samples.
ur results indicate that the use of NMR data and statistical methods is a valid approach that can be successfully used for ageing characterization
f Balsamic vinegar of Modena samples.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Balsamic vinegar of Modena (BVM) is an original and typical
roduct whose consumption undergoes to a large increase of pro-
uction; in the last 8 years (1995–2003) a 300% of increase has
een observed. Almost 21 millions of concentrated must were
roduced in 2005 with a corresponding amount of 60 millions of
itres of vinegar. BVM is exported in more than 60 nations, and
n 2003 the invoice was more than D 200 million. The producers,
oining the “Modena Balsamic Vinegar Consortium” can obtain
he red or the white seal for matured or aged BVM samples,
arrying the mention “refined” or “aged” if they experienced up
o 3 or more than 3 years of ageing process respectively.

The set of rules (D.M., December 3, 1965) describes the
reparation procedure for BVM, which consists of a mixture of
ine vinegar, caramel and eventually a small addition of aged

10 years) wine vinegar. BVM samples can then experience the

geing process, which confers additional quality parameters to
he final product. The producers of BVM, by means of the cer-
ified production consortium (Cpcabm), applied for Protected

∗ Corresponding author. Tel.: +39 02 23699578; fax: +39 02 23699620.
E-mail address: roberto.consonni@ismac.cnr.it (R. Consonni).
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039-9140/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2007.03.045
on times; Vinegar ageing process

eographical Indication (P.G.I.) status to UE Commission, but
p to now no official answers are reported. In the meantime, a
.M. of August 3, 2006, temporarily permits the use of P.G.I.

or this product.
Traditional Balsamic vinegar of both Modena (TBVM) and

eggio Emilia (TBVRE), are completely different products;
hey are obtained from cooked must which has been aged in
ood barrels of decreasing size for at least 12 years before to be

old, and no additional products can be added. Also in this case,
et of rules (D.M., February 9, 1987 and D.M., March 3, 1987 no.
91 for TBVM and TBVRE, respectively) have to be observed
or correct production procedures and again the consortiums
upervised the complete process up to the product commercial-
zation. In addition, P.D.O. stamp was recently obtained (Reg.
EE n. 813/2000 of April 17, 2000) for both these traditional
roducts.

Different analytical studies focused their attention on TBVM
1–5]; some were also applied in identification of isotopic ratio
or authentication of natural vinegar [6,7] and a quite old study
nferred the comparison of quality specifications for the two

inegar products [8]. Moreover, no objective analytical tech-
iques have been officially defined for ageing determination,
hich is actually the most required information for quality

ssessment.
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R. Consonni, L.R. Caglian

BVM and TBVM quality certifications are nowadays
btained by means of sensory analysis (D.M., February 9, 1987
nd D.M., March 3, 1987 no. 191) and by very simple chemical
hysical property determinations, like total acidity, density and
ry residual. These analyses are performed by private certifica-
ion corporations with their own protocols; as a matter of fact,
irect ageing determination is not available. Balsamic vinegar
onsortium could evaluate and certify the quality of BVM sam-
les with the use of two different stamps for lower or upper 3
ears of ageing (red and white stamp, respectively). These cer-
ified BVM samples will be sold at higher price because they
eport this certification on the bottle seal; besides the produc-
rs are not obliged to ask for the consortium certification. On
he other hand, Italian market admits also the presence of BVM
ithout any stamp; this does not indicate necessarily a lower
uality for these samples. In fact, good quality and aged BVM
ould characterize both BVM samples with white stamp or with-
ut stamp. Furthermore, within certified red stamp BVM, as
ell as in no certified ones, poor quality samples (called “first
rice”) can be present and they are sold at very low price because
ssentially obtained by mixing wine vinegar and caramel. In
his contest, NMR analysis is here proposed as a rapid and fea-
ible tool that could answer this commercial requirement, by
eans of ageing determination and quality characterization. For

xhaustive data evaluation, chemometric techniques, known to
andle large data matrices and to compare the metabolite con-
ent through a series of analyzed samples, can helpfully be used
n combination with NMR data.

NMR has achieved during last years general acceptance as
powerful method for food quality investigations [9–13]; its

on-invasive characteristic, the high reproducibility and the sen-
itivity has demonstrated its powerfulness in a large range of
pplications. Food displays an enormous range of structural and
ompositional complexity and heterogeneity, which explains its
ensory and safety properties. For these reasons, investigation
f such products requires the use of non-invasive techniques
roviding quantitative information on the spatial organization.
ome NMR parameters such as proton density and chemical
hift measurements, may give information and quantification of
ifferent food characteristics. These include determination of
hemical composition, quantification of the structure over dis-
ance scales ranging from molecular to macroscopic level while
stimation of relaxation times (spin–lattice T1 and spin-spin T2)
an provide additional information of the molecular structure.
everal results were obtained in the oil/water mixtures content
etermination in different foods [14–17]. Correlation between
he measured relaxation times and increasing soluble sugar
oncentration was found in the analysis of wine grapes [18].
elaxation times reflect molecular motion and can provide infor-
ation on physiological changes during vinegar ageing process,

nduced by the water loss, like polymer formation, oxidation and
egradation processes, etc. In our previous work, we proposed
H NMR spectroscopy for quantification of selected compounds

pplied in combination with statistical methods as a possible
ool for ageing determination in TBVM [5]. In this paper, we
haracterized commercial BVM samples by the use of high-
esolution 1H NMR technique and T1 spin–lattice relaxation

U
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o
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easurements, combined with multivariate statistical analysis.
he combination of these NMR data offers the possibility to
reate a training set with good predictability which enables to
etermine the age of BVM sample of unknown ageing process,
y predicting the T1 value.

. Experimental

NMR. 22 BVM commercial samples of different producers
ave been used for quantitative metabolite determination with
he declared ageing process (<3 or >3 years) directly indicated
n the bottle labels only for 20 samples. Two samples were
ver 5 years (>8 and >12) of ageing process while one TBVM
f 20 years and a “young” TBVM sample (4 year) were also
ncluded for comparison in the calculations. Among all ana-
yzed samples, 24 in total, most were purchased in commercial
tores while the two TBVM were gifted by “Consorteria di Spil-
mberto”. 1H NMR spectra for quantitative analysis have been
ecorded on a Bruker DMX 500 spectrometer operating at 11.7 T
nd equipped with a 5-mm reverse probe with z-gradient. Sam-
les for quantitative determination were prepared by dissolving
0 �L of vinegar in 450 �L of DMSO-2H6. An external cali-
rated TSP reference (trimethylsylyl [2,23,3-2H4] propionate)
as been used to obtain quantitative measurements. All spec-
ra have been acquired with low power water signal irradiation,
hase and baseline corrected before FT transformation and stan-
ard integration routine from TOPSPIN program (1.3 Bruker
ersion) have been used for signal quantification. Selected res-
nances (hydroxyl–methyl–furfural, hereafter denoted HMF,
-glucose, malic acid, acetic acid and ethanol) being the most
ignificant compounds for monitoring the ageing process in
greement with literature [5], were evaluated. In case of HMF,
medium value was selected for resonances at 9.67, 7.63 and

.74 ppm, as indicated in Fig. 1C.
Samples for T1 measurements were used directly, without

ny solvent addition; an external capillary filled with deuterated
olvent (DMSO-2H6) was added only for locking the signal.
1 measurements were performed on a Bruker DRX 400 spec-

rometer equipped with a 5-mm reverse probe with z-gradient.
tandard T1 Bruker library sequence was used without mod-

fications; the sequence is based on the classical “inversion
ecovery” sequence built with inversion recovery time spanning
rom 5 �s up to 20 s, repetition time 20 s, 128 scans and 30 exper-
ments were acquired for each sample over 64 K points. The
eights of peaks were used to calculate the longitudinal relax-
tion values. The experimental data were fitted following the
evenberg–Marquardt algorithm implemented in the TOPSPIN
ruker software.

.1. Statistical methods

NMR integrated resonances were included in Excel work-
heet (Microsoft) and imported into SIMCA-P 11 (Umetrics,

mea Sweden). Principal Component Analysis (PCA) and
artial Least Square (PLS) performed with NMR integrated res-
nances and T1 measurements were scaled with “Pareto” and
Unit Variance” (UV) as data pre-treatment [19,20] respectively.
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Fig. 1. 1H spectrum of a BVM sample, with different expansions: (A) aliphatic,
(B) anomeric and (C) aromatic region. The assignment of resonances used for
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summarized in Table 1, showing a clear sample differentia-
elective quantification and other signals is reported.

. Results and discussion

Quantitative measurements of five selected compounds,
eing HMF, �-glucose, malic acid, acetic acid and ethanol were
btained from 1H NMR spectra, as previously described [5] and
ndicated in Fig. 1 together with other assigned resonances not
seful for ageing determination. In particular, the selected reso-
ances were integrated and evaluated with respect to the TSP as
eference for quantitative determination. Only the �-anomeric
roton signal for glucose was used because the anomeric protons

f �- and �-glucose revealed the mutarotational equilibrium nat-
rally present in water solution [21]. All analyzed samples with
he declared ageing process were summarized in Table 1.

t
s
s
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Significant concentration distribution of the selected com-
ounds among all samples is denoted and preliminary remarks
an be easily deduced; for example, sample nos. 8, 21, 22, 23 and
4 showed large malic acid and �-glucose content. Concerning
ample no 8 this is due to a special procedure used for its prepara-
ion, obtained with a large addition of cooked must, as stated by
he producer. Sample no. 24 is a TBVM sample while samples
os. 22 and 23 are aged BVM samples. Finally sample no. 21 is a
n the way to be a real TBVM, obtained from cooked must and
his explains the difference in both malic acid and �-glucose
ontent with respect to all the other samples being BVM that
ere subjected to a completely different production procedure.
Principal Component Analysis (PCA) was initially explored,

y using these resonances for all samples, to reduce dimension-
lity of multivariate data and to preserve most of the variance
resent [22]. This unsupervised technique, is a useful tool for
isualization of grouping within multivariate dataset, with the
sual bi-dimensional graphical representation.

The resulted two components model performed with 21 sam-
les (BVM with declared ageing process >8, >12 and the TBVM
ample with 20 years of ageing were omitted because result-
ng as strong outliers) explained 95.9% of the total variance,
nd as can be observed in the score plot of Fig. 2A; the first
wo pc’s, accounting for pc1 = 82.1% and pc2 = 13.8%, gave a
ood sample separation. Samples with declared ageing process
ower than 3 years were clustered on the negative values of pc1
n the score plot, while samples >3 years were in the oppo-
ite direction. As the samples separation is concerned, pc1 axes
an be considered as the ageing axe. In this respect, is note-
orthy that all these samples were far away from the TBVM

ample (4 years), which was not yet a real TBVM sample due
o insufficient ageing process, but nevertheless, it went through
completely different production procedure, even though at a

ery young stage, thus explaining its position within the score
lot. Circled sample (<3 years, number 8 in Table 1) needs par-
icular considerations; it resulted as a strong outlier in score
lot of Fig. 2A due to additional charges in concentrated must
nd large addition of wine vinegar, thus conferring high sugar
nd acetic acid content. The loading plot for both pc1 and pc2
Fig. 2B) accounted for the samples separation observed in the
revious score plot. In particular, the circled sample (<3 years)
eflected its particular preparation showing large sugar and acetic
cid content; samples with <3 years of ageing process, showed
ositive contribution to the second component, being positively
ffected by larger acetic acid content. Samples with ageing >3
ears were positively correlated with pc1 and negatively corre-
ated with pc2, being characterized by larger sugar content. The
ther compounds (i.e. HMF and ethanol) showed minor vari-
nce, thus not affecting the sample separation, thus confirming
he initial considerations made by the inspection of metabolic
ontent quantification of vinegar samples.

The measurement of the spin–lattice relaxation times for
cetic acid and �-glucose anomeric signal for all samples are
ion. Shorter relaxation times were associated with increasing
olid soluble concentration, typically observed for older vinegar
amples. This is consistent with previous results [23,24] where
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Table 1
Selected signals quantification (g/L) and T1 values (ms) for BVM and TBVM samples with declared ageing process

Sample Age (years) EtOH AcOH Malic acid �-Glu HMF T1-�Glu anomeric T1-AcOH T1-�Glu predicted

1 <3 0.730 77,980 6,168 52,116 0,639 677,29 1321 695,943
2 <3 1.621 63,453 6,584 39,150 1,150 703,981 1435 652,809
3 <3 1.546 77,077 6,327 49,213 1,608 710,065 1309 693,947
4 <3 0.958 76,797 6,150 60,779 0,603 725,36 1585 665,371
5 <3 0.979 108,855 8,120 70,951 0,884 873,377 1450 732,244
6 <3 1.201 108,330 5,844 77,970 0,244 829,322 1870 730,187
7 <3 0.821 80,786 5,684 55,020 1,126 631,564 1295 688,698
8 <3 5.209 166,637 18,809 231,054 0,580 365,39 518,03 459,453
9 <3 1.035 87,910 4,906 65,844 0,635 822,65 1778 689,996

10 <3 2.090 114,131 7,661 62,109 0,264 784,396 1447 777,224
11 <3 1.130 91,071 5,266 57,901 0,861 671,19 1533 719,309
12 <3 2.875 88,764 8,211 76,744 0,934 685,25 1507 662,174
13 <3 1.008 99,151 1,873 69,385 0,040 783,321 1584 745,647
14 <3 1.308 92,789 7,628 78,949 0,093 712,252 1751 651,078
15 >3 2.291 88,999 17,605 130,595 2,448 537,855 1150 470,969
16 >3 2.660 79,649 12,506 122,940 2,017 500,488 1156 470,078
17 >3 1.734 99,463 9,778 117,564 1,485 515,2 962,356 571,020
18 >3 2.301 58,209 10,546 91,092 1,190 473,148 916,801 502,643
19 >3 2.157 67,565 10,344 99,070 1,247 516,455 914,646 499,803
20 >3 1.868 65,800 10,112 100,972 1,148 386,725 607,652 498,811
21 4 1.181 122,450 33,592 136,302 2,389 290,023 385,327 555,823
22 >8 3.091 163,654 32,719 285,316 7,764 342,44 499,48 222,498
2 ,656
2 ,390
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3 >12 1.656 40,613 30,305 169
4 20 1.067 69,526 45,069 276

nderlined samples were omitted in the training set of the PLS model (see text

easuring spin–lattice relaxation times in aqueous solution of
lucose and sucrose, T1 decrease for higher concentrations of
ugar was found, reflecting the molecular interaction between
ugar and water molecules. Sample no 8 showed shorter T1 val-
es than what was expected for its real ageing process, typical of
n older sample. This result is in agreement with previous data
oncerning selected compound quantification, thus confirming
he particular preparation for this sample. New PCA analysis
ould be performed with the introduction of T1 measurements
or the analyzed samples as additional variables.

The PCA score plot (Fig. 3A) obtained by the addition of
1 values, improved sample separation increasing the explana-

ion up to 97.5% of the total variance; pc1 accounted for 74.8%
nd pc2 for 17.8%. The model diagnostics are summarized by
he fit goodness (R2

cum) and more important, by the prediction
oodness parameter (Q2

cum); the cross validation (CV) is used
o estimate the predictive ability of the model [25]. The squared
ifferences between predicted and observed values are summed
o form the predictive residual sum of squares (PRESS) which
s a measure of the predictive power of the tested model. In
IMCA-P, CV (internal validation) is conducted for each con-
ecutive model dimension starting from the beginning, giving
PRESS which is compared with the residual sum of squares

RSS) of the previous dimension. When PRESS is not signif-
cantly smaller than RSS, the tested dimension is considered
nsignificant and the model building is stopped. In our case,

2
cum improved up to 0.74 (while Q2

cum = 0.46 for the previ-

us determination) thus conferring higher predictability. The
orresponding loading plot (Fig. 3B) reflected the higher T1
alues for younger BVM samples, which affected positively pc2
omponent.

t
v
u
d

4,011 196,781 204,007 293,543
13,012 48,727 96,675 11,396

ore details).

Partial least square projections to latent structures (PLS) is
regression extension of PCA and is a method for relating two
ata matrices, namely X and Y to each other by linear multi-
ariate model [26]. When a PLS model has been created and
udged reliablly through the interpretation of model parameters
ike cross-validation tests, it can be used for predicting the Y
ata for new observations that have not influenced the model.
herefore, this methodology can predict the responses in the
bservations, by extracting latent variables T (X scores) and U
Y scores) from sampled factors and responses, respectively. This
s resembled in the t1/u1 plot; in this representation, the obser-
ations in the projected X (T) and Y (U) space are displayed
nd show how well the Y space correlates to the X space; the
etter the correlation, the better the points which are normally
istributed, following close to a straight line. We created a reli-
ble model and we tried to predict the T1 values for new BVM
amples for which only quantification of the selected resonances
ere known.
In this respect, we performed PLS on 16 samples by using

ix variables (the quantification of five selected compounds and
1 values for �-glucose used as Y) as training set. Then we

ncluded as prediction set 8 samples, with their corresponding
elected compounds quantified values as variables, to perform
redictions on �-glucose T1 values for all samples. The samples
sed for prediction were selected casually; in particular, nos. 1,
, 4, 6, 13, 14, 17, 20 (compare Table 1). This procedure was
epeated different times by using different samples to create the

raining set, and we obtained the same trend in the predicted T1
alues. Last column in Table 1 indicates the predicted T1 val-
es for �-glucose whose magnitude order is indicative of ageing
ifferentiation among samples; younger than 3 years were clus-



336 R. Consonni, L.R. Cagliani / Talanta 73 (2007) 332–339

Fig. 2. (A and B) Score and loading PCA plots for 21 samples (BVM and TBVM) by using five selected compounds; the model diagnostics are R2
cum = 0.959,

Q2 = 0.461. Samples with declared different ageing process are represented with different filled symbols: circle for <3 years, diamond for >3 years and triangle
f o scal
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f
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cum
or TBVM of 4 years ageing. Integrated resonances were pre-treated with Paret

ered among 780 and 650 ms, older than 3 years among 570
nd 470 ms, while the oldest samples showed values lower than
00 ms. Very good agreement is observed for sample no. 21,
eing 4 years old TBVM, showed a predicted T1 value typical
or >3 years BVM. Sample no. 8 again showed a predicted T1
alue for �-glucose typical of older than 3 years samples, thus
onfirming its anomaly.

We tried to repeat the prediction procedure using T1 values

or acetic acid, and we obtained the same trend for T1 predicted
alues. These data are not shown. Validation of the PLS model
an be evaluated by performing different tests; one over all the
V (cross validation) test, in other words looking, as previously

a
r
i
a

ing.

escribed, at the Q2 values change as function of increasing
odel complexity; by inspection of the linearity correlation

etween X and Y scores (t1/u1 plot) and finally performing the
esponse permutation test [27]. In our case, two components for
LS model appeared to be appropriate because looking at the
2Y and Q2 statistics change as a function of increasing model

data not shown) it revealed a marginal decrease of Q2 by intro-
ucing the third component (Q2 = 0.66 and Q2 = 0.62, for two

nd three model components respectively). Another graphical
epresentation indicative of the model goodness is the linear-
ty of the u/t plot, which explains the correlation between X
nd Y. Fig. 4A showed the t1/u1 plot for the PLS model, indi-
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Fig. 3. (A and B) Score and loading PCA plots for the 21 samples (BVM and TBVM) by using five selected compounds and T1 values for acetic acid and �-glucose;
the model diagnostics are R2 = 0.975, Q2 = 0.742. Samples with declared different ageing process are represented with different filled symbols: circle for <3
y ted r
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cum cum
ears, diamond for >3 years and triangle for TBVM of 4 years ageing. Integra
ariance) was used.

ating a good linear correlation (0.63) with no outliers. Finally,
ig. 4B represented the validate model plot of “T1 of �-glucose”
esponse, which was well modelled; R2Y and Q2 values were in
ood agreement with the reference limits for intercepts, thus con-
erring statistical significance of the estimated predictive power
f the PLS model.

Inspection of the normal probability plot (data not shown),
esulted in a strong linear pattern (correlation coefficient

2 = 0.988), thus demonstrating that the normal distribution pro-
ided a very good model for the data.

In conclusion, our results indicated that our previously deter-
ined protocol [5] consisting of 1H NMR selected compounds

d
o
g
u

esonances were pre-treated with Pareto while for T1 values UV scaling (Unit

uantification and multivariate statistical protocols applied to
BVM, can be successfully used for assessing the ageing pro-
ess also for BVM. The T1 spin–lattice relaxation time of the
ost abundant vinegar compounds, such as �-glucose and acetic

cid, have been shown to be strongly correlated with ageing pro-
ess and quality. The additional use of T1 values for the analyzed
amples improved the statistical model, raising a better ageing
ifferentiation for BVM. The proposed model can finally pre-

ict T1 values of some selected compounds, such as acetic acid
r �-glucose on the basis of previous NMR quantification, thus
iving rise to a rapid ageing identification for BVM samples of
nknown ageing process.



338 R. Consonni, L.R. Cagliani / Talanta 73 (2007) 332–339

Fig. 4. (A) t1/u1 score plot for PLS model indicating strong correlation between factors and responses; no outliers were detected. (B) Validate model plot of response
“T1 of �-glucose”; the Y axis represents R2Y (triangles) and Q2 (squares) for every model, while X axis indicates the correlation coefficient between original (triangles)
a this p
l mean
r

A

o
t

R
[

nd permutated (squares) data. The 100 permutations have been performed for
ine for triangles and solid line for squares, designates the intercepts which are
andom data. Usually, R2Y should not exceed 0.3–0.4 and Q2 0.05.
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bstract

The volatile constituents obtained from dried Şekerpare-type apricots by direct thermal desorption were examined using gas chromatography
GC) coupled with time of flight mass spectrometry (TOF/MS). Various commercially used drying techniques (sun, hot air and microwaves) were
mployed to dry the apricot samples before desorption. Some apricots were dried using only a desiccator and the volatile desorbed from these
as used as a standard. Limonene (16.33%); (E)-2-hexenal (9.32%); �-decalactone (7.89%); butyl acetate (6.94%); �-ionone (5.96%); acetic acid

4.83%) and isobutanal were found to be the major components in the desiccator-dried samples. This is the first study to report the detection of

sobutanal, tridecanol and 1-pentadecanol as dried apricot constituents. The profiles of the volatiles desorbed changed when other drying techniques
sun, hot air, and microwaves) were used. The major components found in samples dried by these three methods were 5-hydroxymethylfurfural
5-HMF), 2,3-dihydro-4-H-pyran-4-one and furfural.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Volatiles are known to affect the sensorial quality of both
resh and processed fruits. The concentration of fruit volatiles
an be affected by processing conditions as well as agronomic
actors [1]. There have been some studies done on the volatile
omponents of various fruits [1,2]. There are also a few studies
n the volatile components of various varieties of apricot [3–6]
nd apricot juice [7]. However, all of these studies concentrated
n fresh apricots, and there is scarcely any data found in the
iterature on the volatiles of dried apricots. Komes et al. [8]
tudied the effect of trehalose on the flavor retention of freeze-
ried and foam-mat dried apricot puree.
Drying is the most important process in the successful stor-
ge of apricots. Though sun drying is the most common method
mployed, it is time consuming and prone to contamination

∗ Corresponding author: Tel.: +90 342 360 1200; fax: +90 342 360 1105.
E-mail address: fahret@gantep.edu.tr (F. Göğüş).

1 The University of York, School of Chemistry, Heslington, YO10 5DD York,
K.
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ith dust and insects, aside from being weather-dependent.
icrowave drying and hot-air drying methods are also used.
hen a wet solid is exposed to microwave heating, its temper-

ture may reach the boiling point of the liquid it contains. The
ccompanying generation of vapour due to the internal evap-
ration of moisture brings about a gas pressure gradient that
an rapidly expel the moisture from the interior of the solid.
icrowave heating has the specific advantage of rapid and uni-

orm heating due to penetration of microwaves into the body of
he product [9]. This process leads to very rapid drying with-
ut overheating the atmosphere or the surface in comparison to
ot air drying. Apricots at the time of harvest have a moisture
ontent of 80–85% (wet basis). When dried for consumption
s a dried fruit product, the desired moisture content is around
5–30% (wet basis).

The analysis of volatiles is generally accomplished by an
xtraction step, followed by concentration, chromatographic

eparation, and subsequent detection. Well-established methods
f analysis of volatiles of apricot include steam distillation,
acuum steam distillation, solvent extraction and dynamic
eadspace techniques [4,6]. An overview of sample preparation
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ethods is provided by Pillonel et al. [10] for food volatiles
nd by Wilkes et al. [11] for food flavors and off-flavors. The
hromatographic profile will vary depending upon the method
f sample preparation employed, and it is not uncommon to
roduce artifacts during this step.

The dynamic headspace technique is a very popular method
or analyzing volatile compounds in plant materials [12,13], and
n cheese [14]. Direct thermal desorption (DTD) is one ver-
ion of a dynamic headspace technique with cryogenic trapping
ost desorption used to enrich the analytes prior to separation.
TD has important advantages over the other methods such as

he ability to be directly coupled to gas chromatography–mass
pectrometry [15], the requirement of only a small amount of
ample and of course the fact that it is a rapid method. DTD also
as disadvantages, e.g. the thermal decomposition of thermo
abile compounds and the adverse affects that water in the sam-
le. According to previous literature, the DTD method has been
pplied to various systems such as beef [16], plant material [13],
ugar [17], and cheese [18].

A great future strength of the technique, however, is that it
ay allow the elimination of the traditional sample preparation

tages in a number of areas. The analytical technique of DTD
oupled with GC is a very viable one. It is suitable especially
or rapid qualitative compound analysis.

The direct thermal desorption technique used here has been
pplied in only a limited fashion previously [15–19], and we
elieve that there is significant scope for DTD coupled with
C separation online. In the present investigation efforts have
een made to examine the effect of different drying techniques
n the volatile components of apricot using DTD coupled with
C–TOF/MS.

. Materials and methods

.1. Materials

Fresh Şekerpare-type apricots (Prunus armeniaca) were pur-
hased from a local producer in Malatya, Turkey. They were
ried on the day of purchase, using either the sun or hot air,
icrowaves or a desiccator. The initial moisture content of the

pricots was 81.23% (wet basis). Prior to drying; each apricot
as halved and the pit removed.

.2. Drying methods

Sun drying was achieved by spreading the apricot samples on
loth for 3 days under the effect of the sun’s rays. The samples
ried to a moisture content of 25% wet basis which is the level
f drying normally used in commercial production.

Hot air drying was performed in a pilot plant tray dryer (UOP
tray dryer, Armfield Ltd., UK), which was operated at an

ir velocity of 1.5 m s−1 at a temperature of 60 ◦C. The dry-
ng process took 18 h to reach a moisture content of 25% wet

asis.

For microwave drying, a programmable domestic microwave
ven (Arçelik ARMD 580, Turkey), with a maximum output of
00 W at 2450 MHz was used. A power level of 70 W was used

b
t
S
l
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fter a few trials. The product dried at these conditions was used
n this study. The drying process was ended after 140 min when
he material had reached a moisture content of 25% wet basis.

Some apricots were dried using only a desiccator. This was
one so that the resulting desorbed volatile could be used as a
ontrol since with the low temperature applied and less severe
onditions, the desiccator-only dried samples were thought to be
ost alike fresh ones. The samples to be dried in the desiccator
ere cut into very small pieces. The cut pieces were placed in a
lass desiccator which contained PCl5 at the bottom. The glass
esiccator was flushed with nitrogen gas and stored in the dark
t 5 ◦C until the apricot samples were dry. The final moisture
ontent of the apricot samples was less than 5%. Maximum
rying time in the desiccator was 72 h.

For direct thermal desorption, samples of very low water
ontent are necessary. The samples dried by the commercial
ethods of sun, hot air and microwaves would be too high

n water content at 25% wet basis. Further drying was there-
ore needed and to avoid any deleterious effects of further
rying by these three methods, these samples were further
ried in the desiccator to below 5% wet basis, undergoing the
ame process in the desiccator as described above. All apri-
ot samples were kept in polyethylene bags at 5 ◦C until being
sed.

.3. Direct thermal desorption

DTD was carried out in an ATD 400 unit (Perkin-
lmer, Norwalk, CT, USA). Dry samples (2–5 mg) were

ntroduced into a stainless steel tube (desorption cartridge,
9 mm × 4.5 mm i.d. × 6.5 mm o.d.), and desorbed under a
elium flow at 150 ◦C for 5 min. Volatile compounds were cry-
focused using a dual graphitized carbon black and carbon
olecular sieve trap (Perkin Elmer) at −30 ◦C, which after
min was rapidly heated at a rate of 40 ◦C/s to 325 ◦C and held

or 30 min. The desorbed volatiles were transferred to the GC
olumn through a heated fused-silica line at 225 ◦C.

.4. Chromatographic analysis

The GC–time of flight mass spectrometry (TOF/MS) sys-
em consisted of an HP 6890 (Agilent Technologies, Palo Alto,
A, USA) gas chromatograph and a Pegasus III TOF-MS

LECO, St. Joseph, MI, USA). The column was a non-polar DB5
60 m × 0.32 mm i.d. ×1 �m film thickness) purchased from
&W Scientific (Folsom, CA, USA).

Helium was used as a carrier gas. The initial temperature of
he column was 35 ◦C for 7 min and the subsequent tempera-
ure programme was a heating rate of 15 ◦C min−1 until 240 ◦C
as reached and held for 10 min. Peak identification was made
sing TOF/MS with electron impact ionisation (70 eV). The
ass spectrometer used a push plate frequency of 5 kHz, with

ransient spectra averaging to give unit resolved mass spectra

etween 35 and 350 amu at a rate of 50 spectra s−1. Mass spec-
ra were compared against the NIST ı̌98 (National Institute of
tandards and Technology, Gaithersburg, MD) mass spectral

ibrary.
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p
dried samples. Komes et al. [8] found that the retention of apri-
cot aroma after foam-mat drying (7.3% moisture content) and
freeze drying (2% moisture content) was only 17.81 and 43.23%
of the original, respectively.
F. Göğüş et al. / Tal

. Results and discussion

The volatile constituents of dried apricot samples were iso-
ated by thermal desorption with a cryo-focusing trap and
nalyzed using GC–TOF/MS. The optimization of the DTD
emperature has been studied previously and 150 ◦C was found
o be the best from the 100–250 ◦C range studied [20]. The
TD temperature used, therefore, was 150 ◦C. The time of

hermal desorption was 5 min at this temperature. The volatile
onstituents of the apricot samples obtained from this were
mmediately analysed using in-line GC–TOF/MS. As has been
iscussed by Grimm et al. [21], sample preparation is the cru-
ial step for the further analysis of compounds. Pillonel et al.
10] described some of the advantages of the thermal desorption
echniques as follows: (i) analysis of 100% of the trap content
instead of an aliquot part), (ii) no solvent peak, (iii) no waste
nd (iv) no contamination.

The samples dried only in the desiccator at 5 ◦C were pre-
ared as a standard to represent the volatile constituents of the
resh apricot. Results are the mean of four experiments and
he standard deviation of each compound is given. A range of
ydrocarbons, esters, lactones, aldehydes, ketones and acids are
resent in the volatiles of apricot. The major components iden-
ified in the desiccator-dried apricot were limonene (16.33%);
E)-2-hexenal (9.32%); �-decalactone (7.89%); butyl acetate
6.94%); �-ionone (5.96%); acetic acid (4.83%) and isobutanal
4.78%). It has been reported by Guillot et al. [3] who studied six
arieties of fresh apricot that limonene, and (E)-2-hexenal are
mong the major components. Takeoka et al. [4] also reported
or fresh apricots of the Blenheim variety that (E)-2-hexenal,
-decalactone, and �-ionone were among the major contribu-

ors to apricot aroma. However, they found that esters (>85%)
ere the dominant constituents using headspace analysis. Ethyl

cetate, butyl acetate and hexyl acetate with a total percentage
f 10.52% were the only esters found in the desiccator-dried
pricots of the Şekerpare variety. Isobutanal, tridecanol and 1-
entadecanol were reported as apricot constituents for the first
ime in this study.

Table 1 lists the compounds identified in the volatiles of
ried apricot samples using DTD together with their Kovats
ndices, corresponding percentage compositions and their stan-
ard deviations. It should be noted that the peak identification
f components is based on both library mass spectra and Kovats
ndices. Identification was based on a mass spectral library
earch using similarity and reverse factors above 750 and 800,
espectively. Lower values than these were counted as unknown
nd components having these low values were not compared for
heir Kovats indices. Dalluge et al. [22] and Özel et al. [20]
lso used similarity and reverse factors above 750 and 800,
espectively.

It was seen that the method of drying the apricot samples
esulted in a change in compositions of their volatiles. The
umber of components of volatile fractions obtained for the des-

ccator, sun, hot air and microwave dried samples was 32, 28, 32
nd 30, respectively. Components having a percentage of less
han 0.05%, even if identified by GC–TOF/MS, are not shown
n this paper. The number of identified components common to
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ll apricot samples was 21. Ethyl acetate, hydroxyacetone and
-decen-1-ol were found only in the desiccator-dried apricot
amples.

The major volatile components of apricot changed dras-
ically when dried by commercial techniques (sun, hot air
nd microwaves). The main components identified using these
rying techniques were 5-hydroxymethylfurfural (5-HMF),
,3-dihydro-4-H-pyran-4-one and furfural. These compounds
ogether with other minor ones (5-methyl furfural, pentyl furan,
uraneol) are known to be the result of browning reactions. It
s known that the heat treatment of fruits and vegetables often
educes the number of original volatile flavor compounds, whilst
t the same time, introducing additional ones through the autox-
dation of unsaturated fatty acids and thermal decomposition
nd/or initiation of caramelisation and/or Maillard reactions.
aillard reaction products may negatively affect the flavor of

he dried product, whereas it is desirable to preserve some nat-
rally present compounds such as �-ionone, �-decalactone and
utyl acetate which positively enhance the flavor. Apricot with
ts very low fat and high sugar content particularly tends to pro-
uce browning reaction products. Sugars are very important in
he quality of dried apricots. There are four major sugars, namely
ucrose, glucose, fructose and maltose in apricot. The browning
eaction products were only 5% in the desiccator-dried apricot
amples. However, they were 53.20, 62.24 and 64.83% for the
un, microwave and hot air dried samples of apricot, respectively
Fig. 1). There is no quantitative data given in this study to com-
are the percentage retention of the volatiles between fresh and
ig. 1. GC-TOF/MS chromatogram of Sekerpare apricot volatile components at
50 ◦C using the DTD technique (1: Isobutanal; 2: Acetic acid; 3: Ethyl acetate;
: Butyl acetate; 5: (E)-2-Hexenal; 6: Limonene; 7: Decanol; 8: Butyrolactone;
: �-decalactone; 10: �-ionone).
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Table 1
Compounds, retention indices, percentage compositions of Şekerpare-type apricot volatile constituents for various drying techniques

Compounda RIb Sun (%)c Microwave (%)c Hot air (%)c Desiccator (%)c

Isobutanal 540 0.37 ± 0.03d –e – 4.78 ± 0.36
Acetic acid 600 2.68 ± 0.22 2.87 ± 0.19 1.77 ± 0.22 4.83 ± 0.51
Ethyl acetate 628 – – – 3.37 ± 0.30
Methylbutanal 641 0.61 ± 0.05 1.32 ± 0.12 – –
Pentanal 732 0.09 ± 0.02 0.14 ± 0.02 0.65 ± 0.09 –
Hexanal 801 0.70 ± 0.06 0.17 ± 0.03 1.02 ± 0.08 1.27 ± 0.23
Hydroxyacetone 803 – – – 0.47 ± 0.09
2,3-Butanediol 806 – – 0.65 ± 0.08
Butyl acetate 816 1.71 ± 0.15 – 0.13 ± 0.03 6.94 ± 0.77
Furfural 829 3.05 ± 0.22 4.27 ± 0.25 4.15 ± 0.51 1.11 ± 0.12
(E)-2-Hexenal 854 3.43 ± 0.31 3.18 ± 0.31 3.78 ± 0.44 9.32 ± 0.67
1-Nonene 891 – 0.13 ± 0.02 0.15 ± 0.03 0.17 ± 0.03
α-Pinene 939 0.05 ± 0.01 0.05 ± 0.01 – –
Benzaldehyde 960 0.68 ± 0.08 0.54 ± 0.04 0.45 ± 0.06 0.82 ± 0.09
5-Methylfurfural 978 – 0.96 ± 0.07 1.38 ± 0.11
1-Octen-3-ol 982 – – 0.22 ± 0.04 0.28 ± 0.04
6-Methyl-5-heptenone 985 1.65 ± 0.12 1.57 ± 0.11 1.12 ± 0.15 0.87 ± 0.06
Pentylfuran 993 0.32 ± 0.04 0.23 ± 0.04 0.47 ± 0.08 –
Decane 1000 0.32 ± 0.05 0.18 ± 0.03 0.47 ± 0.06 2.71 ± 0.21
Hexyl acetate 1014 0.82 ± 0.07 0.52 ± 0.06 0.36 ± 0.04 0.21 ± 0.03
2-Ethylhexanol 1032 1.83 ± 0.09 1.56 ± 0.21 0.27 ± 0.05 1.37 ± 0.15
Limonene 1033 7.71 ± 0.69 5.41 ± 0.49 4.34 ± 0.52 16.33 ± 2.03
Phenylacetaldehyde 1048 – 0.52 ± 0.05 1.72 ± 0.24 –
Furaneol 1064 – 0.85 ± 0.09 1.41 ± 0.15 –
2-Decen-1-ol 1110 – – – 0.71 ± 0.09
2,3-Dihydro-3,5-dihydroxy-6-methyl-4H-pyran-4-one 1140 13.15 ± 1.28 12.18 ± 1.13 17.54 ± 1.54 2.11 ± 0.30
Nonanol 1169 1.97 ± 0.22 – – 2.78 ± 0.23
�-Terpineol 1195 0.87 ± 0.06 1.12 ± 0.20 2.18 ± 0.23 1.51 ± 0.20
(E,Z)-2,4-Nonadienal 1196 – – 1.06 ± 0.12
Dodecane 1200 0.84 ± 0.07 0.37 ± 0.04 0.45 ± 0.09 0.40 ± 0.08
Decanal 1209 1.63 ± 0.11 0.96 ± 0.07 0.49 ± 0.06 2.34 ± 0.22
5-HMF 1241 38.68 ± 2.59 43.75 ± 4.11 39.88 ± 3.81 1.78 ± 0.20
Decanol 1263 – – 1.43 ± 0.11 3.83 ± 0.45
Butyrolactone 1299 1.31 ± 0.14 1.64 ± 0.15 1.43 ± 0.24 3.27 ± 0.29
Tetradecane 1400 1.23 ± 0.09 1.76 ± 0.23 1.15 ± 0.26 1.12 ± 0.15
Geranyl acetone 1448 – – 0.61 ± 0.09 –
�-Decalactone 1472 3.79 ± 0.32 3.52 ± 0.21 3.64 ± 0.44 7.89 ± 0.92
�-Ionone 1493 2.67 ± 0.36 2.11 ± 0.25 1.18 ± 0.20 5.96 ± 0.59
Tridecanol 1593 1.49 ± 0.11 0.53 ± 0.08 0.38 ± 0.09 2.22 ± 0.29
Hexadecane 1600 0.38 ± 0.05 1.06 ± 0.09 0.59 ± 0.09 1.46 ± 0.12
1-Pentadecanol 1787 0.59 ± 0.06 0.55 ± 0.07 – 1.38 ± 0.14
Unknown 5.38 ± 0.45 6.01 ± 0.64 4.54 ± 0.71 5.33 ± 0.68

RI: retention index.
a As identified by GC–TOF/MS software; names according to NIST mass spectral library, and by comparing their Kovats retention indices.
b Kovats retention indices of each component was collected from the literature for column DB5.
c Percentage of each component is calculated as peak area of analyte divided by peak area of total ion chromatogram times 100 (in the case of multiple identification,

the areas of the peaks that belong to one analyte were combined to find the total area for this particular analyte).
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d The standard deviations for four (n = 4) experiments.
e Not detected or percentage of the component is lower than 0.05%.

Over 87% of the volatiles defined were the same whether sun,
ot air or microwave-drying had been used. However, hot air
nd microwave drying made a difference to the volatile profiles.
or example 5-methyl furfural, phenylacetaldehyde and fura-
eol only appeared in the hot air and microwave dried samples.
hese degradation products were found at 2.33% and 4.51% in

icrowave dried and hot air dried samples, respectively. Pheny-

acetaldehyde has previously been found to be one of the major
egradation products of the oxidation of phenylalanine [23].
uraneol and 5-methyl furfural have also been found as Maillard

4

d

eaction products in dried prunes [24]. Among the three com-
ercial techniques studied, sun-drying was found to be best in

hat fewer degradation products were produced and the com-
onents of its resulting volatile were more alike that of the
esiccator-only dried sample.
. Conclusions

It was found that the number of components extracted at a
esorption temperature of 150 ◦C were 32, 28, 32 and 30 for the
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[23] J. Adamiec, J. Rössner, J. Velisek, K. Cejpek, J. Savel, Eur. Food Res.
Technol. 212 (2001) 135.
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esiccator, sun, hot air and microwave dried samples, respec-
ively. The major components of the volatiles changed with the
arious drying techniques. Among the three commercial tech-
iques studied, sun-drying was found to be best in that fewer
egradation products were produced and the components of its
esulting volatile were more alike that of the dessicator-only
ried sample.

It has been shown that direct thermal desorption is an
xtremely useful technique. Its main advantage is that it does
ot require a sample preparation stage unlike other methods.
his means it is more rapid, easily carried out and compounds
re not lost or contamination produced during sample prepara-
ion. Isobutanal, tridecanol and 1-pentadecanol were reported
s apricot constituents for the first time in this study which
emonstrates that using this technique is advantageous in detect-
ng compounds which may have previously been lost in sample
reparation stages.

A useful application of DTD coupled with GC–TOF/MS
ould be its use in industry to monitor the quality of the drying
rocess of apricots. Samples could be rapidly and easily ana-
yzed without the need for costly and time consuming sample
reparation stages. However, the drying process in the desic-
ator should be considered as a time factor. Batches of dried
pricots could be analyzed to check their levels of degradation
roducts. This technique could even be used during the drying
rocess itself to determine the end-point of drying. Drying could
e halted, therefore, when the level of degradation products (or
oss of the desirable flavor compounds) became unacceptably
igh. Further study would, of course, be needed to determine
hese levels.
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M.J. Gómez a, A. Agüera a,∗, M. Mezcua a,b, J. Hurtado a, F. Mocholı́ a, A.R. Fernández-Alba a

a Pesticide Residue Research Group, University of Almerı́a, 04120 Almerı́a, Spain
b Department of Chemical Engineering and Analytical Chemistry, University of Alcalá de Henares, Spain
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bstract

This work presents a new multi-residue analytical method based on solid phase extraction (SPE) with Oasis HLB sorbent, followed by gas
hromatography tandem mass spectrometry (GC–MS/MS) for the simultaneous determination of a group of 10 acidic and neutral pharmaceuticals
nd related compounds in wastewaters. The typical derivation step was avoided, allowing the determination of acidic and neutral pollutants in a
ingle analysis as well as providing a fast and easy method suitable for routine monitoring. Target pollutants include: anti-inflammatory drugs
ibuprofen, acetaminophen and diclofenac); an antiepileptic agent (carbamazepine); stimulants (caffeine and nicotine); an antiseptic (triclosan); a
lasticizer (bisphenol A) and two of their more relevant metabolites (2,8-dichlorodibenzo-p-dioxin and 1,7-dimethylxanthine). Recoveries between
6 and 112% were achieved for all the target compounds (except for 2,8-dichlorodibenzo-p-dioxin). Good linearity was observed within the studied
anges (R2 > 0.993). Acceptable intra and inter-day precision was obtained, with relative standard deviation between 2 and 18%. The application
f the optimized MS/MS mode allowed method detection limits in the range of 0.2–16 ng/L, with the exception of ibuprofen (120 ng/L). Finally,
he methodology was successfully applied to the analysis of hospital effluent samples. All target analytes were detected at concentrations between
ng/L and 83215 �g/L. Even in the absence of derivatization, all the analytes showed good peak shape, except acetaminophen, which exhibited peak
ailing. However, the method proved to be repetitive and reproducible, and the peak shape did not represent a problem for the reliable quantification
f this compound. For most of the analytes studied, the detection limits achieved compare well against values reported in previously published
ethods.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Nowadays, one of the most relevant topics in environmental
nalytical chemistry is water quality. Ever since the presence
f non-regulated contaminants was pointed out as a possible
ause of the quality reduction of natural water, many studies
ave been performed to evaluate the source, occurrence, fate
nd environmental effects of these pollutants [1–8]. Active phar-

aceutical ingredients, surfactants, personal care products or

ubstances with endocrine disrupting activities are among the
ompounds which have provoked greatest interest over the last
ecade. These compounds and their active metabolites are con-
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ffluents; Pharmaceuticals; caffeine; Nicotine; Bisphenol A

inually introduced into the aquatic environment in the form
f complex mixtures via a number of routes, but primarily by
oth untreated and treated municipal wastewater. Contrasting
ith the wide-ranging information concerning the occurrence
f pharmaceuticals and other emergent contaminants in efflu-
nts from conventional sewage treatment plants (STPs) [1,5],
ata is still lacking relating to the contribution of other differ-
nt sources, such as hospitals. Hospital effluents generally reach
he municipal sewer network without preliminary treatment and

ay represent a significant source of chemicals released into
he aquatic environment. Research has also shown that conven-

ional treatments employed in STPs are not specifically designed
o remove many of these compounds efficiently [1–9] and they
ave been identified in the receiving water in the ng/L to �g/L
ange [3,4,10].
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Due to the biological activity of these emergent contaminants
11,12,13] their concentration, fate and behaviour in the envi-
onment must be understood and quantified. With this purpose
n mind, accurate and sensitive analytical methods have to be
eveloped capable of monitoring these residues at the ng/L level.
o date, numerous analytical methodologies for the determina-

ion of pollutants and their metabolites in water are available in
he literature. However, most of them encompass only groups
f compounds containing similar polarities, similar structures
r similar activities [14,15,16]. The development of multi-
esidue methods useful for the determination of a broad group
f compounds is required in order to obtain a correct chemical
valuation of the effluents [5,17]. Nevertheless, the majority of
hese methods require separate and time-consuming sample pre-
reatment and/or different analysis for each group of compounds.

simultaneous extraction and analysis for various compound
lasses generally require a compromise in the selection of exper-
mental conditions, but result in shortened overall analysis time,
ost reduction and is more suitable for routine analysis [1,18].

¨ llers et al. [19] have reported a GC–MS method for the
imultaneous analysis of neutral and acidic pharmaceuticals and
esticides in surface and wastewater, but two separated analyses
ere required, since the acidic compounds were derivatized and

imultaneous derivatization of both neutral and acidic analytes,
as not advisable. Verenitch et al. [3], found that caffeine was

ompletely destroyed during methylation processes and for this
eason it could not be determined along with other acidic drugs.

Solid phase extraction (SPE) is the most common sample iso-
ation and pre-concentration technique for the target analytes and
asis HLB® the preferred sorbent, used for this purpose [1,3,4].
as chromatography coupled to mass spectrometry (GC–MS or
G–MS/MS) or liquid chromatography coupled to mass spec-

rometry (LC–MS) or tandem mass spectrometry (LC–MS/MS)
re the most widely used techniques [1,3,11,20]. Recently, the
uthors have applied a LC–TOF/MS technique to determine
olar pharmaceuticals in hospital effluents [18], demonstrating
hat it can be a useful approach. LC–MS/MS has progressed over
he last decades, and nowadays it is the main choice in deter-

ining ultratrace concentrations of polar pharmaceuticals in
nvironmental samples [20,21]. However, when highly complex
amples are analysed, such as wastewater, suppression of the
lectrospray ionization is likely to occur, especially with elec-
rospray ionization (ESI). The published papers have reported
C–MS in selective ion monitoring (SIM) and GC–MS/MS

s very suitable methods for the environmental analysis of the
ajority of the studied compounds, which are neutral or medium

cidic [1,3,19,22]. Although, due to the poor volatility of some
ompounds and the presence of various polar groups in the
olecule, derivatization steps aimed to produce more volatile

roducts and improve the sensitivity of subsequent GC analy-
is, are applied [3,19]. Thus, the advantages of better sensitivity
re sometimes largely offset by loss of sample during the addi-
ional manipulation. Most of the analytical methods proposed

n the literature apply derivatization procedures before GC–MS
nalysis.

The group of organic compounds which are the object
f this study includes the anti-inflammatory drugs ibuprofen,

A
5
1
(
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cetaminophen and diclofenac, the antiepileptic agent carba-
azepine, the plasticizer bisphenol A, the antiseptic triclosan

nd its toxic metabolite 2,8-dichlorodibenzo-p-dioxin (2,8-
CDD) and the stimulants nicotine, caffeine and its metabolite
,7-dimethylxanthine. This group of compounds was selected
ased on preliminary studies performed in a municipal STP
here the selected hospital discharges the effluent. The authors
ave documented in a previous work [1] the presence of this
roup of compounds in the influent and effluent of the STP.

A single method based on SPE and direct analysis of the
xtract by GC–MS/MS is proposed, avoiding the tedious and
ritical step of derivatization. A comparison of MDLs achieved
ith other different published methods, for the analysis of these

ompounds in wastewater is discussed in this paper.
The aim of this study was to develop a sensitive analytical

ethod for the rapid and quantitative determination of neutral
nd acidic organic contaminants in wastewaters. The described
ethod was then used to analyze hospital effluent samples col-

ected from a hospital in Almerı́a (Spain).

. Experimental

.1. Chemicals and reagents

Pure standards (>98%) of acetaminophen, ibuprofen, caff-
ine, 1,7-dimethylxanthine, carbamazepine, diclofenac, (−)-
icotine, triclosan and bisphenol A were purchased by
igma–Aldrich (Steinheim, Germany). 2,8-dichlorodibenzo-p-
ioxin (DCDD) was obtained from LGC Promochem (USA).
ndividual stock standard solutions were prepared in ethyl
cetate, or methanol in the case of carbamazepine, 1,7-
imethylxanthine, diclofenac and acetaminophen, and stored at
20 ◦C. Standard mixtures, at different concentrations, were

repared by appropriate dilution of the stock solutions.
Pesticide-grade ethyl acetate was obtained from Panreac

Barcelona, Spain) and HPLC-grade methanol from Merck
Darmstadt, Germany).

.2. Sampling and sample preparation

Discrete samples were collected from the main sewer of a
ealth-care centre with a 75 bed capacity. Amber glass bottles
insed with ultra-pure water were used for this purpose. Once
n the laboratory, the samples were vacuum filtered through a
.7 �m glass fibre filter (Teknokroma, Barcelona, Spain) and
tored at 4 ◦C until solid phase extraction (SPE), which was
erformed within 24 h in order to avoid any degradation.

A SPE procedure was applied to the samples using
ommercial Oasis HLB® (divinylbenzene/N-vinylpyrrolidone
opolymer) cartridges (200 mg, 6 cm3) from Waters (Mildford,
A, USA). An automated sample processor ASPEC XL fit-

ed with an 817 switching valve and an external 306 LC pump
rom Gilson (Villiers-le-Bel, France) was used for this purpose.
conditioning step was performed with 5 ml of ethyl acetate,
ml of methanol and 5 ml of LC-grade water at a flow rate of
ml/min. After the conditioning step, sample aliquots of 100 ml

pH adjusted to 7 with H2SO4) were passed through the car-
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ridges at a flow rate of 10 ml/min and then rinsed with 5 ml
f deionized water prior to elution. After that, the cartridges
ere dried by nitrogen stream for approximately 10 min and
nally eluted with 2× 4 ml of ethyl acetate at 1 ml/min. The
xtracts were evaporated until almost dry using a Turbo-Vap
rom Zymark (Hopkinton, Massachusetts), with the water bath
t 40 ◦C. The samples were then reconstituted with 1 ml of ethyl
cetate and transferred to an auto-sampler vial for direct analysis
y GC–MS.

.3. GC-IT-(EI) MS/MS analysis

Determination was performed using a Varian 4000-
C–MS/MS system with a 1079 PTV injector and a CP-8400

utosampler (Varian, Walnut Creek, CA, USA). Data acqui-
ition and processing were performed using the Varian Star
orkstation software 6.42 version. The system worked in

nternal ionization mode. A fused silica untreated capillary
olumn (1 m × 0.25 mm i.d.) from Varian (Middelburg, The
etherlands) was used as a guard column, connected to a Var-

an FactorFour VF-5ms capillary column (5% diphenyl 95%
imethylsiloxane), 30 m × 0.25 mm i.d., 0.25 �m film thickness.
he helium carrier gas flow was constant and set at 1 ml/min.
utomatic injections (1 �L) were performed in splitless mode at
80 ◦C and with the split vet opening set at 1.5 min. Transfer line
emperature was 290 ◦C and ion trap temperature was 200 ◦C.

The GC temperature program was 70 ◦C for 2.00 min, pro-
rammed to 200 ◦C at 30 ◦C/min, then programmed to 220 ◦C
t 2 ◦C/min (held for 6 min) and finally programmed to 300 ◦C
t 10 ◦C/min and held at this temperature for 5 min. Total run
ime was 31.33 min.

. Results and discussions

This work presents an easy multi-residue analytical method,
seful for the rapid and simultaneous determination of acidic and
eutral pharmaceutical residues in wastewater samples. Most
f the GC-based analytical methods described in the literature
or the analysis of acidic pharmaceuticals apply a derivatization
echnique prior to injection in order to transform polar ana-
ytes into their less polar and more volatile forms. The reduction
n polarity improves the chromatographic properties and/or the
ensitivity of the detection.

Nevertheless, derivatization procedures are laborious and
ime-consuming, and present other disadvantages such as the
eduction in the analytical columns lifetimes or side effects that
an occur during the derivatization reactions. In addition, some
erivatization processes are susceptible to reaction inversion,
hile preparation and use of the most commonly used deriva-

ization reagents carries some risk because of their toxicity,
arcinogenicity or danger of explosions. Besides these diffi-
ulties, the derivatization can destroy non-acidic compounds,
s in the case of caffeine [3], or reduce the analysis efficiency

f the neutral analytes [19], and therefore, these pharmaceu-
icals have to be processed separately from acid drugs. To
vercome these difficulties, a rapid and simple GC–MS/MS
ased method, without previous derivatization of acidic drugs,

t
w
d
d

73 (2007) 314–320

s proposed. Tandem mass spectrometry is a highly selec-
ive and sensitive technique that provides very good results
n the analysis of trace compounds in complex matrices, so
epresenting a very good choice in the analysis of wastew-
ter samples. The advantages and suitability of the method
or each compound is discussed and compared with previous
orks.

.1. GC-IT-(EI) MS/MS method

Fig. 1 shows the selected ion GC–MS/MS chromatogram
btained from a hospital effluent extract spiked at the 500 ng/L
evel. As it can be seen, a complete separation of the com-
ounds is achieved in a total time of 31 min. The last analyte
luted at 20 min, but the analysis was maintained until reaching
final temperature of 300 ◦C to ensure complete elimination

f the matrix components from the analytical column. Even
n the absence of derivatization, all the peaks showed a good
eak shape, with the exception of acetaminophen, which suf-
ered from peak tailing. Although this is an undesirable effect in
hromatographic analysis, it did not represent an obstacle for the
eliable determination of this compound, as will be discussed
ater on. Furthermore, the sensitivity obtained was enough to
chieve a detection limit according to the concentration levels
resent in the samples.

MS–MS parameters were individually optimized for each
nalyte. Spiked hospital effluent extracts, at a concentration level
f 10 �g/L, were used for this purpose because the presence of
matrix had an effect upon the intensity ration that needed to be
valuated. The different optimized parameters and the precur-
or ion isolated, together with the main product ions obtained,
nd their relative intensities, are presented in Table 1. Since the
olecular ion is considered as the most characteristic ion for

ach compound, it was selected as the precursor ion in the case
f nicotine, caffeine, 1,7-dimethylxanthine, 2,8-DCDD, and tri-
losan. For these compounds, the molecular ion also coincided
ith the base peak – with the exception of nicotine, which pre-

ented a base peak at m/z 84. This low-mass ion, which resulted
rom the loss of the pyridyl group, was not selective enough, thus
ncreasing the probability of matrix interference. In addition,
urther fragmentation of this ion did not provide structural infor-
ation of interest, so the molecular ion at m/z 161, was selected.
he precursor ion chosen for diclofenac was the fragment ion
t m/z 277, corresponding to the loss of water [M − H2O]+.
he molecular ion is not present in the full scan spectrum.
he base peak in this case corresponded to [M − H2OClCO]+

m/z = 214), but the ion at m/z = 277 provided more structural
nformation, with a characteristic product ion at m/z = 242, cor-
esponding with the loss of one chlorine atom. For ibuprofen,
cetaminophen, carbamazepine and bisphenol A, the base peak
f the EI spectrum was selected as the precursor ion in order
o get higher sensitivity. For ibuprofen, this peak corresponded
ith the loss of carbon dioxide [M − H − CO2]+ (m/z = 161),
ypical of carboxylic acids. The ion [M − COCH3]+ (m/z = 109),
as the base peak in the case of acetaminophen. For the neutral
rug carbamazepine, the base peak was observed at m/z = 193
ue to the loss of the CONH2 group. It must be pointed out
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Fig. 1. Total ion (TIC) and selected ion GC–MS/MS chromato

hat typical degradation of carbamazepine to iminostilbene as a
onsequence of thermal degradation in the injection port of the
as-chromatograph, was observed. However, as will be discuss
ater on, precision studies showed an acceptable repeatability
nd reproducibility for the carbamazepine peak (around 10%),
nd the MDL (0.2 ng L−1) obtained. Despite degradation, it was
ow enough to reach the concentration levels present in the sam-
les. For this reason, the contribution of iminostilbene was not
onsidered for quantification. The most intense fragment for
isphenol A was the ion at m/z = 213, which corresponded to the

+
oss of a methyl group [M − 15] . In all these cases, selected
recursor ions delivered daughter ions which were indicative of
he structure of the analyte, considered adequate for an accurate
dentification.

l
a
u
b

able 1
iagnostic ions and quantification masses (in bold) used for the GC–MS/MS analysi

ompound Rt window (min) Rt (min) Molecular
ion (m/z)

Precu
(m/z)

icotine 5.0–7.2 6.45 162.23 161
buprofen 7.2–8.2 7.75 206.28 161
cetaminophen 8.2–9.2 8.54 151.17 109
affeine 9.2–10.6 10.24 194.19 194
,7-Dimethylxanthine 10.6–11.2 10.74 180.17 180
CDD 11.2–12.25 11.99 252.88 252

riclosan 13.2–15.2 14.60 287.95 288
iclofenac 15.2–17.5 15.84 295.13 277

isphenol A 15.2–17.5 16.05 228.29 213
arbamazepine 17.5–24.0 20.23 236.27 193

etention times obtained for each compound and fragmentation conditions are also i
solation window: 3.0; excitation time: 20 ms.
corresponding to a spiked wastewater sample at 0.5 (g/l level.

At least three fragments were selected as qualifier ions, which
re shown in Table 1. The most intense fragment ion/s in the
S/MS spectrum of each pharmaceutical, were selected for

uantification purposes.

.2. Performance of the analytical method

The analytical method was evaluated to prove its applicabil-
ty to the analysis of neutral and acidic chemicals in wastewater.
ecoveries, linearity range, precision and sensitivity were calcu-
ated. Validation results, determined in hospital effluent extracts,
re presented in Table 2. Concentrations of the pharmaceuticals
nder investigation in the original hospital effluent samples have
een taken into account.

s of the studied compounds in wastewater

rsor ion Product ions (m/z) (relative
abundance, %)

Storage
level (m/z)

Excitation
voltage (V)

130 (100), 119 (90), 117 (56) 60 58
105 (100), 119 (68), 91 (35) 40 40
80 (100), 81 (43), 53 (10) 60 46
120 (100), 108 (78), 95 (62) 60 53
93 (100), 161 (68), 120 (28) 70 66
126 (100), 189 (92), 161 (79),
163 (31)

90 85

218 (100), 146 (35), 220 (27) 100 75
242 (87), 243 (26), 207 (16),
214(8)

100 66

119 (100), 167 (49), 195 (39) 80 69
191 (100), 165 (97), 167 (35) 80 81

ncluded.
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Table 2
Analytical parameters obtained with the GC–MS/MS method for the analysis of selected compounds in wastewater

Compound Recovery (R.S.D., %),
n = 3

Linearity MDL
(ng/L)

MQL
(ng/L)

Repeatability
(R.S.D., %), n = 10

Reproducibility
(R.S.D, %), n = 10

Range (ng/L) Cal. equation R2

Nicotine 66 (10) 50–1000 Y = 1231x + 1.8e+5 0.9969 6 21 2 8
Ibuprofen 80 (8) 500–1000 Y = 2774x − 4.7e+4 0.9939 120 401 8 18
Acetaminophen 71 (5) 100–1000 Y = 4152x + 3.2e+6 0.9974 16 55 13 11
Caffeine 92 (5) 10–1000 Y = 6295x − 3.1e+4 0.9995 0.7a 2.3a 3 4
1,7-Dimethylxanthine 92 (7) 50–1000 Y = 1776x + 9.8e+5 0.9966 10 34 8 13
DCDD 25 (9) 10–1000 Y = 4718x + 2.2e+4 0.9998 1.5 5 2 3
Triclosan 112 (10) 10–1000 Y = 2168x + 1.4e+4 0.9998 2 8 12 12
Diclofenac 79 (3) 10–1000 Y = 873x + 4014 0.9997 1.1 4 6 7
Bisphenol A 72 (4) 10–1000 Y = 1e+4x + 2.6e+5 0.9999 0.5 2 11 14
Carbamazepine 81 (5) 1–1000 Y = 6807x + 9.4e+4 0.9993 0.2 0.7 9 10
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.S.D.: relative standard deviation; MDL: method detection limit; MQL: metho
a Calculated from a pure solvent standard solution.

.2.1. Recovery
Recovery studies were performed in triplicate by spiking

astewater samples at a concentration level of 1 �g/l, before
nd after extraction. Quantitative recoveries obtained for the
arget compounds ranged from 66 to 112%, except for 2,8-
CDD, which showed a lower recovery (25%). Most of the
ethods described in the literature for the extraction of poly-

hlorinated dibenzo-p-dioxins in environmental samples are
ocused on solid samples. For the analysis of water samples,
PE with C18 sorbent yields better recoveries [23]. However,

his hydrophobic stationary phase does not efficiently extract
cidic compounds [24]. Simultaneous extraction of acidic and
eutral pharmaceutical residues is better obtained by HLB car-
ridges at pH = 7 [1,18,20,24]. Ethyl acetate was selected as the
lution solvent because it desorbs analytes efficiently over a
ide range of polarities. Despite the variety of chemical classes
f compounds analyzed, which makes it difficult to obtain the
est extraction conditions for all of them, HLB-SPE cartridges
epresented a very good choice with good results in most of
he cases. Although the recovery obtained for 2,8-DCDD was
ot enough for reliable quantitative analysis, other validation
arameters such as sensitivity (MDL, 1.5 ng/L) or repeatabil-
ty (R.S.D., 1.7%) were quite good, and therefore an acceptable
uantitative estimation of the concentration of 2,8-DCDD in the
amples could be obtained.

.2.2. Linear dynamic range
The linearity in the response was studied using matrix-

atched calibration solutions prepared by spiking hospital
ffluent extracts at seven concentration levels, ranging from 10
o 1000 ng/L in the samples. The linear dynamic ranges, cali-
ration equations and correlation coefficients (r2) obtained are
hown in Table 2. Good linearity was observed in the studied
ange with r2 values higher than 0.99 in all of the cases.

.2.3. Sensitivity

Method detection limits (MDLs) and method quantifica-

ion limits (MQLs) were determined from spiked wastewater
amples, taking into account the concentration of the target phar-
aceuticals in the original samples. Only in the case of caffeine,

a
c
r

ntification limit.

ere MDL and MQL determined from a standard solution in
thyl acetate, due to the fact that caffeine was found at very
igh concentration in all the analyzed samples. Values obtained
anged from 0.2 to 16 ng/L and 0.7 to 55 ng/L, respectively,
xcept for ibuprofen, which exhibited higher detection and quan-
ification limits, 120 and 401 ng/L, respectively. These levels
ere low enough however to quantify this compound in the

amples. Better detection limits, of 61 and 0.8 ng/L, have been
eported [3,7] for ibuprofen after derivatization by GC–MS and
C–MS/MS, respectively, and a MDL of 31 ng/L was achieved
y LC–MS/MS [20].

For acetaminophen, even though this compound did not show
very good peak shape, an acceptable MDL (16 ng/L) was

eached. Higher levels have been previously reported by GC–MS
129 ng/L) [1] or LC–MS/MS (47 ng/L) [20].

The neutral drug carbamazepine, present in the samples at the
ower concentration levels, achieved a MDL of 0.2 ng/L, which
as lower than others previously reported by GC–MS, with and
ithout derivatization (100 and 159 ng/L, respectively) [1,5] or.
y LC–MS/MS (7 ng/L) [20], which has also been frequently
sed.

A detection limit of 0.5 ng/L was obtained for bisphenol A.
DLs of 0.5, 2, 27, 396 and 1 ng/L were previously reported

or the analysis of bisphenol A by GC–MS/MS with and with-
ut derivatization, GC–MS with and without derivatization and
C–MS/MS, respectively [25,26,1,27,21].

Triclosan yielded a MDL of 2.5 ng/L derivatization however,
onsiderably, improves the response of this acidic compound.
DLs of 200, 31 and 10 ng/L have been reported in previ-

us works by GC–MS with and without derivatization and by
C–MS/MS, respectively [1,7,28].

The diclofenac detection limit was 1 ng/L. The same value
as reported by GC–MS/MS analysis with derivatization [3],

nd MDLs of 144, 62 and 30 ng/L were achieved by GC–MS
ithout and with derivatization and LC–MS/MS, respectively

1,7,20].

The neutral drugs caffeine and nicotine could be detected

t very low concentrations (0.7 and 6 ng/L), which were, in all
ases, one or two orders of magnitude lower than the MDLs
eported by other authors (from 14 to 397 ng/l) [3,1,10].
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Table 3
Concentration of selected compounds in hospital effluent samples

Compounds Sample 1
(ng/L)

Sample 2
(ng/L)

Sample 3
(ng/L)

Nicotine 428 3786 1573
Ibuprofen 3573 4572 921
Acetaminophen 1090 3130 1080
Caffeine 11266 68404 83215
1,7-Dimethylxanthine 1028 1243 638
DCDD 522 714 28
Triclosan 115 212 268
Diclofenac 96 37 510
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It must be considered that detection limits depend on the
ample nature and the preconcentration factor reached during the
ample treatment. Most of the papers previously cited analyzed
astewater effluent samples, but the preconcentration factors

pplied were different.
Although lower MDLs could be obtained by increasing the

reconcentration factor, this is not recommendable since it leads
o more complex extracts, making the use of additional clean-up
teps necessary.

.2.4. Precision
In order to evaluate the precision of the proposed method,

ithin-laboratory repeatability and reproducibility were esti-
ated. To ensure correct quantification of the underivatized

nalytes, a spiked extract at 1 �g/L was analyzed 10 times in
he same day and 10 times in different days. The repeatability,
xpressed as percent relative standard deviation (R.S.D.), varied
etween 2 and 13%, a little bit higher variability was achieved
or the reproducibility, from 3 to 18%.

.2.5. Identification capability of the GC–MS/MS method
Under the conditions described, the MS/MS method pro-

ided high sensitivity and selectivity. The isolation of only
ne ion from the rest of the matrix to obtain the product ion
pectra, reduces background interferences and increases the
ignal-to-noise (S/N) ratio, thus improving confidence in the
dentification.
The confirmation criteria applied to the target analytes in the
amples was based on the peak retention times and the product
on spectra. A peak retention time window within 2% and the
resence of three of the most intensive and characteristic ions of

t
s
f
N

ig. 2. Selected ion GC–MS/MS chromatogram corresponding to an hospital effluen
he analytes found at lower concentration are also included.
isphenol A 25 82 146
arbamazepine 3 1 8

he MS/MS spectrum were used to verify a correct identification.
he ratio of each parent/product peak combination has to fall
ithin 30% of the established references.
These results indicated a good performance for the developed

ethod.

.3. Application of the method to real samples

To demonstrate the applicability of the optimized method,
hree discrete hospital effluent samples were analyzed. Results
btained are summarized in Table 3. All the target compounds
ere present in the three samples. Variations in concentra-
ions between samples are explained by the use of discrete
amples [20]. Maximum concentrations were detected for caf-
eine, with concentrations between 11266 and 83215 ng/L.
icotine, 1,7-dimethylxanthine and the antiinflammatories

t sample where the target compounds have been identified. Spectra of two of
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buprofen and acetaminophen were found in the samples at
oncentrations higher than 1000 ng/L. Carbamazepine was
he compound present in the samples at lower concentra-
ions, from 1 to 8 ng/L. The rest of the compounds were
etected at concentrations between 25 and 700 ng/L. Fig. 2
hows an extracted ion GC–MS/MS chromatogram of a hos-
ital effluent extract in which all the compounds have been
dentified. As can be observed in the figure, the high selec-
ivity and structural information provided by the product ions

ass spectra allows a reliable identification of the target
ompounds in wastewater, even with the analytes found at
ower concentrations. These results demonstrate the useful-
ess of the proposed method for this application. The LODs
chieved are also low enough to determinate these analytes
n urban wastewater, at the levels currently reported in the
iterature.

. Conclusions

In the present work, a simple and fast multi-residue method
ased on SPE followed by GC–MS/MS has been developed for
he simultaneous extraction and analysis of neutral and underiva-
ized acid pharmaceuticals and related compounds in wastewater
amples. It has been shown that this method represents an easy
nd fast analytical approach, viable for routine analysis, avoiding
he inconvenience associated with the application of derivatiza-
ion processes. Quantitative recoveries were obtained for all the
arget compounds, ranging from 66 to 112% (except for 2,8-
CDD: 25%). Linearity with R2 > 0.994 and precision of the
ethod with relative standard deviation between 2 and 18% were

lso acceptable. With the application of the optimized MS/MS
arameters, MDLs of 0.2–16 ng/L can be achieved, except for
buprofen (120%). For this acid pharmaceutical, derivatization
rior to the analysis has been reported to give better MDLs,
ut this detection limit was low enough to analyze ibuprofen
n hospital effluent samples. Most of detection limits achieved
ere lower than those obtained with previously published
ethods.
The higher selectivity and structural information provided by

he product ions mass spectra allows reliable confirmation of the
arget compounds in these complex matrices.

This method was successfully applied to the analysis of the
tudied compounds in hospital effluents. All the compounds
ere detected, except the carbazepine metabolite. Even in the

bsence of derivatization, the proposed method showed a high
ensitivity for the target compounds and all the analytes showed
good peak shape, with the exception of acetaminophen, which

uffered from peak tailing, although this did not represent an

mpediment to the reliable quantification of this compound.
he proposed method is therefore, a useful alternative to pre-
ious methods, for simultaneously analyzing neutral and acidic
ompounds in wastewaters.
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bstract

A new fluorimetric method for the determination of epinephrine is established by rare earth co-luminescence effect of Tb–Gd–E–Tris system.
nder optimum conditions, a linear relationship has been obtained between the fluorescence intensity and the concentration of epinephrine in
he range of 1.8 × 10−8 to 2.5 × 10−6 mol/l, and the detection limit is 4.5 × 10−9 mol/l (S/N = 3). The method is applied for the determination of
pinephrine in injection and the recovery test in urine by standard addition method, and the results obtained are satisfactory. The mechanism of
he co-luminescence in the system was also discussed.

2007 Published by Elsevier B.V.
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. Introduction

Epinephrine (E) plays important roles as a neurotransmitter
nd a hormone. It exists as an organic cation in the nervous
issue and biological body fluid and many diseases are related
o the changes of its concentration in body fluid. Thus, the
etermination of epinephrine has attracted much attention. Flu-
rimetric method and high-performance liquid chromatography
ethod [1] are often used for the determination of epinephrine.
ther analytical methods have been reported, for example, elec-

rochemiluminescence [2], flow injection chemiluminescence
ethod [3–5], flow injection capillary electrophoresis method

6,7], molecular imprinting probe [8,9], etc. Several fluorimetric
ethods such as the trihydroxyindole (THI) method [10], ter-

ium (Tb)(III) fluorescence probe method [11] and condensation
ethod [12,13] have been proposed, but their detection limits

re not low enough or a lot of time are need in the processes. Rare

arth co-luminescence is a fluorescence enhancement effect
hich was first found and studied by our research group in 1986

14]. This effect has become an important way to improve the

∗ Corresponding author.
E-mail address: yjh@sdu.edu.cn (J. Yang).

m

2
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oi:10.1016/j.talanta.2007.03.022
s

ensitivity of rare earth ions [15], pharmaceutical and biological
olecules [16,17] by fluorimetry.
It is found that Gd3+ can enhance the fluorescence intensity of

he Tb3+–E–Tris system, this is a new co-luminescence system.
his system has been used for the determination of epinephrine,

ts detection limit is 4.5 × 10−9 mol/l (S/N = 3). Compared with
ther fluorimetric methods, this method is a simple, reliable and
ast method with a larger linear range. The mechanism of lumi-
escence enhancement of the Tb3+–Gd3+–E–Tris system is also
iscussed.

. Experimental

.1. Apparatus

All fluorescence measurements were made on a FL-4500
pectrofluorimeter (Hitachi, Japan). All pH measurements were
ade on a Delta 320-S pH meter (Mettler Toledo).
.2. Regents and solutions

1) An epinephrine standard stock solution (1.36 × 10−3 mol/l)
was prepared by dissolving 0.025 g epinephrine (Fluka,
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HPLC) in 100 ml, 0.01 mol/l hydrochloric acid and stored
at 4 ◦C. Working solutions were prepared by diluting with
doubly deionized water.

2) Stock standard solutions (1.00 × 10−2 mol/l) of rare-earth
ions were prepared by dissolving the corresponding oxides
(Yuelong Chemical Co., Shanghai, 99.9%) in hydrochloric
acid and diluting with deionized water.

3) A 0.20 mol/l Tris–HCl buffer solution was prepared by
dissolving 12.5 g of Tris in 500 ml deionized water, and
adjusting the pH to 10.0 with HCl (6.0 mol/l). All the chem-
icals used were of analytical grade and doubly deionized
water was used throughout.

.3. Procedure

To a 25 ml test tube, solutions were added in the following
rder: E, Gd3+, Tb3+ and Tris–HCl buffer. The mixture was
iluted to 10 ml with doubly deionized water. The fluorescence
ntensity was measured in a 1 cm quartz cell. The excitation and
mission slits were both 10 nm.

. Result and discussion

.1. Fluorescence spectra

Excitation and emission spectra of Tb3+–Tris (1),
b3+–Gd3+–Tris (2), Tb3+–E–Tris (3) and Tb3+–Gd3+–E–Tris

4) systems at emission and excitation wavelength of 493 and
00 nm are shown in Fig. 1. From this figure, it can be seen
hat the systems of (1)–(4) have the same emission peaks at
93 and 548 nm of Tb3+, corresponding to the 5D4–7F6 and
D4–7F5 transitions of Tb3+, respectively. The fluorescence
ntensity at 548 nm is the strongest. From Fig. 1, it is also seen
hat the fluorescence intensity of the E–Tb3+–Tris system is

eak. However, the fluorescence intensity of the system is
uch enhanced by Gd3+ and the excitation peak moves from

25 to 300 nm. This is a newly found co-luminescence system.
o, we choose 548 nm as the emission peak in this research.

i
c
l
±

ig. 1. Fluorescence spectra. (a) Excitation spectra (λem = 493 nm). (b) Emission s
b3+–Gd3+–E–Tris. Conditions: E, 1.0 × 10−5 mol/l; Gd3+, 5.0 × 10−5 mol/l; Tb3+, 1
3 (2007) 227–231

.2. Optimization of the general procedure

According to the recommended procedure, the experiments
ndicate that the addition of Gd3+, La3+ and Y3+ all can enhance
he fluorescence of the system, among which Gd3+ has the
reatest enhancement. So Gd3+ is chosen as the enhancing ion.
t is found that the fluorescence intensity remains maximum
hen pH is in range of 9.8–10.2. So pH 10.0 is fixed in the

esearch. In addition, different buffers are in detail studied,
ncluding HMTA, Tris–HCl, Na2B4O7–NaOH, NH4Cl–NH3,
aHCO3–Na2CO3 and NH2CH2·COOH–NaOH. Experimen-

al results indicated that the Tris–HCl is the most suitable buffer
mong them. Thus, the strongest fluorescence signal as the crite-
ion to determine the optimum conditions for the determination
f E as follows: 1.0 × 10−5 mol/l Tb3+, 5.0 × 10–5 mol/l Gd3+,
nd 4.0 × 10–2 mol/l Tris–HCl buffer (pH 10.0).

.3. The addition order and stability of this system

In this system, we also investigate the effect of the adding
rder. The result indicates that the order of E, Gd3+, Tb3+ and
ris–HCl is the best.

Under the optimum condition, the effect of time on the
uorescence intensity is studied. The result shows that the flu-
rescence intensity immediately reaches a maximum after all
he reagents had been added and remained stable for over 20

inute under the permission of ±5% relative error. Therefore,
his method fits for the determinating of E rapidly.

.4. Effect of foreign substances

The interference of foreign substances is tested for
.0 × 10−5 mol/l E and the results are shown in Table 1. It

s indicated that noepinephrine, dopamine, and proteins have
onsiderable interference, whereas other substances tested have
ittle effect on the determination of E under the permission of

5% relative error.

pectra (λex = 300 nm). 1: Tb3+–Tris; 2: Tb3+–Gd3+–Tris; 3: Tb3+–E–Tris; 4:
.0 × 10−5 mol/l; Tris–HCl, 0.020 mol/l, pH 10.0.
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Table 1
Interference from foreign substances

Foreign
substances

Coexiting concentration
(×10−4 mol/l)

Change of �If

(%)

AlCl3 2.5 −4.8
CaCl2 1.3 −5.0
KCl 2.5 −5.0
MgSO4 2.5 −5.0
NaCl 1.5 −4.6
NH4Cl 1.5 −4.6
ZnCl2 0.5 −4.1
Dopamine 0.047 +5.0
NE 0.013 +4.0
H
R

4

4

r
s
1
4
f
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m
l
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c
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i
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c
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Table 3
The test of recovery in urine

Standard value, 2 × 106 (mol/l) 0.450
Determination value, 2 × 106 (mol/l) 0.492, 0.434, 0.461 0.468, 0.441
Average, 2 × 106 (mol/l) 0.463
Recovery (%) 103
R.S.D. (%) 2.6

Table 4
The determination of epinephrine in the injection

Trihydroxyindole (THI)
method, 2 × 106 (mol/l)

0.545

This method, 2 × 106 (mol/l) 0.569, 0.520, 0.531 0.554, 0.559

e
h
o
i
m
i

5

5

T
(
a
o
H
h
t
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c
a

3+ 3+ 3+

T
C

M

T
E
F
F
T
T
2
O

SA 0.032 +9.3
NA 1.0 × 10−6 g/ml −5.2

. Analytical applications

.1. The calibration curve and detection limit

Under the optimum conditions defined here, a linear
elationship is obtained between the fluorescence inten-
ity and the concentration of epinephrine in the range of
.8 × 10−8 to 2.5 × 10−6 mol/l, with a detection limit of
.5 × 10−9 mol/l (S/N = 3). The regression equation is as
ollows: y = 0.49415 + 12.8185 × 107C, with a correlation coef-
cient of 0.9991. From Table 2, it can be seen that the proposed
ethod has a lower detection limit, compared with most of other

uminescence methods.

.2. Recovery test and sample determination

Considering the effects of foreign substances on the fluores-
ence intensity of the system, the standard addition method is
sed for the recovery test and sample determination. The test
f the recovery efficiency for known amounts of epinephrine
n human urine is made. This urine sample is obtained from

healthy donor. The urine sample is collected during 3 h
n a bottle container, and adjusted the pH to 2.0 with HCl
6.0 mol/l) in order to prevent E degradation and stored at 4 ◦C.

he urine is diluted 100-fold in the final assay solutions. The

esults of the recovery test are shown in Table 3 and indi-
ate that the recovery efficiency of E in human urine is about
03%.

G
B
a
h

able 2
omparison of luminescence methods for determination of E

ethod Linear relat
(mol/l)

he proposed method 1.8 × 10−8

lectrochemiluminescence 4.0 × 10−8

low injection chemiluminescence 5.0 × 10−9

low-injection electrogenerated chemiluminescence 7.0 × 10−8

rihydroxyindole (THI) method 4.1 × 10−7

erbium fluorescence probe method 8.2 × 10−8

,3-Diaminonaphthalene 6.0 × 10−8

-Phenylenediamine 2.0 × 10−8
Average, 2 × 106 (mol/l) 0.547
R.S.D. (%) 2.0

The proposed method is used for the determination of
pinephrine in the epinephrine hydrochloride injection (Shang-
ai Harvest Pharmaceutical Co., Ltd.), and compared with the
riginal trihydroxyindole (THI) method. The results are shown
n Table 4. From these results, we can see that the proposed

ethod can be efficiently used for the determination of E in
njection.

. Interaction mechanism of the system

.1. Resonance light scattering (RLS) spectra

Resonance light scattering (RLS) spectra of Tb3+–Tris (1),
b3+–E–Tris (2), Tb3+–Gd3+–Tris (3) and Tb3+–Gd3+–E–Tris

4) systems are shown in Fig. 2. It can be seen that when E, Gd3+

nd E–Gd3+ are added to Tb3+–Tris system, respectively, the res-
nance light scattering intensities of the systems are enhanced.
owever, the RLS intensity of Tb3+–Gd3+–E–Tris system is
igher than those of other three systems, which indicates that
here is the interaction among them, and forms a large complex
n this system.

It is known that Tb3+ can combine with E and form Tb3+–E
omplex [11]. On the basis of similar chemical properties of
ll lanthanide elements, it is considered that both Tb3+–E and

d –E complexes are formed in Tb –Gd –E–Tris system.
ecause the test condition is alkalescent in this system, so Tb3+

nd Gd3+ not only combine with E, but also combine with
ydroxy of solution [16]. Then, Tb3+ and Gd3+ complexes can

ionship Detection
limit (mol/l)

References

to 2.5 × 10−6 4.5 × 10−9

to 2.0 × 10−7 2.4 × 10−8 [2]
to 2.5 × 10−7 3.0 × 10−9 [4]
to 6.0 × 10−6 2.8 × 10−8 [5]
to 4.8 × 10−5 2.7 × 10−8 [11]
to 9.8 × 10−5 2.3 × 10−8 [12]
to 1.0 × 10−5 5.0 × 10−8 [13]
to 6.0 × 10−6 9.3 × 10−9 [14]
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Table 5
Fluorescence lifetime of Tb3+ in the systems

System Lifetime (ns)

Tb3+–Tris 6.86
Tb3+–Gd3+–Tris 7.43
Tb3+–E–Tris 32.35
T 3+ 3+

G
b
s
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e
c
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s
w
t
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r
d
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f
t

ig. 2. Resonance light scattering (RLS). 1: Tb3+–Tris; 2: Tb3+–E–Tris; 3:
b3+–Gd3+–Tris; 4: Tb3+–Gd3+–E–Tris. Conditions: E, 1.0 × 10−5 mol/l; Gd3+,
.0 × 10−5 mol/l; Tb3+, 1.0 × 10−5 mol/l; Tris–HCl: 0.020 mol/l, pH 10.0.

e connected by oxygenic bridge and form a larger congeries.
herefore, the RLS intensity of Tb3+–Gd3+–E–Tris is larger than

hose of others.

.2. Fluorescence enhancement mechanism

From Fig. 1, it can be seen that the fluorescence inten-
ity of the Tb3+–Gd3+–E–Tris system is much larger than that
f Tb3+–E–Tris system which comes from the intramolecular
nergy transfer. From Fig. 3, it can be seen that the fluorescence
eak of 324 nm in this system is attributed to the emission of E.
fter continuously adding Gd3+ to Tb3+–E–Tris system, the flu-
rescence of E is gradually weaken and that of Tb3+ is gradually
nhanced. This indicates that there has the intermolecular energy
ransfer between Tb3+ and Gd3+ complexes. When this system
s excited, Tb3+ complex absorbs the energy and then consumes

t by emitting the characteristic luminescence of Tb3+. For Gd3+

omplex, the luminescent level of Gd3+ is higher than the triplet
tate of E, the energy absorbed by E can not be transferred to

ig. 3. Energy transfer of between Gd3+ and Tb3+ (λex = 290 nm). 1: Gd3+,
; 2: Gd3+, 1.0 × 10−5 mol/l; 3: Gd3+, 5.0 × 10−5 mol/l. Conditions: E,
.0 × 10−5 mol/l; Tb3+, 1.0 × 10−5 mol/l; Tris–HCl; 0.020 mol/l, pH 10.0.
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b –Gd –E–Tris 1807

d3+, but can be transferred to Tb3+ complex through oxygen
ridge, which results in the fluorescence enhancement of this
ystem.

Fluorescence enhancement also originates from the energy-
nsulating sheath as well as intramolecular and intermolecular
nergy transfer in this system. Because the concentration of Gd3+

omplex is much greater than that of the Tb3+ complex, each
b3+ complex is surrounded by many Gd3+ complexes. This
urrounding complex can act as an energy-insulating sheath,
hich can prevent collision with water molecules and decrease

he energy loss of Tb3+ complex. Therefore, the luminescence
ntensity of Tb3+–E–Tris system is considerably enhanced in the
resence of Gd3+.

The above mechanism can be proved by fluorescence lifetime
f Tb3+ in different systems, which shown in Table 5. When E
s added to the Tb3+–Tris system, the fluorescence lifetime of
b3+ can be delayed from 6.86 to 32.35 ns. This shown that E

eplace water molecule coordinated in Tb3+, resulting in both the
ecrease of energy loss on Tb3+ and the increase of the fluores-
ence lifetime of Tb3+. While Gd3+ is added to the Tb3+–E–Tris
ystem, the fluorescence lifetime of Tb3+ is greatly prolonged
rom 32.35 to 1807 ns. This is due to both intermolecular energy
ransfer between Tb3+ and Gd3+ complexes, and the energy-
nsulating sheath. Therefore, the fluorescence lifetime of Tb3+

s greatly increased.

. Conclusion

This paper studied the fluorescence enhancement effect of
b3+–Gd3+–E–Tris system. Experiment shows that the flu-
rescence intensity of Tb3+–E–Tris system can be greatly
nhanced by Gd3+. Under the optimum conditions, the enhanced
ntensity is in proportion to the concentration of E in the
ange of 1.8 × 10−8 to 2.5 × 10−6 mol/l, the detection limit
s 4.5 × 10−9 mol/l, which is lower than those of most flu-
rimetric methods in Table 2. The study of interaction
echanism indicates that both Tb3+ and Gd3+ complexes

an form a large complex by the link of the oxygen bridge.
hus, intermolecular energy transfer is possible to enhance

he fluorescence of Tb3+ through accepting energy from the
d3+ complex. In addition, many Gd3+ complexes surround

b3+ complex to form an energy-insulating sheath, result-

ng in the prevention of the collision with water molecules.
herefore, both the fluorescence lifetime and the fluores-
ence intensity of Tb3+ in this system are significantly
nhanced.
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bstract

The chemical etching of silicon using HF–HNO3 mixtures is a widely used process in the processing of silicon wafers for microelectronic or
hotovoltaic applications. The control of the etch bath composition is the necessary condition for an effective bath utilization, for the replenishment
f the consumed acids, and to maintain a certain etch rate. The present paper describes two methods for the total analysis of the individual etch
ath constituents HF, HNO3, and H2SiF6. Both methods start with an aqueous acid–base titration determining the total acid concentration and
he concentration of H2SiF6. The first method is an acid–base titration using a 0.1 mol L−1 methanolic solution of cyclohexylamine (CHA) as

on-aqueous titrant to determine the content of nitric acid. Then, the amount of hydrofluoric acid is calculated from the difference between the
otal acid and nitric acid content. The second method is based on the determination of the total fluoride concentration using a fluoride ion-selective
lectrode (F-ISE). The content of hydrofluoric acid is obtained from the difference between the total fluoride content and the amount of fluoride
ound as H2SiF6. The amount of nitric acid results finally calculated as difference to the total acid content.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The isotropic wet chemical etching of silicon by HF–HNO3
cid mixtures is an essential step in the processing of semicon-
uctor and solar grade silicon. Main applications are the removal
f surface roughness of wafers after slicing from silicon ingots
saw damage) and the chemical polishing of the wafer surfaces
ell as the texturing of silicon wafer surfaces for the application

s solar cells.
For sake of simplicity, the dissolution of silicon is described
y the following net equation [1]:

Si + 18HF + 4HNO3 → 3H2SiF6 + 4NO + 8H2O (1)

∗ Corresponding author at: Department of Biotechnology, Chemical Engineer-
ng, and Process Technology, Fachhochschule Lausitz - University of Applied
ciences, Großenhainer Straße 57, D-01968 Senftenberg, Germany.
el.: +49 35 73 85 839; fax: +49 35 73 85 809.
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on-selective electrode; Silicon; H2SiF6

uring the etch process HF and HNO3 concentrations decrease
radually, whereas H2SiF6 becomes enriched in the etch solu-
ion. As consequence of the formation of water and H2SiF6, the
tch behavior changes significantly [2]. In order to maintain a
ertain etch rate or surface quality such as texturing or polishing
ither the utilized etch solution has to be replaced by a new one
r the already used etching solution has to be replenished by the
ddition of concentrated acids [3–5]. However, the number of
eplenishment cycles is restricted, since an increasing concen-
ration of H2SiF6 affects the morphology of the etched surface
6] and may lead to the deposition of SiO2 (stains) on the sil-
con. The precondition for an effective etch bath control is the
xact knowledge of the amount of the etch solution constituents
NO3, HF, and H2SiF6 as reaction product.
Recently, a potentiometric acid–base titration method for the
etermination of the silicon content in HF–HNO3 etch solu-
ions independent of the composition, density and of the state
f aging [4] was published. A typical titration curve shows two
quivalence points. The first one consists of the total amount of
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Table 1
Parameters of the sample series 1 obtained by dissolution of SiO2 in HF–HNO3 mixtures

Sample m(HF) (g) c(HF) (mol L−1) m(HNO3) (g) c(HNO3) (mol L−1) m(SiO2) (g) m(total) (g) w(Si) (mg g−1)

S1-A 41.2924 22.87 20.8163 14.34 1.3955 63.6131 10.2
S1-B 39.9472 22.87 20.7147 14.44 2.3786 63.2255 17.6
S1-C 40.1436 22.87 20.6319 14.44 3.2767 64.3083 23.8
S1-D 40.1652 22.87 20.7388 14.34 4.1872 65.4180 29.9
S 14.4
S 14.4
S 14.3
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1-E 40.1046 22.87 20.6483
1-F 39.9411 22.87 20.6350
1-G 40.0898 22.87 20.7407

rotons in the sample because of the close pKs values of HF,
NO3, and H2SiF6 which are indistinguishable by titration in

queous solution:

2SiF6 + 2NaOH → Na2SiF6 + 2H2O (2)

NO3 + NaOH → NaNO3 + H2O (3)

F + NaOH → NaF + H2O (4)

urther titration using NaOH yields into the cleavage of the
iF6

2− ion giving the second equivalence point:

a2SiF6 + 4NaOH → Si(OH)4 + 6NaF (5)

he described method points to the major problem to analyse
uch mixtures, the quantification of the amounts of the individ-
al acids HF, HNO3, and H2SiF6. Two different approaches had
een developed for this purpose that meet the required preci-
ion necessary for an industrial etch bath process control. The
rst one, designated as method 1, is a solution for the general
roblem of indistinguishable equivalent points in such acid mix-
ures by an acid–base titration using a non-aqueous titrant. As
lternative to circumvent this problem, a method based on the
etermination of the total fluoride content was developed, des-
gnated as method 2. The development of both methods was
erformed using the same sample series that were prepared by
issolution of either SiO2 or Si in HF–HNO3 mixtures to model
he complex matrix behavior. Both methods are compared with
espect to their analytical performance.

. Experimental
.1. Sample preparation

The present study bases on two series of synthetic etch
olutions. Series 1 (Table 1) was obtained by dissolution of

p
F
t
b

able 2
arameters of the sample series 2 obtained by dissolution of Si in HF–HNO3 mixture

ample m(HF) (g) c(HF) (mol L−1) m(HNO3) (g) c(H

2-A 40.4769 23.18 21.0890 14.
2-B 40.9007 22.87 20.9368 14.
2-C 40.4247 23.18 21.1297 14.
2-D 40.9859 22.87 20.8916 14.
2-E 39.3316 23.18 21.1692 14.
2-F 40.8715 22.87 20.9031 14.
2-G 40.8051 22.87 20.794 14.
4 5.1473 66.3023 36.3
4 6.0224 67.0686 42.0
4 6.9951 68.3716 47.8

iO2 (99.8% (w/w) p.a., Alfa Aesar, Karlsruhe, Germany) in
F–HNO3 mixtures. A weighed amount of fumed, carefully
ried SiO2 was dispersed in 15 mL HNO3 (65% (w/w), p.a.,
erck, Darmstadt, Germany). Then, 35 mL HF (40% (w/w),

.a., Merck, Darmstadt, Germany) were added in small por-
ions in order to minimize the losses of SiF4. Series 2 (Table 2)
as prepared by slow dissolution of 50 mg pieces of Si-wafer

4 in. diameter, polished, 675 �m thickness; Silchem GmbH,
reiberg, Germany) in an acid mixture of 35 mL 40% (w/w)
F and 15 mL 65% (w/w) HNO3. The dissolution processes
ere carried out by the addition of small portions of Si to the

cid mixtures cooled to 1 ◦C in order to reduce the reaction rate
nd to minimize the evaporation of water and the loss of SiF4.
he concentrations of the used acids given in Tables 1 and 2
ere determined by titration. All masses given throughout this
aper were obtained by weighing (AT 200, Mettler-Toledo
G, Schwerzenbach, Switzerland). Only HDPE (high density
olyethylene) vessels were used for sample preparation and
torage.

The uncertainty of all given experimental values is given as
σ.

.2. Titration using an aqueous titrant

For titration 0.5 mL aliquots of the sample were weighed
nd diluted with deionized water (18 M�, Seral, Ransbach-
aumbach, Germany) to a total volume of 60 mL in a PE

polyethylene)-beaker. Titrant is 0.5 mol L−1 NaOH (diluted
rom 1 mol L−1 NaOH; Titrisol, Merck, Darmstadt, Germany).
he titer of this solution was determined by titration of 1 mol L−1

Cl (Titrisol, Merck, Darmstadt, Germany). The equivalence

oint is obtained from the first derivative of the titration curve.
or the calculation of the Si resp. H2SiF6 content a calibra-

ion corresponding to [7] was used. Titrations were performed
y computerized titrator of the type DL 70 using a HF resistant

s

NO3) (mol L−1) m(Si) (g) m(total) (g) w(Si) (mg g−1)

41 0.7054 62.3208 11.3
34 1.4040 62.8647 22.3
41 2.1110 63.4408 33.3
34 2.8082 63.7983 44.0
41 3.5022 63.2000 55.4
34 3.7733 65.2275 57.8
34 4.0285 65.2582 61.7
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lass electrode InLab 429 (Mettler-Toledo AG, Schwerzenbach,
witzerland).

.3. Titration using a non-aqueous titrant

Titrant is 0.1 mol L−1 solution of cyclohexylamine (CHA)
Merck, Darmstadt, Germany) in methanol (p.a., Merck, Darm-
tadt, Germany). The titer of the solution was frequently
easured by titration with 0.1 mol L−1 HCl (Titrisol, Merck,
armstadt, Germany). The developed titration method is
esigned for a total silicon concentration in the etch solution
f 0.56 mg mL−1. Therefore, a weighed aliquot of the etch solu-
ion has to be diluted. The required amount of water is calculated
rom the preceding titration of the total silicon content as written
bove.

For the acid–CHA titration 2 mL diluted sample solution,
mL deionized water and 40 mL ethanol (absolute p.a., Merck,
armstadt, Germany) were mixed in the titration beaker and
.5 g KCl (p.a., Merck, Darmstadt, Germany) were added.
he beaker was covered with parafilm “M” (laboratory film,
echiney plastic packaging, Chicago, USA) and cooled at
–8 ◦C for at least 2 h. The cold sample solution was then
itrated in the cold with 0.1 mol L−1 CHA solution using
he automated titrator DL 70 and a HF resistant glass elec-
rode.

.4. Determination of the total fluoride content using a
uoride ion-selective electrode

The total fluoride content in etch solutions is measured
ith a fluoride ion-selective electrode (F-ISE) (Mettler Toledo
mbH) and accompanying reference electrode. The F-ISE

equires a regular calibration. Calibration is made by at least
our fluoride calibration solutions between 2 and 2 × 10−4 g L−1

repared from NaF standard solution (Certipur 1000 mg/L Flu-
rid, Merck, Darmstadt, Germany). An aliquot of 50 mL from
he calibration solution and 5 mL TISAB solution (TISAB
II solution, Mettler Toledo GmbH, Urdorf, Schweiz) were
ixed.
One hundred microliters of the concentrated etch solu-

ions are weighed, diluted by 50 mL water, and titrated with
.1 mol L−1 NaOH to a final pH of 5 by means of an automated

itrator DL 70. This solution is transferred into a 200 mL flask
nd filled up with water. For the analysis 50 mL were transferred
n a titration beaker and 5 mL TISAB added corresponding to
he calibration conditions.

n

I
(

able 3
urvey about the developed titrimetric procedures for the determination of the individ

Method 1

tep 1 Acid–NaOH titration to determine the amount of total acid and

tep 2 Acid–CHA titration to determine the amount of HNO3

tep 3 Calculation of the amount of HF as difference between total aci
concentration, H2SiF6, and HNO3
ig. 1. Curve of the potentiometric titration of a 0.5 mL sample (0.7073 g Si
issolved in 35 mL HF and 15 mL HNO3) with 0.5 mol L−1 NaOH in water.

. Development of analytic methods for the
haracterization of etch solutions

.1. Survey about the developed methods

Table 3 gives a survey about the developed methods for the
etermination of the acid contents in etch solutions.

.2. Determination of the Si content by aqueous acid–base
itration

Fig. 1 shows a typical acid–base titration curve from which
he amount of dissolved silicon is calculated. The first equiva-
ence point (denoted as I in Fig. 1) results from the neutralization
f the protons of the three present acids according to Eqs. (2)–(4),
.e. the total acid concentration. The titrated amount of NaOH
etween the first and second equivalence point (denoted as II in
ig. 1) represents the amount of silicon, formally described as
eaction of Na2SiF6 to Si(OH)4 according to Eq. (5).

It had been shown in [7], that the linear relationship of Eq.
6) has to be used to calculate the molar amount of silicon,
Si (equivalent to the molar amount of H2SiF6, nH2SiF6 ) from
he consumed amount of NaOH between the second and first
quivalence point:
Si = nH2SiF6 = nNaOH − 0.06

4.06
(6)

t has to kept in mind that Eq. (6) is only valid for at least 1%
w/w) Si and as long as free HF is present [7]. This relation-

ual acids constituents in concentrated etch solutions

Method 2

H2SiF6

Determination of total fluoride content by F-ISE; the HF
amount is calculated as the difference between total fluoride
content and the fluoride content bound in H2SiF6

d Calculation of the amount of HNO3 as difference between
the total acid concentration, H2SiF6, and HF
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Fig. 2. Potentiometric titration curve of different acid mixtures with 0. 1 mol L−1

CHA as titrant. Each sample solution contains 40 mL acetone, each acid has a
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Fig. 3. Schematic drawing of a potentiometric titration curve of an ethanolic
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oncentration of 0.1 mol L−1: (a) 6 mL HNO3 and 6 mL water; (b) 6 mL HNO3,
mL HF and 4 mL water; (c) 6 mL HNO3, 2 mL HF, 2 mL H2SiF6 and 2 mL
ater.

hip holds not for supersaturated H2SiF6 solutions such for the
amples S2-F and S2-G.

.3. Description of method 1

.3.1. Determination of the HNO3 content using a
on-aqueous titrant

Common procedures to separate overlapping equivalence
oints are titrations in a non-aqueous media or the use of
on-aqueous titrants with a proper solvent having a dielectric
onstant different from that of water [8]. For the present sys-
em, solvents like methanol, ethanol, isopropanol, or acetone
ere found to be useful. Exemplarily for the mentioned organic

olvents, Fig. 2 shows the separation of the equivalence points
f HNO3 and HF by titration in an acetone–water media using
ethanolic CHA solution as titrant. Curve a in Fig. 2 shows

he titration curve of a only HNO3 sample as reference. Curve
represents the titration curve of a HF–HNO3 mixture. The

tronger acid HNO3 is fully titrated at the first equivalence point,
he amount of the weaker acid HF is given by the difference
etween the second and the first equivalence point. However,
his procedure fails if the acid mixture contains H2SiF6 (curve
).

As a consequence, H2SiF6 has to be eliminated from the acid
ixtures which is achieved by the precipitation of K2SiF6 in

thanolic solution and in the cold after addition of a defined
mount of KCl in excess with respect to H2SiF6:

2SiF6 + 2KCl → K2SiF6 + 2HCl (7)

his yields to an ethanolic solution of HNO3, HF, and an amount
f HCl equivalent to the amount of H2SiF6 according to Eq. (7) in
resence of the K2SiF6 precipitate. The titration of this solution
ith methanolic CHA solution results in two equivalence points
Fig. 3).
The first equivalence point (designed as I in Fig. 3) con-

ists of the sum of HNO3 and HCl, the strongest acids in this
ixture, as well as of a further contribution. The additional con-

c
m

n

F–HNO3–H2SiF6 acid mixture using a methanolic CHA solution as titrant.

2SiF6 was precipitated before the titration by the addition of KCl to the
thanolic acid mixture. For detailed explanation see text.

ribution arises from a shift of the first equivalence point to a
igher CHA volume (Fig. 2) that is observed by the addition
f 0.5 g KCl to a mixture of H2SiF6/H2O/ethanol. For this con-
tant molar ratio between Si and KCl of 5.95 × 10−3 the shift
eads to a constant recovery of HCl of 102% for the given Si
oncentration of 0.56 g L−1. It might be assumed that the precip-
tation of K2SiF6 is incomplete and a small amount of H2SiF6
s titrated with CHA that contributes to the first equivalence
oint.

Due to the sensitivity to small changes in the concentration of
2SiF6 the described method was optimized with respect to the

atio between the aqueous and ethanolic phase as well as to the
mount of KCl for a fixed silicon concentration of 0.56 mg mL−1

n the sample solution. It turned out, that an amount of 0.5 g KCl
n ethanolic solution is of advantage for the crystallization and
edimentation of the formed K2SiF6 since the excessive amount
f KCl precipitates as well.

Applying the method to synthetic sample solutions consisting
f HCl, HNO3, HF and 0.5 g KCl recoveries of (100.6 ± 1.2)%
m = 14) and (100.5 ± 1.4)% (m = 14) were obtained for HNO3
nd HF, respectively. In such synthetic samples the amount of HF
s represented by the difference between the second (designed
s II in Fig. 3) and the first equivalence point. However, the
etermination of the HF content fails for synthetic etch solu-
ions containing HNO3, HF, and H2SiF6 because the precipitated

2SiF6 which is present throughout the titration starts to react
ith the CHA titrant at a pH above 5.
The amount of HNO3 can be calculated using Eq. (8). Vari-

ble c denotes the concentration in mol L−1, v is the titrated
olume of CHA (in L) at the first equivalence point (1.EP).
he expression 1.02(cv)CHA, HCl describes the molar amount
f CHA necessary to titrate the fraction of formed HCl includ-
ng the recovery of 102%. The mass fraction of an individual
omponent is calculated using the initial weight and its molar

ass:

CHA,HNO3 = (cv)CHA,1.EP − 1.02(cv)CHA,HCl (8)
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Table 4
Determination of the H2SiF6 contents in series 1 and 2 by titration with NaOH
in aqueous solution (m denotes the number of analyses)

Sample m Recovery (%) w(H2SiF6) (mg g−1)

S1-A 4 97.3 51.2 ± 1.2
S1-B 3 96.8 87.3 ± 0.5
S1-C 4 96.7 118.1 ± 0.6
S1-D 4 99.0 148.8 ± 1.1
S1-E 4 97.2 181.0 ± 0.5
S1-F 3 97.3 209.5 ± 1.6
S1-G 4 97.3 238.6 ± 0.3

S2-A 5 99.3 57.7 ± 0.3
S2-B 4 99.6 114.1 ± 0.5
S2-C 5 99.6 170.1 ± 0.9
S2-D 4 99.7 225.1 ± 0.7
S2-E 4 100.5 285.8 ± 0.9
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sible since unknown amounts of undefined nitric oxides evolve
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ith

.02(cv)CHA,HCl = 2nH2SiF6 (9)

he result of the aqueous acid–base titration according to Eq.
6) is nH2SiF6 .

.3.2. Calculation of the HF content
The HF content is calculated from the contents of the total

cid and of H2SiF6 derived from the acid–base titration (Section
.2) and from the HNO3 content obtained from the CHA titration
Section 3.3.1):

HF = (cv)NaOH,1.EP − (cv)CHA,HNO3
− nH2SiF6 (10)

he expression (cv)NaOH,1.EP denotes the molar amount of
onsumed NaOH at the first equivalence point in the aque-
us acid–base titration, i.e. the total acid concentration. The
mount of HNO3 from the CHA titration is expressed by
cv)CHA,HNO3

. The amount of H2SiF6, nH2SiF6 , is obtained from
q. (6).

.4. Method 2

.4.1. Determination of HF content
According to the survey in Table 3, the HF content can be cal-

ulated if the H2SiF6 and the total fluoride contents are known.
he procedure for the determination of the total fluoride content
y F-ISE was described in Section 2.4. Essential is the addi-
ion of TISAB solution to adjust a certain ionic strength and

constant pH of 5 to convert all known complex HF species
nto free fluoride ions. Furthermore, Si4+ is re-complexed
nder cleavage of the SiF6

2− ion and liberating the fluoride
ons.

The molar amount of fluoride bound in HF, nF,HF, is obtained
y the difference between the molar amount of total fluoride
easured by F-ISE, nF,tot-ISE, and the fraction of fluoride bound

s H2SiF6, nF,H2SiF6 :

F,HF = nF,tot-ISE − nF,H2SiF6 (11)

ubsequently, nF,HF is converted by the initial weight and the
olar mass into the amount of HF, nHF.

.4.2. Determination of HNO3 content
The HNO3 content is calculated from the first equivalence

oint of the aqueous acid–base titration curve in analogy to the
etermination of HF with method 1:

HNO3 = (cv)NaOH,1.EP − nHF − nH2SiF6 (12)

. Discussion

.1. Determination of the silicon content by aqueous
cid–base titration
Table 4 displays the contents of H2SiF6 in the sample series
and 2 obtained by titration with NaOH in aqueous solu-

ion. The recoveries are calculated with respect to the initially
eighed amounts of silicon and SiO2 before dissolution. Series

d
r
c
2

2-F 5 99.4 294.9 ± 2.7
2-G 4 93.4 295.8 ± 2.1

(Table 4) is characterized by a quite poor recovery. It was
bserved that white vapor left the reaction vessel during the addi-
ion of HF to the HNO3/SiO2 mixture which can be attributed
o a loss of SiF4. In case of series 2 (Table 4) the recoveries
re much more satisfying and within the range of uncertainty of
he applied titrimetric procedure [6]. However, a loss of volatile
iF4 can never be excluded, even if the dissolution is carried out
t 1 ◦C.

.2. Determination of HNO3 content by both methods

.2.1. Series 1
The determination of the HNO3 content in sample series 1

an be used to validate the developed method since the disso-
ution of SiO2 in a HNO3–HF mixture gives no change in the
mount of HNO3. As shown in Table 5, the results of the HNO3
itration using methanolic CHA solution as titrant (method 1) are
lose to the initial values. A poor recovery was found for sam-
le S1-D. The highest uncertainty exhibits sample S1-C with
.2% (1σ). Apart from these values, the CHA titration gives a
elative uncertainty of about 1% (1σ) and recoveries of about
100 ± 1)%. Less satisfying are the results from the calculation
n method 2 which are significantly below the expected values.
ince the used electrode gives reliable values for fluoride stan-
ard solutions, the method appears less reliable for the studied
cid mixtures. The remarkable high uncertainties of the obtained
NO3 contents result from the propagation of uncertainty

ccording to Eq. (12). The major contributions stem from the
ontent of obtained by titration and the total fluoride content by
-ISE.

.2.2. Series 2
A calculation of the expected amount of HNO3 is not pos-
uring the dissolution of silicon in the HF/HNO3 mixtures. The
esults of the CHA titration with the values obtained from the
ombination of aqueous acid–base titration and F-ISE of method
are in reliable agreement (Table 6).
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Table 5
Determination of the HNO3 contents in samples of series 1 by method 1 and method 2 (m denotes the number of analyses)

Sample w(HNO3) initial (mg g−1) CHA titration (method 1) Calculated (method 2)

w(HNO3) analyzed (mg g−1) m Recovery (%) w(HNO3) analyzed (mg g−1) m Recovery (%)

S1-A 212.7 214.1 ± 1.4 3 100.6 200.9 ± 8.7 3 94.4
S1-B 214.5 212.5 ± 2.2 11 99.1 208.8 ± 7.2 3 97.3
S1-C 210.1 215.9 ± 4.7 4 102.8 197.3 ± 6.9 3 93.9
S1-D 206.1 214.7 ± 3.5 9 104.2 197.4 ± 8.8 3 95.8
S1-E 203.9 202.8 ± 1.6 4 99.5 193.8 ± 6.7 4 95.0
S1-F 201.4 200.1 ± 0.6 4 99.3 193.2 ± 7.0 3 95.9
S1-G 197.2 197.1 ± 2.5 4 99.9 193.5 ± 5.5 3 98.1

Table 6
Determination of the HNO3 contents in samples of series 2 by method 1 and
method 2 (m denotes the number of analyses)

Sample CHA titration (method 1) Calculated (method 2)

w(HNO3) analyzed
(mg g−1)

m w(HNO3) analyzed
(mg g−1)

m

S2-A 203.5 ± 1.2 2 197.4 ± 1.4 4
S2-B 184.6 ± 1.5 3 181.1 ± 3.2 3
S2-C 175.1 ± 5.3 3 168.7 ± 2.3 3
S2-D 143.4 ± 0.6 3 150.6 ± 1.6 4
S2-E 130.5 ± 3.0 4 136.5 ± 2.6 4
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Table 8
HF contents in samples of series 2 calculated via method 1 and method 2

Sample w(HF) (mg g−1)

Calculated via method 1 Calculated via method 2

S2-A 208.60 ± 2.3 210.26 ± 0.9
S2-B 161.63 ± 2.0 162.05 ± 1.6
S2-C 109.77 ± 2.3 108.7 ± 4.6
S2-D 69.11 ± 1.4 66.74 ± 0.9
S2-E 0.36 ± 1.3 10.87 ± 2.8
S
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2-F 116.3 ± 2.2 4 121.1 ± 0.7 3
2-G 121.2 ± 0.2 3 100.7 ± 1.2 3

.3. Determination of HF content by both methods

.3.1. Series 1
Table 7 summarizes the analytical results of the fluoride con-

ent analysis by both methods. The deviation between the two
ethods amounts to 3.4%.
The relative uncertainties for method 1, calculated from the

ropagation of the individual uncertainties, range between 1.5
nd 2.5%. The major contribution of the uncertainty comes from
he total acid content titration followed by the CHA titration to
etermine the HNO3 content. Although the mean relative uncer-
ainty of the total acid titration is about 0.8%, the absolute values
xceed that of the contribution from the CHA titration up to a
actor of 8. According to Table 4, the titrimetric determination

f H2SiF6 gives the highest values of relative uncertainty. This
esults mainly from the determination of the first equivalence
oint of the titration curve which is less pronounced than the
econd equivalence point. However, the absolute uncertainties

able 7
F contents in samples of series 1 calculated via method 1 and method 2

ample w(HF) (mg g−1)

Calculated via method 1 Calculated via method 2

1-A 212.6 ± 2.4 217.8 ± 2.4
1-B 178.3 ± 2.2 179.9 ± 0.9
1-C 146.9 ± 2.4 153.4 ± 0.7
1-D 115.6 ± 2.1 123.5 ± 2.0
1-E 91.0 ± 1.7 93.9 ± 1.3
1-F 61.2 ± 1.5 63.5 ± 1.5
1-G 37.7 ± 1.5 38.8 ± 1.0

t
o
p

5

a
H
o
c
p
m
o
p
i

2-F −2.54 ± 1.3 7.43 ± 2.7
2-G 3.04 ± 1.1 9.83 ± 2.1

f the H2SiF6 contents are so small that their impact on the
ncertainty of the HF content is negligible.

The calculated uncertainties of the HF content obtained by
ethod 2 result from the ISE determination. Although their rel-

tive uncertainties are below the ones from the H2SiF6 titration,
he absolute uncertainties exceed them by factors up to 4.

.3.2. Series 2
Both methods give results of acceptable agreement (Table 8)

f only the samples S2-A to S2-D are considered. Regarding the
alculated uncertainties the same statements are valid as in the
ection above.

The limitations of the developed methods are shown by the
amples S2-E to S2-G. S2-F and S2-G are over-saturated in their
ilicon content with respect to Eq. (1). Sample S2-E has a very
ow HF content. The involvement of three experimental values
o calculate the content of HF in Eq. (10) explains the very low
r even negative value for sample S2-F. At this point it is not
ossible to decide if the results obtained by method 2 are reliable.

. Conclusion

This paper presents the first description of two independent
nalytical methods for the robust determination of the contents of
2SiF6, HNO3, and HF in synthetic etch solutions. Both meth-
ds are based on the titrimetric determination of the total acid
ontent and the content of H2SiF6. In order to circumvent the
roblem of overlapping equivalence points in such complex acid

ixtures, a method using a non-aqueous titrant had been devel-

ped. This procedure allows a clear separation of the equivalence
oints of HF and HNO3. However, this method fails if H2SiF6
s present. After removing H2SiF6 by precipitation, the content



2 alant

o
fi
t
t

a
m
a
c
r
T
w
H
p

A

D

f
8
t
t

R

[
[

[

[

[
ceedings of the 20th EU-PVSEC, Barcelona, 2005, pp. 899–902.
26 A. Henßge, J. Acker / T

f HNO3 can be extracted from the obtained titration curve. The
nally calculated HF content is mainly affected by the uncer-
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These methods were developed for the needs of technical
pplication and with the option to be incorporated in an auto-
ated process control. The results of both methods agree within
limit of 3–5%. It becomes obvious that a value, which is cal-

ulated from two or more experimental results, has a poorer
ecovery due to error propagation than a directly measured value.
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bstract

The combination of capillary electrophoresis (CE) and light-emitting diode-induced fluorescence (LED-IF) detection has been demonstrated in
he analysis of major amino acids in tea leaves and beverages. The separation efficiency of amino acids, which were derivatized with naphthalene-
,3-dicarboxaldehyde (NDA), depended on the capillary length and PEO concentration. We suggested that the interactions between the NDA
erivatives and poly(ethylene oxide) (PEO) molecules are based on hydrogen bonding, hydrophobic patches, and Van der Waals forces. The
agnitude of EOF and the interactions between them can be further controlled by the capillary length. The separation of 17 NDA-amino acids

erivatives was completed within 16 min using 0.5% PEO and 60 cm capillary length. The relative standard deviations (R.S.D.) of their migration
imes (n = 5) were less than 2.7%. Additionally, the limits of detection at signal-to-noise ratio 3 for the tested amino acids ranged from 3.6 to

8.3 nM. Quantitative determination of amino acids in tea leaves and beverages was accomplished by our proposed method. This study showed
hat amino acid present in highest concentration in tea leaves and beverages is �-aminobutyric acid and theanine, respectively. The experimental
esults suggest that our proposed methods have great potential in the investigation of the biofunction of different tea samples.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Tea is one of the most widely consumed beverages in the
ord, second only to water and can be grouped into six cate-
ories which are black tea, green tea, Oolong tea, yellow tea,
hite tea, and dark compressed tea [1–6]. Compared with them,
reen tea has recently received much scientific attention because
f its medical and/or psychological effectiveness. Interestingly,
he amino acids contained in tea not only play an important role
n determining its taste and quality [7,8], but also have been
hown to influence the levels of norepinephrine and serotonin in

rain [9] and blood pressure [10]. For example, �-aminobutyric
cid (GABA), which is the main inhibitory amino acid neuro-
ransmitter in the mammalian central nervous system [11,12],

∗ Corresponding author. Tel.: +886 7 781 1151 604; fax: +886 7 782 6732.
E-mail address: sc126@mail.fy.edu.tw (M.-M. Hsieh).

u
(
a
e
t
c
i
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ne-2,3-dicarboxaldehyde; Tea

as been found to be associated with a decline in blood pressure
ith continuous drinking of anaerobically treated tea [13].
Due to biological and clinical significance of amino acids

ontained in tea, a variety of approaches have been devel-
ped to determine their concentrations in different kinds of
ea [14–16]. Since the most common amino acids do not con-
ain a chromophoric group, many of fluorescent dyes, such
s o-phthalaldehyde, phenylthiocarbamoyl chloride, fluores-
ein isothiocyanate, 4-fluoro-7-nitro-2,1,3-benzoxadiazole, and
aphthalene-2,3-dicarboxaldehyde (NDA) have been developed
or derivatization of amino acids. The high performance liq-
id chromatography (HPLC) with laser-induced fluorescence
LIF) is a common approach for the analysis of tea samples; the
mino acid can be studied at subfemtomole levels [17–21]. How-

ver, until now, HPLC analysis has been limited to long analysis
imes and often required large sample volumes [22]. By contrast,
apillary electrophoresis in conjunction with LIF has become
ncreasingly attractive for the determination of amino acids in
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ea samples because they provide many advantages, including
apidity, high resolution, sensitivity, flexibility, and small sam-
le volume required [23]. Unfortunately, LIF detection depends
n the use of bulky and expensive laser sources for sufficient
xcitation of analyte fluorescence, especially in UV-absorbing
nalytes. Light-emitting diodes (LEDs) are attractive as alterna-
ive light sources for CE due to small size, low cost, low power
onsumption, and available in a wide spectral range [24,25]; but,
he light from LEDs is divergent and non-monochromatic. It is
ifficult to focus light to small capillary column and a relatively
igh fluorescence background usually occurs. To overcome such
imitations, a representative focusing system consisting of a plas-
ic lens and an objective was constructed to allow light to be
ocused effectively onto small capillaries [20,25–29]. Without
equiring a focusing system, the determination of FITC-labeled
mino acids has been successful using a liquid-core waveguide
echnique with an LED source.

In this report, we introduced a sensitive and cost-effective CE
ethod for the analysis of major amino acids in different kinds of

ea using a violet-LED as source. By using poly(ethylene oxide)

PEO) as buffer additive and NDA as derivatizing reagent, the
imits of detection (LODs) at signal-to-noise (S/N) of three for

ost amino acids are down to nanomolar range. The improve-

ig. 1. Determination of NDA-amino acids derivatives (1 �M) by CE–LED-IF
n the presence of: (a) 0%, (b) 0.2%, (c) 0.5%, and (d) 1.0% PEO solutions. The
apillary was filled with 10 mM Na2B4O7 (pH 9.3) prior to separation. Elec-
rophoresis conditions: 40 cm capillary (30 cm to detector); applied voltage,
5 kV; hydrodynamic injection at 30 cm height for 10 s. A UV LED with emis-
ion maximum at 410 nm was used as an excitation source for NDA-derivatized
nalytes. Peak identities: 1, Arg; 2, Phe; 3, Thea; 4, GABA; 5, Ser; 6, Gly; 7,
lu. The analyte concentrations are all 1 �M.
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ent of separation efficiency was achieved by increasing the
apillary length, but at the expense of analysis time. The prac-
icality of the proposed method was further validated by the
etermination of amino acids in Taiwanese and Japanese tea
nfusions and tea beverages.

. Material and methods

.1. Chemicals

Arginine (Arg), tryptophan (Trp), tyrosine (Tyr), pheny-
alanine (Phe), leucine (Leu), isoleucine (Ile), histidine (His),
sparagine (Asn), threonine (Thr), theanine (Thea), valine (Val),
ethionine (Met), glutamine (Gln), GABA, serine (Ser), alanine

Ala), glycine (Gly), aspartic acid (Asp), proline (Pro), cysteine
Cys), lysine (Lys), NaCN, and Na2B4O7 were obtained from
igma (St. Louis, MO, USA). PEO (Mw 8,000,000 g/mol), HCl,
ethanol, and acetonitrile (ACN) were obtained from Aldrich

Milwaukee, WI, USA). NDA was purchased from Tokyo Chem-
cal Industry (Tokyo, Japan) and was prepared in methanol prior
o use for derivatization of amino acid. Buffer solutions are
0 mM Na2B4O7 at pH 9.3. All the prepared solutions were
tored at 4 ◦C and used within a week.

.2. CE–LED-IF system

The CE–LED-induced fluorescence (CE–LED-IF) system
CE/LED-IF, Model: 2100) was purchased from Pebio Scien-
ific Company (Taipei, Taiwan). A violet LED (InGaN; type
o. M053UVC; Monarchal Electronics; price: <US$ 2.0) with
luminous intensity of 300 mcd (operating current: 20 mA;
iewing angle: 2θ1/2 = 30◦; peak emission wavelength: 410 nm;
pectral half width: 15 nm) was purchased on the Taipei elec-
ronic market. Fused-silica capillaries (Polymicro Technologies,
hoenix, AZ, USA) with 75 �m i.d. and 365 �m o.d. were

ig. 2. Separation of NDA-amino acids derivatives using 60 cm capillary (50 cm
o detector) in the presence of 0.5% PEO solution. Peak identities: 1, Arg; 2,
rp; 3, Tyr; 4, Phe; 5, Leu; 6, Ile; 7, His; 8, Thea; 9, Met; 10, Gln; 11, GABA;
2, Ser; 13, Ala; 14, Gly; 15, Glu; 16, Lys; 17, Asp. The analyte concentrations
re all 1 �M (except for Lys 10 �M). Other conditions are the same as in Fig. 1.
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Fig. 3. Analysis of amino acids in tea leaves by CE–LED-IF in the presence of
0.5% PEO solution. The tea leaves were treated with: (a) 25, (b) 50, (c) 75, and
(
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d) 100 ◦C for 1 min. Peak identities: 1, Arg; 2, Trp; 3, Phe; 4, Leu; 5, Thea;
, Met; 7, Gln; 8, GABA; 9, Ser; 10, Ala; 11, Gly; 12, Glu; 13, Asp. Other
onditions are the same as in Fig. 2.

sed for amino acid separations without any further coating
rocess.

.3. Precolumn derivatization
Derivatization of amino acids with NDA was conducted in
.5 mL centrifuge tubes using a procedure modified from a pre-
ious report [27]. Equal volumes (50 �L) of 10 mM Na2B4O7,
0 mM NaCN (prepared in deionized water), and 10 mM NDA

(
a
a
e

able 1
ffect of PEO concentrations on the migration time, peak width, and resolution

nalytes PEO concentration

Migration time (min); R.S.D.% (n = 5) Res

0% 0.2% 0.5% 1.0% 0%

rg 1.46 (1.7) 1.77 (1.7) 2.04 (1.8) 2.11 (1.9) 4.5
he 2.28 (1.7) 2.27 (1.8) 2.78 (1.8) 2.83 (2.0) 1.2
hea 2.35 (1.8) 2.37 (1.8) 2.98 (1.9) 3.03 (2.0) 0.9
ABA 2.47 (1.9) 2.48 (2.0) 3.05 (2.1) 3.09 (2.2) 0
er 2.47 (1.9) 2.52 (2.1) 3.19 (2.1) 3.24 (2.3) 1.8
ly 2.63 (2.2) 2.63 (2.3) 3.35 (2.3) 3.40 (2.4) 12.8
lu 3.86 (2.3) 3.70 (2.4) 5.50 (2.5) 5.67 (2.7)

xperimental conditions are the same as in Fig. 1.
anta 73 (2007) 326–331

olutions were mixed with 50 �L of desirable concentration
f amino acids; the resulting mixture (200 �L) was diluted by
he addition of 300 �L deionized water. After gentle shaking,
he solution was reacted at room temperature for 30 min. The
erivative solution was injected for separation without additional
urification.

.4. Preparation of tea samples

The amino acids were released by immersing 4 g tea leaves
GABA tea, Chiayi, Taiwan) in 100 mL water at different tem-
eratures (25, 50, 75, and 100 ◦C) and infusion time (1, 5,
nd 15 Times). Subsequently, the mixture was centrifuged at
500 rpm for 5 min at room temperature. The resulting super-
atant (50 �L) was directly mixed with the derivatized solutions,
hich consists of 10.0 mM Na2B4O7 (50 �L), 10 mM NaCN

50 �L), 10 mM NDA (50 �L), and 99.8% ACN (200 �L). The
esulting mixtures were diluted with 100 �L deionized water
nd subsequently incubated at room temperature for 30 min.
he large biomolecules can be precipitated from the solution
ith ACN [30]. The same procedures were used for derivatiza-

ion of amino acids in tea beverages, including Taiwanese green
ea, Taiwanese red tea, and Japanese green tea.

.5. Electrophoresis procedure

Prior to analysis, the capillaries were treated overnight with
.5 M NaOH solution [20]. The derivatized standard samples
ere injected by hydrodynamic injection (30 cm height between

he injection and exit ends of the capillary) when the capillaries
lled with 10 mM Na2B4O7. After sample injection from the
node end, the two ends of the capillary were immersed in PEO
olutions (prepared in 10 mM Na2B4O7 at pH 9.3) and subse-
uently the separation was conducted at 15 kV. It is not required
o fill the outlet vial with PEO solution. We note that the injec-
ion of sample and the filling of PEO solution into the capillary
re not easily performed by pressure since the PEO solution
s very high viscosity polymer. Since the electro-osmotic flow

EOF) was greater than the electrophoretic mobilities of the
mino acid-NDA derivatives, the detection window was located
t 10 cm from the cathode end. After each run, the capillary was
quilibrated with 0.5 M NaOH at 1 kV for 10 min – to remove

olution Width (min)

0.2% 0.5% 1.0% 0% 0.2% 0.5% 1.0%

3.2 4.4 6.0 0.19 0.18 0.17 0.11
2.0 3.93 4.6 0.05 0.03 0.03 0.03
2.0 1.2 1.2 0.05 0.03 0.03 0.03
0.8 2.5 2.4 0.07 0.03 0.03 0.03
2.4 2.9 2.4 0.07 0.03 0.03 0.04

19.1 32.0 25.0 0.05 0.03 0.03 0.04
0.07 0.04 0.05 0.07
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Table 2
Quantitative determination of amino acids in tea leaves in different heating temperatures and infusion times

Amino acid Regressiona Correlation coefficient (R2) Concentration (�M) (R.S.D.%, n = 5)

Temperature (◦C) Infusion timesb

25 50 100 1 10 15

Trp y = 0.3841x + 0.7786 0.9942 4.71 (1.8) 13.50 (1.7) 36.36 (1.9) 86.11 (2.3) 6.28 (2.3) 2.17 (2.3)
Phe y = 1.4786x + 0.3748 0.9912 0.88 (1.8) 2.49 (1.8) 7.10 (1.9) 15.94 (2.5) 0.73 (2.4) 0.75 (2.3)
GABA y = 1.1782x + 4.1462 0.9956 27.16 (2.3) 77.67 (2.0) 204.87 (2.2) 52.83 (2.7) 7.61 (2.8) 3.12 (2.6)
Ser y = 0.8623x + 2.4816 0.9914 15.65 (2.3) 46.20 (2.1) 121.61 (2.3) 147.66 (2.7) 5.59 (2.8) 3.60 (2.7)
Ala y = 0.8655x + 4.4301 0.9965 29.07 (2.5) 117.19 (2.4) 325.80 (2.3) 119.21 (2.9) 8.88 (2.9) 7.50 (2.6)
Gly y = 1.1968x + 3.6934 0.9986 23.45 (2.6) 71.99 (2.3) 175.62 (2.5) 364.20 (2.9) 13.23 (3.0) 4.36 (2.7)
Glu y = 1.3465x + 4.1506 0.9953 9.92 (2.7) 30.76 (2.6) 67.05 (2.8) 107.26 (3.0) 2.98 (3.3) 1.31 (2.9)
A .8)
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sp y = 1.2444x + 2.6724 0.9927 4.55 (2

a y represents peak height (v) and x represents the concentrations of spiked an
b The heating temperature was set at 100 ◦C.

EO molecules and to generate the bulk EOF – and then filled
ith 10 mM Na2B4O7 buffer. This treatment process was quite

uccessful at generating constant bulk EOF mobility; the rela-
ive standard deviation (R.S.D.) from five consecutive runs was
elow 1.5% [31]. For the analysis of tea leaves and tea bever-
ges, a standard addition method was conducted to determine
he concentration of amino acids.

. Results and discussion

.1. Effect of PEO

When using PEO solution as buffer additive, we have found
hat the separation efficiency can be improved significantly by
he optimization of PEO concentration, ionic strength of PEO
olution, and the electrolytes used to fill a capillary. The adsorp-
ion of PEO molecules on the capillary wall can be reduced by
lling a capillary with a solution at high pH and high ionic

trength [32]. Based on our previous results [33], we have
earned that 1.5 M Tris–borate (pH 10) is proper to fill a capil-
ary. To prevent serious PEO adsorption that leads to slow EOF
nd thus a long separation time, PEO solutions at concentra-

b
o
r
i

able 3
omparison of the concentration of amino acids in three different tea beverages

ea beverage Amino acids Regressiona

aiwanese Trp y = 0.3582x + 1.4286

reen tea GABA y = 0.4508x + 1.0638
Gly y = 0.153x + 7.4994
Asp y = 1.0945x + 3.4116

apanese Trp y = 0.9865x + 4.6826

reen tea GABA y = 0.448x + 0.2212
Gly y = 2.8178x + 1.6628
Asp y = 1.4483x + 4.7544

aiwanese Trp y = 0.7807x + 0.9041

ed tea GABA y = 0.7558x + 3.9422
Gly y = 0.5004x + 8.5030
Asp y = 1.0659x + 3.9036

a y represents peak height (v) and x represents the concentrations of spiked analyte
17.95 (2.9) 43.66 (3.0) 61.98 (3.1) 1.92 (3.4) 1.06 (3.2)

s.

ions above 1.0% were not tested in this study. The separations
f NDA derivatives of seven amino acids – Arg, Phe, Thea,
ABA, Ser, Gly, and Asp – were evaluated in the presence
f 0–1.0% PEO (10 mM Na2B4O7 at pH 9.3) at 15 kV using
40 cm capillary. In the absence of PEO, the electrophero-

rams depicted in Fig. 1a indicate that GABA- and Ser-NDA
erivatives were not resolved. Oppositely, all of the seven amino
cid-NDA derivatives were successfully separated in the pres-
nce of 0.5% PEO solution (Fig. 1c). The resolution values
or the pairs of GABA/Ser NDA-derivatives were 0, 0.8, 2.5,
nd 2.4 in the presence of 0, 0.2, 0.5, and 1.0% PEO, respec-
ively. The separation efficiency, enhanced by PEO molecules, is

ainly due to the interactions of the NDA derivatives with PEO
olecules through hydrogen bonding, hydrophobic patches, and
an der Waals forces. The increases in resolution observed with

he increasing PEO concentration in the separation buffer could
e also related to the decreases in EOF caused by the presence
f PEO in the separation buffer. Another reason is that band

roadening and analyte adsorption could be reduced by the use
f viscous PEO solution. However, once PEO concentrations
eached above 0.5% PEO, we did not see further improvements
n peak efficiency, but at the expense of separation times [27]. In

Correlation coefficient
(R2)

Concentration (�M)
(R.S.D.%) (n = 5)

0.9942 4.0 (2.4)

0.9934 2.4 (2.6)
0.9965 49.0 (3.1)
0.9924 3.1 (3.2)

0.9916 4.7 (2.9)

0.9968 0.5 (2.7)
0.9912 0.6 (3.0)
0.9964 3.2 (3.3)

0.9963 1.2 (2.4)

0.9957 5.2 (2.6)
0.9912 17.0 (2.7)
0.9975 3.7 (3.2)

s.
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ig. 4. Analysis of amino acids in three different tea beverages by CE–LED-IF
b) Japanese green tea, and (c) Taiwanese red tea, respectively. Peak identities:
ly; 12, Glu; 13, Asp. Other conditions are the same as in Fig. 2.

ontrast to their sensitivity, a decrease in fluorescence signal was
bserved when 1.0% PEO was used as buffer additive. This is
ecause that high background signal resulted from the high con-
entration of PEO solutions. Thus, we chose to use 0.5% PEO
or this study. On the other hand, the broad peak for Arg was
bserved in all the electropherograms. The band broadening is
aused by the multiple labeling of Arg with NDA derivatization.
nother reason is that the secondary amine found in Arg does
ot react with NDA, resulting in the interaction between the Arg
nd capillary wall. The R.S.D. values of the migration times for
he analytes are <2.7% (n = 5) as listed in Table 1 when using
.5% PEO solution as buffer additives.

.2. Effect of capillary length

To achieve better separation efficiency, the capillary length
as extended to 60 cm. It is well known that the resolution is pro-
ortional to the square root of capillary length [34]. It is implied
hat a 1.5-fold increase capillary length would increase resolu-
ion by a factor of only 1.2. Interestingly, we obtained improved
esolution between GABA and Ser from 0.1 to 0.7 by changing
he capillary length from 40 to 60 cm. We point out that, unlike
tandard CE methods, the capillary length dependence of resolu-
ion is due to dynamic bulk EOF and the interactions between the
nalytes and PEO molecules. Thus, we suggested that the reso-
ution can be enhanced by varying the capillary length. Except

f Pro, Val, Asn, Tyr, and Lys, Fig. 2 shows that separation of 17
mino acids was achieved within 16 min using 0.5% PEO solu-
ion. It is well known that the secondary amine of Pro does not
eact with NDA. Additionally, the maximum excitation wave-

m
o
w
a

e presence of 0.5% PEO. The tea beverages include: (a) Taiwanese green tea,
; 2, Trp; 3, Phe; 4, Leu; 5, Thea; 6, Met; 7, Gln; 8, GABA; 9, Ser; 10, Ala; 11,

ength of NDA-Lys is 460 nm, which is not appropriate to use
iolent LED as detection source [35]. Although the peak over-
aps among Asn, Thea, and Thr, as well as between Val and Met
ere observed, the concentration of Val, Tyr, and Asn in tea

ample is relatively low as compared to Thea. Thea consists of
ne half of all amino acids that are found in tea [15]. Under this
eparation condition, the LODs at a S/N ratio of 3 were estimated
y the detection of 0.1 �M amino acids. The LODs for Arg, Trp,
he, Ser, Ala, Gly, Glu, and Asp were 22.1, 28.3, 4.5, 18.2, 6.7,
.7, 3.6, and 3.6 nM, in sequence. However, the baseline resolu-
ion cannot be achieved in the analysis of the other amino acids.
he R.S.D. values of their migration time are less than 2.7%.
he results suggest that the combination of CE–LED-IF system
nd appropriate derivatizing reagents hold great potential for
he analysis of biological samples that contain trace amounts of
mino acids.

.3. Analysis of major amino acid in tea leaves and
everages

With high separation efficiency and sensitivity, our proposed
ethods have been further considered to test a complex sample.
o demonstrate this potential, we determined the concentrations
f major amino acids in tea leaves and beverages. When com-
ared with the other CE separation methods corresponding to
apillary zone electrophoresis and micellar electrokinetic chro-

atography, a small matrix effect was observed in the analysis

f amino acids in tea samples (data not shown). The amino acids
ere obtained by immersing tea leaves in water at 25, 50, 75,

nd 100 ◦C) for 1 min, respectively. After derivatization of amino
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cids with NDA, the samples were injected at 30 cm height for
0 s and separated at 15 kV under the optimal conditions. As
xpected, the electropherograms displayed in Fig. 3 demon-
trated that greater amounts of the amino acids were infused
o water with increasing temperature. By applying the standard
ddition method, Table 2 shows that good linearity for each ana-
yte was obtained in the concentration range over 3 × 10−7 to
.2 × 10−6 M, with correlation coefficients (R2) > 0.9910. The
oncentrations of eight amino acids (Trp, Phe, GABA, Ser, Ala,
ly, Glu, and Asp) in tea leaves prepared at different temper-

tures are also listed in Table 2. In comparison, the relatively
igh concentrations of GABA (204.8 �M) and Ala (325.8 �M)
ere observed in tea leaves. The concentration of Thea in tea

amples has been not obtained due to the peak overlap between
le and Thea. We also observed that the concentrations of the
mino acids decreased with increasing the infusion time. The
esults listed in Table 2 display that the concentrations of the
mino acids after 15 times infusion are at least 40-fold dilution
n comparison of the first infusion.

Next, we compared the species and concentrations of amino
cids in three different tea beverages, including Taiwanese green
ea, Japanese green tea, and Taiwanese red tea (Fig. 4). Interest-
ng, the relatively high concentration of Thea corresponding to
eak 5 was observed. By applying a standard addition method,
e determine the concentrations of Trp, GABA, Gly, Asp,

nd the results are listed in Table 3. The within-run precision
repeatability) of the methods was satisfactory as indicated by
he fact that the R.S.D. values for the quantitative results are less
han 3.5% from five replicated analyses.

. Conclusions

A simple, rapid, and sensitive method was developed for the
nalysis of amino acids in tea leaves and beverages. By using
.5% PEO and 60 cm capillary length, 16 NDA-amino acids
erivatives were completely resolved within 16 min. We sug-
est that PEO molecules not only affect the magnitude of EOF
ut also interact with the analytes. As a result, the separation
fficiency can be enhanced. We also found that the highest con-
entration of amino acid in tea leaves and beverages is GABA
nd Thea, respectively. In comparison of the use of laser source,
he LODs for amino acids, which were obtained using LED
ource, are good enough for determination of their concentra-
ion in biological samples. Thus, the use of CE–LED-IF should
e commonly accepted because of the consideration of cost. We
uggested this proposed method provides the following advan-
ages: (a) the resolution and speed can be optimized by varying

he capillary length; (b) the use of CE–LED-IF is relatively
heap as compared to laser source; (c) a small matrix effect
as observed using PEO as separation media; (d) this method

hould be performed under stacking conditions.
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bstract

Mesoporous titanium dioxide as a novel solid-phase extraction material for flow injection micro-column preconcentration on-line coupled
ith ICP-OES determination of trace metals (Co, Cd, Cr, Cu, Mn, Ni, V, Ce, Dy, Eu, La and Yb) in environmental samples was described.
ossessing a high adsorption capacity towards the metal ions, mesoporous titanium dioxide has found to be of great potential as an adsorbent for

he preconcentration of trace metal ions in samples with complicated matrix. The experimental parameters including pH, sample flow rate, volume,
lution and interfering ions on the recovery of the target analytes were investigated, and the optimal experimental conditions were established.
nder the optimized operating conditions, a preconcentration time of 90 s and elution time of 18 s with enrichment factor of 10 and sampling

−1 −1
requency of 20 h were obtained. The detection limits of this method for the target elements were between 0.03 and 0.36 �g L , and the relative
tandard deviations (R.S.D.s) were found to be less than 6.0% (n =7, c =5 ng mL−1). The proposed method was validated using a certified reference
aterial, and has been successfully applied for the determination of the afore mentioned trace metals in natural water samples and coal fly ash
ith satisfactory results.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Heavy metal pollution has become a worldwide problem
or environmental protector. Based on the contributing factors,
eavy metal pollution caused by the city can be separated into
wo types. One is formed with air and another is with water
s a carrier of heavy metals [1]. And heavy metals can easily
nter the food chain through a number of pathways and cause
rogressive toxic effects due to gradual accumulation in liv-
ng organisms during their life span and long-term exposure
o the contaminated environment. Whilst, since rare earth ele-

ents (REEs) were valuable indicators of many geochemical
rocesses, including the evolution of earth’s mantle and crust,

agma genesis, sedimentary petrology and ore genesis, geolo-

ists and geochemists have investigated REEs in natural samples
uch as natural water, ore (coal), marine particulate and rock ref-

∗ Corresponding author. Tel.: +86 27 87218764; fax: +86 27 68754067.
E-mail address: binhu@whu.edu.cn (B. Hu).
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039-9140/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
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olumn preconcentration; Trace elements; Environmental samples

rence materials, etc. [2]. In view of that, there is need to develop
monitoring technique for heavy metal and REEs in nature water
nd some geological samples to gaining more information for
nvironmental protector and geologists.

However, direct determination of trace elements at low
oncentrations by modern inductively coupled plasma optical
mission spectrometry (ICP-OES) is often difficult, not only
ecause of the insufficient sensitivity of the methods, but also
ecause of matrix effects. Recently, the coupling of flow injec-
ion (FI) on-line micro-column separation and preconcentration
echniques to ICP-OES has been proved to be a good idea [3,4].
his combination not only provides an improvement in detec-

ion limits and reduces the interference from matrix, but also
ignificantly enhances the analytical performance of the meth-
ds [5–7]. In comparison with their off-line batch counterparts,
hese systems have a number of significant advantages for trace

etermination—greater efficiency, lower consumption of sam-
le and reagent, improved precision, possibility of working in a
losed system with a significant reduction of airborne contami-
ation, and increased sampling frequency.
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On-line column preconcentration systems coupled with ICP-
ES are based on retention of the analytes in micro-column
acked with adsorbent that determines the sensitivity and the
electivity of the analytical method. Therefore, new adsorbent is
xplored and searched actively in SPE technique. Many adsorp-
ion materials, such as organic chelate resin, C18-bonded silica
el [8–10], activated carbon [11], activated alumina [12,13] and
icrocrystalline material [14] are used in this technology. More

ecently, nanometer-sized materials [15–19], C60–C70 fullerene
nd its derivative [20–22], multiwalled carbon nanotubes [23,24]
ere also explored for this purpose.
Since its discovery in 1992, mesoporous materials have

ained interest throughout the scientific community [25,26].
hese kinds of materials possess large surface area, meso-
orous structure, very tight pore size distributions and hence
egarded as attractive candidates for a wide range of applica-
ions including shape-selective catalysis [27], sorption of large
rganic molecules [28] and chromatographic separations [29].
he potential of mesoporous material as adsorbent could be
iewed in three perspectives: (1) As a new nanometer mate-
ial with unsaturated surface atoms that can bind with other
toms, it possess highly chemical activity, very high adsorp-
ion capacity and selective adsorption of metal ions. (2) Due
o its large surface area, mesoporous material provides more
ctive sites, this would result in achieving quantitative adsorp-
ion in short time. (3) By virtue of mesoporous structure, fast
dsorption and desorption could be obtained. Recently, Feng et
l. [30] reported a new material of functionalized monolayerson
esoporous (FMMS) supports which could remove heavy met-

ls from natural water by modifying mesoporous material with
-mercapto-propytrimethoxysilane. Xu et al. [31] synthesized
n organofunctional silane monolayer which has been prepared
n the surface of Ti MCM 41 and found that it was an effective
dsorbent for Pb2+, Cd2+, Zn2+, Cu2+, Mg2+ and Na+. Recently,
ome modified mesoporous silicas are synthesized and used for
dsorbing Hg, Cd or Pb ions [32–36]. All these facts mentioned
bove clearly indicate that mesoporous material may have great

nalytical potential as a solid-phase extraction adsorbent for
etal ions.
Owing to its high-surface-area, nontoxic and highly catalysis

nd steady, mesoporous titanium dioxide has been used widely

s
e
t
b

Fig. 1. Characterization of mesoporous TiO2 po
73 (2007) 274–281 275

or gas sensing [37], photocatalysts [38], photoelectrodes [39]
nd solar energy conversion [40]. However, to the best of our
nowledge, no research works on the use of mesoporous titanium
ioxide as a sorbent material for adsorption of trace metals and
ts application in trace analysis have been reported. In this work,

esoporous titanium dioxide was synthesized and was used as
he packing materials for flow injection on-line micro-column
eparation/preconcentration ICP-OES simultaneous determina-
ion of trace metals in environmental samples.

. Experimental

.1. Synthesis of mesoporous titanium dioxide

.1.1. Apparatus and reagents
Ultrasonic oscillator (Shengyuan Instrument Factory, Shang-

ai, China) and a 7312-I electric agitator (Master Pattern Factory,
hanghai, China) were used in the synthesis procedure.

X2-6-13 muffle furnace (Yingshan Yahua Instrument Factory,
ubei, China) was used to achieve the desired temperature.
All reagents used, including tetrabutyl titanate, H3PO4 and

thanol, were of analytical reagent grade. Doubly deionized
ater (DDW) was prepared by an apparatus purchased from

he Park-Rich International Co. Ltd. (Hong Kong, China), and
as used throughout the all experiments.

.1.2. Synthesis procedure
The method used for synthesis of mesoporous titanium diox-

de was based on the procedure reported in Ref. [41]. Briefly,
.6 g of tetrabutyl titanate was dissolved in 32 mL of absolute
thanol by stirring. The rapid hydrolysis of tetrabutyl titanate
ould be controlled effectively by using ethanol as the solvent.
fter 15 min, 0.48 mL of 2.0 mol L−1 H3PO4 was added. The

esulting suspension was stirred for 3 h at room temperature,
ollowed by the addition of 5 mL DDW under vigorous stirring.
he solution was stirred for an additional 2 h to obtain the sol

olution, it is then followed by the vaporization of water and
thanol at about 78 ◦C. The resulting solid product was exhaus-
ively washed with DDW and ethanol, dried in vacuum drying
ox at 80 ◦C overnight, and then calcined at 500 ◦C for 3 h.

wders by TEM and nitrogen adsorption.
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ing to waste. And in elution step, pump P2 was activated while
the injection valve turned to the elution position to propel eluent
through the column reversedly for eluting the analyte retained
on the column. In this instance, the continuous impact on the sor-
76 C. Huang et al. / Ta

.1.3. Characterization of mesoporous titanium dioxide
A TEM pattern of mesoporous titanium dioxide, which was

hown in Fig. 1, was obtained using a Transmission Electron
icroscope (JEM-100CX, Japan). It can be seen that there

re particles possessing pore structure with particle size of
0–30 nm. The nitrogen adsorption and desorption isotherms
t 77 K were measured on an auto N2 adsorption instrument
ASAP 2010, Micrometrics, USA) after samples were degassed
t 120 ◦C. The result shows the BET surface area of mesoporous
iO2 is 206 m2/g and the average pore width is 7.5 nm, which

s closed to results of the Ref. [41] whose BET surface area is
27 m2/g and the average pre width is 8.9 nm.

.2. Preconcentration and determination

.2.1. Apparatus
Intrepid XSP Rasial ICP-OES (Thermo. USA) with a con-

entric model nebulizer and a cinnabar model spray chamber
as used for the determination. The optimum operation con-
itions were summarized in Table 1. The pH values were
ontrolled with a Mettler Toledo 320-S pH meter (Mettler
oledo Instruments Co. Ltd., Shanghai, China) supplied with a
ombined electrode. A WX-3000 microwave accelerated diges-
ion system (EU Chemical Instruments Co. Ltd., Shanghai,
hina) was used for sample digestion. An IFIS-C flow injection

ystem (Ruimai Tech. Co. Ltd., Xi’an, China) and a self-
ade PTFE micro-column (20 mm × 4.0 mm i.d.) packed with
esoporous titanium dioxide were used in the on-line separa-

ion/preconcentration process.

.2.2. Standard solution and reagents

The stock standard solutions (1 g L−1) of metal ions (V, Cr,

o, Mn, Ni, Cu and Cd) were prepared by dissolving appropri-
te amounts of NH4VO3, Cr(NO3)3·9H2O, Co(NO3)2·6H2O,
nSO4, NiSO4·(NH4)2SO4·6H2O, CuSO4·5H2O and

able 1
peration parameters of Intrepid XSP Rasial ICP-OES

F generator power 1150 W
requency of RF generator 27.12 MHz
oolant gas flow rate 14 L min−1

arrier gas flow rate 0.6 L min−1

uxiliary gas 0.5 L min−1

bservation height 15 mm
olution uptake rate 1.0 mL min−1

ax integration times (s) 15

nalytical wavelength (nm)
Cd 326.106
Ce 413.380
Co 238.892
Cr 283.563
Cu 324.754
Dy 353.170
Eu 381.967
La 408.672
Mn 257.610
Ni 341.476
V 309.311
Yb 328.937

F
I
t
C
I

73 (2007) 274–281

d(NO3)2 (The First Reagent Factory, Shanghai, China)
n DDW, respectively; the stock standard solutions (1 g L−1)
f other metal ions (La, Y, Yb, Eu and Dy) were prepared by
issolving their Specpure oxides (Shanghai Reagent Factory,
hanghai, China) in dilute HCl, and diluting to a certain
olume with DDW. Working solutions were prepared daily by
ppropriate dilutions of stock solutions. All reagents used were
nalytical-reagent grade. DDW was used throughout.

.3. Micro-column preparation

A total of 50 mg of mesoporous titanium dioxide was filled
nto a PTFE (Shanghai Jinyou-Tech Co. Ltd., Shanghai, China)

icro-column (20 mm × 2.0 mm i.d.) plugged with a small por-
ion of glass-wool (Yichang Yafeng Co. Ltd., Yichang, China) at
oth ends. Before use, methanol and DDW were passed through
he column in sequence in order to clean it. Then, the column
as conditioned to the desired pH with 0.1 mol L−1 NH4NO3
uffer solution.

.4. General procedure

The operation sequence of the FI on-line column preconcen-
ration and determination is shown in Fig. 2. In preconcentration
tep, pump P1 was activated, so that the sample was drawn
hrough the column; the effluent from the column was flow-
ig. 2. FI manifold and operation for on-line preconcentration/separation and
CP-OES determination. (a) Preconcentration/separation step and (b) elu-
ion/introduction step. For details see text. S, sample; E, elution; W, waste;
, micro-column packed with mesoporous TiO2; P1, P2, peristaltic pumps; ICP,

CP-OES.
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ent could be avoided. Then, the eluting solution was introduced
nto the ICP-OES for determination.

.5. Sample preparation

(i) Soil. The certified reference material of GBW07401 (GSS-
1) soil was provided by the Institute of Geophysical and
Geochemical prospecting, Langfang, China. 0.0500 g of
GBW07401 (GSS-1) was weighed and placed into PTFE
digestion vessel. After adding 4 mL of HNO3, 1 mL of
HClO4 and 1 mL of HF (The First Reagent Factory, Shang-
hai, China), the vessel was capped and shaken for 3 min to
allow thorough mixing of the sample and acids. The vessel
was then place on the turntable. The operation parameters
for the microwave digestion was as follows: 2 min at 8 atm
and 600 W; 3 min at 12 atm and 800 W; 8 min at 16 atm
and 800 W [42]. The blank solution was prepared under the
same mixed acids and microwave program. After digestion,
the vessel was cooled in air to room temperature. And then,
the digest was filtered and transferred into 100 mL of flask,
adjusted to pH 8.5 and diluted to calibration with DDW for
analysis.

(ii) Water. Water samples, including river water, lake water,
pond water and well water were obtained from Wuhan,
China. After collecting, they were filtered through a
0.45 �m membrane filter (Tianjing Jinteng Instrument Fac-
tory, Tianjin, China), acidified to pH of about 1 with
concentrated HCl prior to storage for use. Before use, the
pH value was adjusted to 8.5 with 0.1 mol L−1 HCl and
0.1 mol L−1 NH3·H2O.

iii) Coal fly ash. 0.0500 g of coal fly ash (provided by coal-
fired power plant, Whuhan, China) were weighed and put
into PTFE digestion vessel. After adding 4 mL of HNO3,
1 mL of HClO4 and 1 mL of HF, the vessel was capped and
shaken for 3 min to allow thorough mixing of the sample
and acids. The vessel was then place on the turntable. The
operation parameters for the microwave digestion was as
follows: 2 min at 8 atm and 600 W; 3 min at 12 atm and
800 W; 8 min at 16 atm and 800 W [42]. The blank solution
was prepared under the same mixed acids and microwave
program. After digestion, the vessel was cooled in air to
room temperature. And then, the digest was filtered and
transferred into 100 mL of flask, adjusted to pH 8.5 and
diluted to calibration with DDW for analysis.

. Results and discussion

.1. Selectivity and probably adsorptive mechanism of
esoporous titanium dioxide to metal ions

pH value play a great role in the SPE procedure. An appro-
riate pH value can not only improve the adsorption efficiency,
ut also depress the interference of the matrix. The adsorption

ehavior of various metal ions on mesoporous titanium diox-
de was studied according to the general procedure by using
n analytical mixture of 100 �g L−1 each metal. Fig. 3 is the
ependence of adsorption percentage of tested metal ions on the

e
0
e
e

ig. 3. The dependence of adsorption percentage of tested metal ions on pH.

H. It can be seen that the adsorption percentage of the analytes
ncreased with an increase in pH. The experimental results also
how the possibility of concentrating these metal cations simul-
aneously at a constant pH value. Thus, the pH 8.5 was used
hroughout.

Two types of hydroxyl groups are suggested to exist on the
urface of titanium dioxide [43]. One kind of hydroxyl group
s assumed to be bound to one Ti4+ site (terminal OH) and the
ther is bound to two Ti4+ sites (bridged OH). Since the bridged
OH) should be strongly polarized by the cations, it is expected
o be acidic in character, whereas the terminal (OH) could be
redominantly basic. Both of them participate in the adsorptive
rocess of metal cations (see Fig. 4). In acidic condition, parts of
etal ions may be adsorbed on the surface of titanium dioxide

y exchange with bridged (OH) (reaction 1). It is a reversible
eaction. It indicates that the adsorption percentage of titanium
ioxide to metal ions could enhance with the increase of pH,
amely, with decrease of the concentration of [H+], the reversible
eaction would shift to the right. While the pH values higher
han the IEP of titania (6.2), the oxide surface is covered with
H groups and is negatively charged [44]. As a result, the termi-
al OH also becomes active towards cation adsorption (reaction
). The adsorption mechanism of mesoporous titanium dioxide
owards metal ions (Fig. 4) may be proposed on the basis of our
esults: where L is ligand and Mn+ is a metal cation.

.2. The optimization of elution conditions

With respect to the stripping of target analytes from the meso-
orous titanium dioxide packed microcolumn, HCl/HNO3 was
mployed. We found that 1–2.5 mol L−1 HCl/HNO3 was suffi-
ient for quantitative recovery of all the metals. In this work,
mol L−1 HCl was chosen.

The elution volume and the elution flow rate could affect the
fficiency of the elution heavily. The influence of the elution
olume on recovery for triplicate determination of the target
nalytes at concentration of 100 �g L−1 was investigated. The
esult shows that 0.3 mL HCl (2 mol mL−1) was sufficient for
omplete elution. And we also found that quantitative recov-

ries could be obtained with elution flow rate varying among
.2–1.2 mL min−1. Thus, the elution volume of 0.3 mL and the
lution flow rate of 1.0 mL min−1 were used in the following
xperiments.
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Fig. 4. The adsorptive mechanism of mesoporous titanium dioxide to metal ions.

Table 2
Comparison of sorption capacities (mg g−1)

Element Mesoporous
TiO2

Multiwalled carbon
nanotubes [23,24]

Nano-sized TiO2

[15,16]
Amberlite XAD-2
(Pyrogallol) [8]

High surface area
ZrO2 [6]

Silica gel
(ATDAT) [9]

Cu 8.1 – 6.89 4.5 <5 0.96
Mn 22.3 4.86 2.12 4.5 <5 –
Cd 8.1 6.89 – 5.2 <5 3.92
Co 13.9 – – 4.1 <5 0.59
Ni 8.6 7.42 1.98 4.1 <5 0.94
Cr 14.8 – 7.58 – <5 –
V 13.1 – – – <5 –
La 21.3 8.30 10.4 – – –
Eu 19.5 9.43 12.1 – – –
Ce 13.8 – – – – –
Dy 16.7 – 8.8 – – –
Y
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f
son, the adsorption capacity data of mesoporous TiO2 and other
methods reported in the literatures [6,8,9,15,16,23,24] were also
listed in Table 2. As can be seen, generally, the capacity of

Table 3
Effect of coexisting ions on the adsorption of analytes

Coexisting ions Tolerance limit of ions (mg L−1)

K+ 10,000
Na+ 8 ,000
Ca2+, Mg2+ 5 ,000
Al3+ 1 ,000
b 26.5 8.57 12.8

.3. The effect of sample flow rate and sample volume

The sample flow rate should be optimized to ensure quanti-
ative retention along with minimization of the time required
or sample processing. It was found that the flow rate in
he range of 0.5–2.5 mL min−1 had no significant effect on
he recoveries of the studied ions. It means that the adsorp-
ion kinetics of the mesoporous titanium dioxide is very
xcellent to the studied ions. For further experiments, a
ample flow rate of 2.0 mL min−1 was applied. Since the sam-
le volume was 3 mL, a sample loading time of 90 s was
mployed.

In order to obtain higher enrichment factor, a large volume
f sample solution was required. It was found that quantitative
ecoveries for all analytes were obtained when sample volumes
ere less than 30 mL. So an enrichment factor of 100 could be

chieved by this method. It should be pointed out that 30 mL
ample loading would take a longer time and thus resulting in
low sampling frequency. To trade off the enrichment factor
nd analytical speed, a sample volume of 3 mL and an elution
olume of 0.3 mL were used, so that an enrichment factor of
0 and a sampling frequency of 20 h−1 were obtained in this
ork.

F
Z
S
S

– – –

.4. Adsorption capacity and regeneration

Adsorption capacity is an important factor to evaluate,
ecause it determines how much mesoporous titanium diox-
de is required to quantitatively concentrate the analytes from a
iven solution. The method used in capacity study was adapted
rom that recommended by Maquieira et al. [45]. For compari-
e3+ 40
n2+ 20
O4

2−, H2PO− 2 ,000
iO3

2− 1 ,000
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Table 4
The analytical performance data of the on-line FI-ICP-MS system

Co Cd Cr Cu Mn Ni V Ce Dy Eu La Yb

LOD (�g L−1) 0.09 0.36 0.17 0.12 0.06 0.28 0.11 0.35 0.10 0.07 0.16 0.03
R.S.D.s (%) (n = 7, c = 5 �g L−1) 2.9 5.7 3.5 4.9 2.9 5.4 2.5 6.0 3.8 2.1 3.6 2.7
Sampling frequency (h−1) 20
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be easily desorbed. Hence, Mesoporous titanium di oxide has
found to be of great potential as an adsorbent for the pre-
concentration of trace metal ions in samples with complicated
matrix.

Table 5
Analysis of certified material of GBW07401 (GSS-1) soil sample (mean ± S.D.,
n = 3)

Element Certified (�g g−1) Determined (�g g−1)

Co 14.2 ± 1.5 14.0 ± 1.2
Cd 4.3 ± 0.6 3.2 ± 0.4
Cr 62 ± 6 63 ± 2
Cu 21 ± 2 21.6 ± 1.9
Mn 1760 ± 98 1755 ± 40
Ni 20.4 ± 2.7 20.1 ± 1.3
V 86 ± 6 85 ± 2
Ce 70 ± 5 67 ± 6.8
Dy 4.6 ± 0.3 4.4 ± 0.4
Eu 1.0 ± 0.1 0.9 ± 0.1
La 34 ± 3 31 ± 3
Yb 2.7 ± 0.4 2.6 ± 0.3

Table 6
Determination of metal ions in coal fly ash (mean ± S.D., n = 3)

Sample (coal
fly ash)

Contents
(�g g−1)

Added Found (�g g−1) Recovery (%)

Cu 39.6 ± 2.3 20 56.7 ± 3.8 95.1
Co 7.4 ± 0.6 20 25.6 ± 1.6 93.4
Cr 36.5 ± 2.4 20 57.1 ± 2.2 101.6
Cd nd 20 18.8 ± 1.4 94.0
V 79.6 ± 4.6 20 97.8 ± 6.6 98.2
Mn 250.2 ± 24.1 20 268.4 ± 20.2 99.2
Ni 38.4 ± 2.6 20 57.2 ± 3.1 97.9
Ce 194.6 ± 7.1 20 200.5 ± 18.2 93.4
La 135.6 ± 6.8 20 147 ± 11.3 94.8
nrichment factor

esoporous titanium dioxide is significantly higher than other
eported adsorbents.

It is imperative to investigate the change in the adsorption
apacity of mesoporous titanium dioxide after several adsorp-
ion/elution steps. Based on the analysis conducted, it was
bserved that, mesoporous titanium dioxide is highly stable with
ong column life time, enabling more than one hundred of load
nd elution cycles to be performed without loss of analytical per-
ormance. Our results indicate that mesoporous titanium dioxide
s a suitable substance for multi-element-extraction procedures
nd effective matrix separation.

.5. Co-existing ions interference

The study of interference by other coexisting ions, such as K+,
a+, Ca2+, Mg2+, Al3+, Fe3+, and Zn2+, on the preconcentration

nd determination of analytes were examined under the optimum
onditions described above using the FI-ICP-OES set up shown
n Fig. 2. The results summarized in Table 3 show that the method
as a good tolerance to interference.

.6. Analytical performance

Under the optimized operating conditions, a preconcentra-
ion time of 90 s and elution time of 18 s with enrichment factor
f 10 and sampling frequency of 20 h−1 were obtained. The
etection limits (evaluated as the concentration corresponding
o three times the standard deviation of 11 runs of the blank
olution) along with the relative standard deviations (R.S.D.s)
n = 7, c = 5 ng mL−1) for the targets analytes by on-line FI-ICP-

S system are summarized in Table 4. As could be seen, the
etection limits are from 0.03 ng L−1 for Yb to 0.36 ng L−1

or Cd with R.S.D.s ranging from 2.1% for Eu to 6.0%
or Ce.

.7. Sample analysis

The accuracy of the proposed method was tested by deter-
ining certain metal ions in a certified reference material. The

nalytical results were given in Table 5. As can be seen, the
etermined values were in good agreement with the certified
alues.

The proposed method was also applied to the determination of

nalytes in coal fly ash and water samples (river, pond, well and
ake). The analytical results and the recoveries for the spiked
amples were given in Tables 6 and 7. It can be seen that the
ecovery for the spiked samples is between 86.7 and 110.2%.

E
D
Y

n

10

.8. Conclusion

A simple, rapid and reliable method was developed for the FI
n-line preconcentration and ICP-OES determination of trace
etal ions in environmental samples by using mesoporous tita-

ium dioxide as micro-column packing material. The adsorption
ehavior of metal ions on mesoporous titanium dioxide has
een studied systematically, and it was found that Mesoporous
itanium dioxide possesses a high adsorption capacity towards
he metal ions, and the analytes retained on its surface can
u nd 20 17.9 ± 1.3 89.5
y 5.8 ± 0.6 20 23.5 ± 1.8 91.1
b 3.8 ± 0.2 20 22.1 ± 1.9 92.9

d: not detected.
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Table 7
Determination of trace metals in water samples (mean ± S.D., n = 3, unit = �g L−1)

Elements River water Lake water Pond water Well water

Added Found Recovery (%) Added Found Recovery (%) Added Found Recovery (%) Added Found Recovery (%)

Cu 0 4.7 ± 0.4 – 0 4.0 ± 0.3 – 0 3.5 ± 0.2 – 0 3.8 ± 0.5 –
20 24.7 ± 2.0 100.0 20 23.0 ± 1.4 95.8 20 22.4 ± 1.7 95.3 20 24.5 ± 1.6 102.9

Co 0 3.1 ± 0.3 – 0 2.9 ± 0.2 – 0 1.9 ± 0.2 – 0 3.4 ± 0.3 –
20 20.8 ± 1.7 90.0 20 21.1 ± 1.3 92.1 20 22.1 ± 1.6 100.9 20 21.3 ± 1.5 91.0

Cr 0 3.5 ± 0.4 – 0 2.0 ± 0.2 – 0 2.2 ± 0.2 – 0 2.7 ± 0.2 –
20 22.1 ± 1.1 94.0 20 19.7 ± 1.9 89.5 20 20.1 ± 1.6 90.5 20 19.7 ± 1.9 86.7

Cd 0 nd – 0 nd – 0 nd – 0 nd –
20 19.1 ± 2.1 95.5 20 18.9 ± 1.2 94.9 20 19.9 ± 1.5 99.9 20 18.8 ± 1.1 92.4

V 0 8.0 ± 0.7 – 0 8.7 ± 0.8 – 0 7.4 ± 0.5 – 0 24.1 ± 2.1 –
20 27.9 ± 2.7 99.6 20 26.9 ± 2.4 93.7 20 24.7 ± 2.1 90.1 20 45.6 ± 2.6 103.4

Mn 0 8.2 ± 0.7 – 0 7.1 ± 0.5 – 0 3.9 ± 0.3 – 0 4.7 ± 0.5 –
20 25.4 ± 1.8 90.1 20 26.8 ± 1.7 98.8 20 22.7 ± 1.9 94.9 20 22.5 ± 1.6 91.1

Ni 0 2.3 ± 0.3 – 0 5.4 ± 0.4 – 0 1.7 ± 0.2 – 0 3.4 ± 0.2 –
20 22.1 ± 2.1 99.1 20 24.8 ± 1.1 97.6 20 20.8 ± 1.7 96.3 20 21.1 ± 1.3 90.2

Ce 0 nd – 0 nd – 0 nd – 0 nd –
20 19.8 ± 2.1 99.0 20 18.8 ± 1.4 94.0 20 19.5 ± 1.2 97.5 20 20.7 ± 1.3 103.5

La 0 4.4 ± 0.3 – 0 3.2 ± 0.3 – 0 1.9 ± 0.2 – 0 2.5 ± 0.3 –
20 22.7 ± 1.3 93.0 20 21.6 ± 1.0 93.1 20 18.9 ± 1.7 86.3 20 22.3 ± 1.3 99.1

Eu 0 nd – 0 nd – 0 nd – 0 nd –
20 21.3 ± 2.1 106.5 20 19.7 ± 1.2 98.5 20 18.2 ± 1.3 91.0 20 20.2 ± 1.1 101.0

Dy 0 2.7 ± 0.2 – 0 3.2 ± 0.3 – 0 1.4 ± 0.1 – 0 1.2 ± 0.1 –
20 21.4 ± 1.9 94.3 20 23.5 ± 1.8 101.3 20 21.2 ± 1.5 99.1 20 21.7 ± 1.9 102.4

Yb 0 4.5 ± 0.2 – 0 3.8 ± 0.2 – 0 3.0 ± 0.3 – 0 4.6 ± 0.4 –

n
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20 27.0 ± 1.6 110.2 20 24.7 ± 1.3 103.8

d: not detected.
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bstract

Non-aqueous size exclusion chromatography (SEC) of polystyrenes (as model analytes) is examined using the microscale molar mass sensor (�-
MS) for detection. The �-MMS is combined with SEC to demonstrate this simultaneously universal and molar mass selective detection method

or polymer characterization. The �-MMS is based on measuring the refractive index gradient (RIG) at two positions (upstream and downstream)
ithin a T-shaped microfluidic channel. The RIG is produced from a sample stream (eluting analytes in the mobile phase) merging with a mobile
hase stream (mobile phase only). The magnitude of the RIG is measured as a probe beam deflection angle and is related to analyte diffusion
oefficient, the time allowed for analyte diffusion from the sample stream toward the mobile phase stream, and the bulk phase analyte refractive
ndex difference relative to the mobile phase. Thus, two deflection angles are measured simultaneously, the upstream angle and the downstream
ngle. An angle ratio is calculated by dividing the downstream angle by the upstream angle. The �-MMS was found to extend the useful molar mass
alibration range of the SEC system (nominally limited by the total exclusion and total permeation regions from ∼100,000 g/mol to ∼800 g/mol),

o a range of 3,114,000–162 g/mol. The injected concentration LOD (based on 3 s statistics) was 2 ppm for the upstream detection position. The
oint-by-point time-dependent ratio, termed a ‘ratiogram’, is demonstrated for resolved and overlapped peaks. Within detector band broadening
roduces some anomalies in the ratiogram shapes, but with highly overlapped distributions of peaks this problem is diminished. Ratiogram plots
re converted to molar mass as a function of time, demonstrating the utility of SEC/�-MMS to examine a complex polymer mixture.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Informative polymer characterization is important to many
pplications [1]. Polymer behavior depends on both the physi-
al and the chemical properties of the individual polymer chains.
he most commonly studied properties relate to molar mass
f the polymer. There are several techniques currently used to
etermine molar mass averages and distributions for polymer
amples. One of the most well-known methods for obtain-
ng molar mass information is size exclusion chromatography
SEC). A recent review contains an excellent overview to many

EC detection techniques including light scattering, viscometry,
nd mass spectrometry [2]. These detection approaches, while
roviding considerable information for many applications, face

∗ Corresponding author.
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combination of differing molar mass sensitivities, and/or sig-
ificant sample preparation, and/or long analysis time, and/or
ncompatibilities with certain polymer/solvent systems.

Refractive index (RI) detection is an attractive technique for
olymer characterization because of its universality, and often,
cceptable sensitivity. The universality of RI detection allows
early all polymer samples to be separated by SEC and detected
ith little or no sample preparation (albeit in a suitable sol-
ent). RI detection is often employed to provide a signal response
hat is proportional to the polymer concentration, but typically
equires one of the other detection methods stated above to pro-
ide molar mass data (i.e., molar mass and polymer distribution
nformation). Recently, we developed a dual-beam refractive
ndex gradient (RIG) detector, referred to here as the microscale-
olar mass sensor (�-MMS), that has been shown to be a molar
ass-sensitive universal detector that implements microfluidics

3,4]. The �-MMS applies a microfabricated device that uti-
izes microfluidics with laminar flow generated concentration
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radients that are probed in such a way as to provide diffusion
oefficient information of the detected sample. In so much as the
nalyte diffusion coefficient correlates to analyte molar mass,
hich is often the case with polymer analyses, the data from

he �-MMS can be readily calibrated to provide molar mass
nformation. Thus, the molar mass information provided by the
-MMS is not absolute and depends upon calibration, whereas
olar masses obtained using an on-line light scattering detector

re absolute. Even though the �-MMS requires a new calibra-
ion for different polymer types, solvent or system parameters,
t can be precisely tuned to span essentially any desired mass
ange. Here, we report the examination of the �-MMS in com-
ination with the non-aqueous SEC separation of polystyrene
tandards.

Refractive index gradient detection for small volume detec-
ion of flowing liquids, as is the situation with the �-MMS,
s based on monitoring the deflection of a laser probe beam
y a concentration gradient created by a flowing sample plug,
hich in turn produces a RIG [5–12]. The �-MMS signal

ransduction mechanism is dependent upon the formation of a
oncentration gradient between a sample stream (coming from
he SEC column) and a receiving stream containing the SEC

obile phase using a T-shaped flow channel. The microfluidic
hannel arrangement utilized by the �-MMS is essentially the
ame as that pioneered by Yager and co-workers (i.e., with the
uorescence-based T-sensor) [13,14]. The microfabricated flow

hannel allows two streams, the sample stream and the receiv-
ng stream, to merge at the junction of the T, as illustrated in
ig. 1. The difference between the two merging streams is that

he sample stream contains the eluting analyte(s) within a host

ig. 1. Schematic representation of the �-MMS detector is shown. Two diode
aser beams with radius, r0, which are transmitted by fiber optic cables and
ollimated by GRIN lenses probe the main channel of the T-junction. The sample
tream (dark for illustration) merges with the mobile-phase stream (light for
llustration) and flow down the main channel. The merging of these two streams
roduces a concentration gradient (i.e., refractive index gradient) that deflects the
robe beams. Each deflection is detected by a PSD. The angles of deflection, θA

nd θB, can be related as a ratio to give polymer diffusion coefficient information
hat is readily correlated to polymer molar mass.

u
R
l
t
s
p
m
S
y

t
i
c
r
e
u
v
a
c
w
a
o
b
d
p

2

H
[

ta 73 (2007) 287–295

olvent (mobile phase), while the receiving stream contains only
ost solvent (mobile phase). Upon reaching the junction of the
, the two streams merge sufficiently under laminar conditions
nd flow parallel to each other down the central channel of the
. After merging, the analytes begin to diffuse from the sam-
le stream into the receiving stream, producing a concentration
radient across the central channel of the T. The concentration
radient is perpendicular to the flow and creates a RIG. As the
nalytes travel through the central channel their diffusion gradu-
lly reduces the ‘sharpness’ of the initial RIG across the channel.
hus, the change in the RIG for a given polymer is dependent
pon its diffusion coefficient, and thus, dependent on its molar
ass.
The �-MMS uses two collimated small-diameter probe

eams to optically interrogate the RIG at two positions along
he central channel of the T. The two positions are termed the
pstream and the downstream position. The upstream position is
ocated a short distance after the merge point, before appreciable
iffusion occurs. The downstream position is a user-selected dis-
ance farther away from the merge point. Interaction of a given
robe beam with the analyte RIG results in the beam being
eflected toward the fluidic region of higher RI. The deflec-
ion angles at each probe position (upstream and downstream)
re recorded on position-sensitive detectors (PSDs), and subse-
uently reported in microradians (�rad). The ratio of the two
robe beam deflection angles, the downstream divided by the
pstream, is a measure of the change in the ‘sharpness’ of the
IG, and thus contains diffusion coefficient information. Ana-

ytes that diffuse more rapidly, quickly reduce the sharpness of
heir RIG, while analytes that do not, remain with a relatively
harp RIG. Therefore, for a homologous series of analytes (e.g., a
articular class of polymers), the larger molar mass analytes have
ore intense downstream signals, and thus higher angle ratios.
maller molar mass analytes, with large diffusion coefficients,
ield small ratio values.

This report focuses on the examination and application of
he �-MMS for non-aqueous SEC. Initial studies are aimed at
llustrating the ability of the �-MMS to extend the traditional
alibration range of SEC columns (i.e., log molar mass versus
etention time). The angle ratio values provided by the �-MMS
xtend the useful molar mass calibration range of the SEC col-
mn to include both the total permeation and total exclusion
olumes. We further evaluate the detector by examining the
ngle ratios calculated using maximum peak height. The con-
ept of peak height angle ratios is extended to span the entire
idth of the chromatogram creating a ‘ratiogram’, in which the

ngle ratio is plotted as a function of the elution time axis. The
bservation and consequences of band broadening that occurs
etween the upstream and downstream detection positions are
iscussed in relation to the ratiogram of resolved and overlapped
eaks.

. Experimental
The �-MMS chip was fabricated using isotropic etching with
F in a procedure that has previously been described in detail

3], with the T channel of the chip illustrated in Fig. 1. The
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ample and receiving stream inlets of the T were fabricated to
ave dimensions 1 cm long × 100 �m wide × 200 �m deep and
he main flow channel to have dimensions 5 cm long × 500 �m
ide × 200 �m deep. The 200 �m depth of the T channel cor-

esponds to the path length for the collimated probe beams.
The sample and receiving stream were driven by two syringe

umps (Isco, �LC 500, Lincoln, NE, USA). The sample stream
assed through an eight-port auto injection valve (Rheodyne,
ab PRO, Rohnert Park, CA, USA) that allowed for the injec-

ion of sample, fitted with a 5 �l sample loop. After the injector,
he sample stream passed through a 30 cm × 1 mm ID Supel-
osil column packed with 5 �m silica particles with 12 nm pores
Supelcosil LC-SI 5 �m, Bellafonte, PA, USA). This column
erved adequately for SEC separations as is reported herein.
EEK tubing (Upchurch Scientific, Oak Harbor, WA, USA) was
sed to connect the syringe pumps to and from the injector, col-
mn, and �-MMS. The tubing was interfaced to the �-MMS
ia Nanoport Assemblies (N-126S, Upchurch Scientific, Oak
arbor, WA, USA).
Two collimated probe beams were set up to pass through

he main flow channel of the T, one at the upstream position
rior to significant diffusion and one at the downstream posi-
ion after diffusion had occurred, as illustrated in Fig. 1 [3].
he upstream beam position was 0.25 cm downstream from the
erge point. The downstream position was selected such as to

rovide an 18 s time difference at the volumetric flow rate used
n the SEC separations (7.5 �l/min). The two collimated probe
eams originated from a 635 nm single mode diode laser (Thor
abs, S1FC635, Newton, NJ, USA) that is attached to a 1 × 2
ingle mode fiber optic coupler. The coupler has an FC connector
t the input and bare fibers as the outputs (Newport, F-CPL-1x2-
PT-50-10-NN, Irvine, CA, USA). Each bare fiber is connected

o a GRIN lens (Newport, LGI630-2, Irvine, CA, USA) before
he resulting beam passes through the channel orthogonal to the
irection of flow. The beam deflections were recorded by two
SDs (Hamamatsu USA, Bridgewater, NJ, USA). The signals
rom both the upstream and downstream PSDs were recorded
ith a National Instruments DAQ board (SCD-68, Austin, TX,
SA) connected to a PC. A LabVIEW (National Instruments,
CD-68, Austin, TX, USA) program, written in-house, con-

rolled injection and data acquisition. The microfabricated chip,
nd PSDs were all mounted on three-dimensional translational
tages (Melles Griot, MicroLab Translational Stages, Irvine,
A, USA) that allowed for precise alignment.

Polystyrene (PS) standards (Polymer Laboratories, Amherst,
A, USA) with low polydispersity were dissolved in methylene

hloride (EMD Chemicals, Gibbstown, NJ, USA) at ∼400 ppm.
ethylene chloride was used as the mobile phase for all SEC

eparations. Single polystyrene samples were used for probe
eam optimization and angle ratio calibration. Polystyrene mix-
ures were made for further analysis. The beam optimization was
erformed by incrementally adjusting each probe beam posi-
ion across the detection channel of the T as shown in Fig. 1

n order to achieve maximum overlap between the RIG and the
eam radius, and therefore optimal detection sensitivity [15].
he collimated probe beams emanated from the GRIN lenses

hat were mounted on high precision x–y–z translational stages

p
t
a
m
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Newport, 460-x-y-z, Fountain Valley, CA, USA) allowing for
recise adjustment. Each PSD provides a real-time measure of
he deflection distance of each probe beam (via calibration as
reviously reported) [4]. Since the distance from the PSDs to the
icrofluidic channel is known (0.95 m), the deflection angles at

he upstream (θA) and downstream (θB) are readily measured
nd calculated, as illustrated in Fig. 1.

A MATLAB (Mathworks, Natick, MA, USA) program was
ritten in-house to model the experimental data (chromato-
raphic peaks obtained by the SEC separation). This simulation
rogram output exponentially modified Gaussian (EMG) peak
hapes using retention time, peak height, peak width at 10%
f the height, and the asymmetry factor as variables. Both real
EC/�-MMS data and simulated SEC/�-MMS data were ana-

yzed with ORIGIN 5.0 (Microcal Software, Northampton, MA,
SA) and MATLAB software (Mathworks, Natick, MA, USA).

. Results and discussion

Earlier studies by our group have focused on using the �-
MS as an independent microfluidic sensor, and constructing
rigorous theoretical model to predict the ratio (downstream

ignal/upstream signal) using experimental parameters [3]. The
ngle ratio, R, is defined as the downstream deflection angle, θB,
ivided by the upstream deflection angle, �A, as seen in Fig. 1.
he theoretical model culminated in the following equation,
hich described the angle ratio, R, in terms of the interrogating
eam radius, r0, the time between stream merger and upstream
etection, tA, the time between stream merger and downstream
etection, tB, and the diffusion coefficient of the analyte, D.

ngle ratio (R) =
(

r2
0 + 8DtA

r2
0 + 8DtB

)1/2

= θB

θA
(1)

Note that tB > tA and as a result the ratio becomes smaller as
becomes larger. A more thorough discussion of the theoretical
odel has been reported previously [3].
Before discussing the angle ratio versus molar mass calibra-

ion, it is useful to provide an example of the typical data obtained
ia the �-MMS. Fig. 2A shows the upstream and downstream
ngle data for SEC chromatograms of PS standards detected
ith the �-MMS. The signal from just the upstream or down-

tream signal alone is very similar to traditional RI detectors.
he chromatograms were collected at a flow rate of 7.5 �l/min.
he three peaks in Fig. 2A are 170,800 g/mol, 10,680 g/mol,
nd 1060 g/mol polystyrene standards at 522 ppm, 615 ppm, and
26 ppm, respectively. Each sample injection yields two chro-
atograms, one upstream and one downstream. In the figure, the

ownstream chromatograms have been shifted up in time 18 s
the time delay between the two detection positions). Essen-
ially, two chromatograms are obtained simultaneously with a
8 s delay. The high resolution in this chromatogram allows for
he analytes’ angle ratio per Eq. (1) to be calculated from either

eak area or peak height. For the data in Fig. 2A, averages of
he area-based and height-based angle ratios for each analyte
re, within experimental error, equivalent to each other. Because
any of the remaining mixtures analyzed in the current report
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Fig. 2. SEC/�-MMS chromatograms run at 7.5 �l/min. (A) The detected upstream (Up) and downstream (Down) signals. The three PS standard peaks with molar
masses are labeled 170,800 g/mol, 10,680 g/mol, and 1060 g/mol, with injected concentrations of 522 ppm, 615 ppm, 726 ppm, respectively. The downstream signal
has been shifted 18 s up in time for alignment. The height-based angle ratios, R, are included beside each peak. (B) The same peaks as shown in (A) with lower
concentrations for the LOD study. The chromatograms are offset by 2 �rad and 4 �rad, respectively, for clarity. The three peaks are 170,800 g/mol, 10,680 g/mol,
a 4 ppm
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nd 1060 g/mol PS standards, with injected concentrations 28 ppm, 33 ppm, 6
70,800 g/mol, 10,680 g/mol, and 162 g/mol PS standards, with R values. (D)
9,880 g/mol, 5030 g/mol and 1060 g/mol.

o not have baseline resolution, the height-based ratios are more
enerally applicable. The ratio values from peak height are listed
djacent to the peaks in Fig. 2A.

We now investigate the limit of detection (LOD) for
his SEC/�-MMS system. Fig. 2B shows the upstream and
ownstream angle data collected for one 5 �l injection of a sam-
le containing 170,800 g/mol, 10,680 g/mol, and 1060 g/mol
olystyrene standards at 28 ppm, 33 ppm, and 64 ppm, respec-
ively. For clarity, the upstream chromatogram is shown offset
�rad and the downstream chromatogram is offset 2 �rad from
sample blank chromatogram. The average injected concentra-

ion LOD (3 s of the baseline noise) was 2 ppm for the three PS
tandards shown in Fig. 2B in the upstream chromatogram. Since
he baseline noise is generally equivalent for the two detection

ositions, the downstream LOD is equal to the upstream LOD
or a particular analyte scaled by the angle ratio value of that
nalyte. Thus, the downstream LOD is larger than the upstream
OD.

m
i
r
m

, respectively. (C) Upstream and downstream signals for SEC separation of
�-MMS chromatograms of five PS standards: 1,373,000 g/mol, 63,350 g/mol,

Fig. 2C and D shows additional examples of the upstream
nd downstream data for SEC chromatograms of PS stan-
ards detected with the �-MMS. The chromatogram in Fig. 2C
sed a similar mixture to Fig. 2A and B, but with a different
hird PS standard, a mixture of 170,800 g/mol, 10,680 g/mol,
nd 162 g/mol PS standards at respective concentrations of
48 ppm, 414 ppm, and 665 ppm. The height-based angle ratios
re listed adjacent to each peak. Fig. 2D contained five PS
tandards: 1060 g/mol, 5030 g/mol, 19,880 g/mol, 63,350 g/mol,
nd 1,373,000 g/mol at respective concentrations of 224 ppm,
44 ppm, 218 ppm, 220 ppm, and 175 ppm. The benefit of calcu-
ating height-based ratios rather than area-based ratios becomes
pparent with this sample. The chromatographic resolution is
nsufficient to determine the peak areas, however, the peak
axima are more accurately quantified. Inspection of Eq. (1)
ndicates the angle ratios allow for a qualitative analysis of the
elative diffusion coefficient (and therefore an analysis of molar
ass) of the PS standards.
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Fig. 3. The calibrations at a flow rate of 7.5 �l/min using 13 PS standards span-
ning 162–3,114,000 g/mol. Data were collected in triplicate. The error bars
represent plus and minus one standard deviation. (A) Traditional SEC cali-
bration of log molar mass vs. retention volume; (B) height-based angle ratio
calibration (log molar mass vs. angle ratio) with increased information at the
high and low molar mass ranges; (C) comparison of relative diffusion coeffi-
E.M. Humston et al. /

At first, the information the angle ratios provide may appear
o be redundant with the information given by traditional cali-
ration of the PS standards’ SEC elution volume behavior (i.e.,
t constant flow rate, log molar mass versus retention time plots).
owever, upon closer inspection of the last PS standards eluting

n Fig. 2A and C we notice that the ratio value provides ana-
yte distinguishing selectivity, even though the two standards
1060 g/mol and 162 g/mol) both elute very near each other (in
he total permeation limit for the SEC separation). The useful
alibration range of an SEC separation is limited by the pore
ize of the particles within the column. Analytes that are totally
xcluded or totally permeating cannot be distinguished from one
nother with SEC alone. The PS 162 and 1060 g/mol standards
ould be difficult to distinguish due to their similar retention

imes. However, the difference in the two standards’ diffusion
oefficients allows the �-MMS to easily distinguish the two
ince the angle ratio values are 0.30 versus 0.40.

In order to more clearly demonstrate the utility of the �-
MS to provide complementary information relative to the

raditional SEC retention time calibration, a dual calibration
as performed. The calibration was performed using 13 nar-

owly distributed PS standards that covered the mass range
f 162–3,114,000 g/mol. The first calibration is the traditional
pproach for SEC, with log molar mass plotted versus retention
olume, in which the retention time for the upstream angle data
as converted to retention volume using the mobile phase flow

ate of 7.5 �l/min, and is shown in Fig. 3A. The column used for
he SEC separations has a 5 �m particle diameter with nominally
12 nm average pore diameter. The regions of total exclusion

nd total permeation create a calibration that does not effec-
ively distinguish PS molar mass greater than ∼100,000 g/mol
r less than ∼800 g/mol, which can be seen by the significant
hange in slope beyond these points. It does not appear that the
nalytes in the total exclusion region are all eluting at the same
etention volume. Although the polymers are likely larger than
he biggest pores of the stationary phase, there may be a hydro-
ynamic chromatography mechanism in the interstitial medium
nfluencing the separation [16]. It is also possible that the ana-
ytes in the lower mass region have not quite reached the region
f total permeation as their elution volumes are not identical.

If the same upstream angle data is evaluated with the down-
tream angle data, a log molar mass versus angle ratio calibration
s produced, by calculating the angle ratio using Eq. (1). The
-MMS based calibration is presented in Fig. 3B using the
eight-based angle ratio for each individually injected PS stan-
ard. Note that PS standards eluting within the totally excluded
nd totally permeating range are more easily distinguished by
heir angle ratios in Fig. 3B, then they are in the retention time
ased calibration in A. We acknowledge that other SEC columns
ay have molar mass calibration ranges greater than that of

he column used in this report. However, the �-MMS could be
uned to extend the range of any of these columns into either
he total exclusion or permeation range, and sometimes both

3]. While it may seem this procedure merely replaces one rela-
ive calibration method with another, there is the added benefit
f exceptional mass resolution with the �-MMS compared to
EC methods. The �-MMS parameters can be readily tuned to

cients as determined using Drel, ratio (Eq. (2)) using tA = 2 s, tB = 20 s, the angle
ratios obtained in the calibration, and PS 19,880 g/mol as the reference polymer,
and Drel, molar mass (Eq. (4)) using b = 0.5, and PS 19,880 g/mol as the reference
polymer.
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istinguish differences between analytes of the same mass with
ifferent diffusion coefficients, as we have previously reported
4].

The angle ratio can, in principle, be combined with knowl-
dge of r0, tA, and tB, to calculate the analyte diffusion
oefficient using Eq. (1) in a rearranged form, as has been
emonstrated in a previous report from our group [3]. By rear-
anging Eq. (1), we now examine the diffusion coefficients
btained from the measured angle ratios. In practice this is not
n easy task as accurately measuring the beam radius r0 is not
rivial [3]. However, relative diffusion coefficients, Drel, ratio, is
asily determined as all other parameters are readily obtained.
he following equation provides Drel, ratio for one polymer (i)

elative to a reference polymer (ref):

rel, ratio = Di

Dref
=
(

1 − R2
i

tBR2
i − tA

)(
tBR2

ref − tA

1 − R2
ref

)
(2)

Likewise, diffusion coefficients can be calculated from a gen-
ral equation relating diffusion coefficient to molar mass:

= a(M)−b (3)

The parameters a and b depend on both the polymer and the
olvent. Using Eq. (3), a Drel, molar mass analogous to Eq. (2) can
e calculated:

rel, molar mass = Di

Dref
=
(

Mi

Mref

)−b

(4)

ote that the parameter a cancels in the Drel, molar mass equation.
nspection of the polymer handbook indicates the b value varies
nly slightly for linear polystyrenes in various “good” solvents,
veraging about 0.5 [17]. Thus, Drel values from Eqs. (2) and (4)
ere determined using PS 19,880 g/mol as the reference poly-
er, resulting in Drel of 1.0. From these calculations, Drel, ratio

nd Drel, molar mass are compared in Fig. 3C. The monomer unit, at
62 g/mol, was not included in the plot because it does not follow
ypical polymer behavior per Eq. (3). In Fig. 3C, good agree-

ent is obtained for the two methods to determine Drel, however
ith a deviation observed at the higher masses. The deviation is
result of the angle ratios beginning to reach a constant value

s can be seen with close inspection of Fig. 3B, indicating the
pper mass limit for the �-MMS at these parameters is being
pproached. However, the results in Fig. 3C are encouraging
hat it is indeed possible to determine the translational diffusion
oefficient with the �-MMS as previously noted as well [3],
nd thus, one could also relate the diffusion coefficient to the
ydrodynamic radius.

The ability to obtain even more information from the SEC/�-
MS data is enabled by considering the idea of taking the

oint-by-point angle ratio as a function of elution time, which we
efer to as a ‘ratiogram’. The ratiogram is the angle ratio of the
ownstream signal to the upstream signal at every point along
he retention time axis, after the downstream retention time is

orrected for the 18 s time delay. Hypothetically, the ratiogram
hould be flat for a truly mono-disperse polymer peak, and have
negative slope for a polydisperse analyte peak. An example of
ratiogram is shown in Fig. 4A. The upstream and downstream

p
a
s
u

lot (WR) against molar mass. Width ratios were calculated as the width of the
ownstream peak at 10% of the peak height divided by width of the upstream
eak at 10% of the peak height.

ngle data used to obtain the ratiogram is the same as presented
n Fig. 2A. As expected, the ratiogram values around the maxi-

um peak height represent well the calibration between molar
ass and angle ratio (as presented in Fig. 3B). However, for the

omplete ratiogram for some of the SEC peaks, some abnormal-
ties are seen, especially away from the peak maxima. On the
rst peak in Fig. 4A (170,800 g/mol PS), the time-dependent
atiogram has a noticeable dip. Ideally, for the first peak, the
atiogram would be flat with a value of ∼0.67. Similar dips
ere seen with most large analytes (e.g., 170,800 g/mol PS and

arger). This was not attributed to the inherent polydispersity of
he samples, as polydispersity index values for the PS standards
ere essentially equal to one. Instead, the divergence from an

deal flat ratio is primarily attributed to within-detector band
roadening between the upstream and downstream detection

ositions. To quantify the band broadening within the detector
width ratio (WR) was measured, being defined as the down-

tream peak width at 10% of the peak height divided by the
pstream peak width at 10% of the peak height. The WR plot
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gainst the molar mass is shown in Fig. 4B. If no within-detector
and broadening occurred, the WR would be equal to one. It was
ound through simulations that chromatographic peaks with a

R greater that 1.02 began to produce a noticeable abnormal-
ty in the ratiogram shape (i.e., the ratiogram would begin to
iverge from a constant value). It should be noted that for the
eaks shown in Fig. 4A, the peak with the flattest ratiogram
as the lowest WR, and the ratiogram with the largest abnor-
ality corresponds to the PS standard with the highest WR. The
ithin-detector band broadening likely arises from a compli-

ated interplay between the fluid dynamics in the flow channel
nd PS standard diffusion. It is possible that both radial (orthog-
nal to flow) and axial (along the flow) diffusion play important
oles. Additional study would be needed to provide more insight
nto this matter, however, the data in Fig. 4B clearly points to

molar mass dependence (and thus PS diffusion coefficient
ependence) on the band broadening occurring in the detector.

lgorithms to correct for this within-detector band broadening
ere considered. After much consideration it was concluded that
seful information could still be attained from ratiograms even
ith accepting the limitation of within-detector band broaden-

5
d
o
t

ig. 5. A simulated mixture of six unresolved polystyrenes (19,880 g/mol, 30,230 g/m
he upstream peak relative signal was obtained by simulating each component of the m

actor and retention time. These were all based on experimental observations of the d
sed the same method as the upstream. The width ratio was set to 1.00. Each individu
ata prior to the summation of all six peaks to give the mixture. (C) The simulated ratio
olar mass gram. The values of the ratiogram were converted to molar mass using E
ta 73 (2007) 287–295 293

ng for the higher molar mass PS analytes. Such an example is
emonstrated next for a mixture of six unresolved PS standards.
oth simulated and actual SEC/�-MMS data for the real mixture
re compared.

In Fig. 5A and B are shown the simulation of SEC/�-MMS
ata for the upstream and downstream peaks of six unresolved
S standards. In order to accurately model the peak shapes and
elative peak heights, data from the two calibrations (Fig. 3A
nd B) were compiled for each PS standard in the mixture. The
xperimentally observed retention time, peak intensity, asymme-
ry factor, and WR were input into an in-house written MATLAB
rogram to produce an EMG peak shape for each PS component
n the mixture. The asymmetry ratio is defined for EMG peaks as
he distance from the peak maximum to the backside of the peak
ivided by the distance from the peak maximum to the front side
f the peak at 10% of the peak height [18–20]. The components
f the mixture were 19,880 g/mol, 30,230 g/mol, 63,350 g/mol,

04,500 g/mol, 1,373,000 g/mol, and 3,114,000 g/mol PS stan-
ards. Each component was simulated individually and the sum
f each individual peak created a concentration trace of the mix-
ure. The downstream peaks are shown in Fig. 5B and were

ol, 63,350 g/mol, 504,500 g/mol, 1,373,000 g/mol, and 3,114,000 g/mol). (A)
ixture individually taking into account the peak width, peak height, asymmetry
ata collected for the calibration in Fig. 3. (B) The downstream simulated data

al downstream peak was multiplied by its ratio value as found in the calibration
gram arising for simulated mixtures in (A) and (B) is shown. (D) The simulated
q. (5), derived from the calibration in Fig. 3B.
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reated the same way as the upstream peaks in Fig. 5A, but addi-
ionally were scaled by the observed ratio value. The simulated
ata presented have had each PS standard WR set to 1.0 for sim-
licity, and the corresponding ratiogram is shown in Fig. 5C. To

ig. 6. The real data is studied for the blend of six unresolved polystyrenes that
ere simulated in Fig. 5A and B. (A) The aligned upstream and downstream data

re shown. (B) The ratiogram is shown which has a calculated average percent
eviation from the simulated data in Fig. 5C of 2.5%. (C) The actual molar mass
ram. The values of the ratiogram were converted to molar mass using the same
elationship as in Fig. 5D.
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onvert the ratiogram data into a format that would be more use-
ul, an equation was fit to the calibration data relating molar mass
o the observed angle ratio (Fig. 3B data). That experimentally
bserved function is the following:

olar mass = 0.104 × 109.83R (5)

q. (5) was used to convert every ratiogram point along the time
xis in Fig. 5C into a “molar mass gram” as shown in Fig. 5D.

The actual SEC/�-MMS data for the six-component PS stan-
ard mixture is very similar when compared to the simulated
ata presented previously. The same six PS standard components
ere combined with the same proportions as in the simulation.
he upstream and downstream chromatograms for the mixture
re overlaid in Fig. 6A. From the data in Fig. 6A, the ratiogram
as obtained and presented in Fig. 6B. Our evaluation of the

atiogram in Fig. 6B concluded that it was relatively void of the
nomalies due to WR increases from a value of 1.0. Indeed, the
imulated ratiogram that best approximated this real data and
eal ratiogram was obtained for PS standard component peaks
ith WR all of 1.0. This simulated ratiogram, with all WR equal

o 1.0, best fits the real data because of the highly overlapped
ature of the separation. The edges of ratiograms are the area
f highest error, yet they represent a small fraction of analyte
olecules. The upstream and downstream signals in Fig. 6A are

ue in large part to the center of the overlapped PS component at
given retention time. Only the edges of the ratiogram in Fig. 6B

near 18 min and 23 min) showed a moderate difference from the
imulated ratiogram (Fig. 5C). There is a deviation of less than
% between the simulated and the real ratiograms. Addition-
lly, Fig. 6C shows the molar mass gram when the ratio to molar
ass conversion function in Eq. (5) was applied. This figure

llustrates that SEC/�-MMS is capable of producing informa-
ive ratiograms, and therefore molar mass traces, of significantly
verlapped or broadly distributed SEC samples with equal to or
ess than 3% error. This analytical methodology could be used to
tudy polymer distributions of high polydispersity, and is espe-
ially useful for low molar mass polymers. Thus, SEC/�-MMS
hould be complementary to SEC/light scattering.

. Conclusions

The combination of SEC with �-MMS detection has been
emonstrated. The �-MMS is a sensitive molar mass-sensitive
etector based on RI detection. The injected concentration
OD achieved was 2 ppm on average at the upstream detec-

ion position. Angle ratio values can be calculated for fully or
artially resolved standards to create a molar mass calibration
hat includes the total exclusion and/or total permeation ranges.
he angle ratio is calculated by dividing the peak height at the
ownstream position by the peak height at the upstream posi-
ion. Furthermore, time-dependent ratiograms can be calculated
o give molar mass information across the width of SEC-

luting polydisperse peaks. Within-detector band broadening
as observed and can influence the accuracy of the ratiograms.
owever, this band broadening effect is found to be advan-

ageously diminished in highly overlapped chromatograms. It
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bstract

A novel fluoroimmunoassay (FIA) method was developed for the determination of tumor necrosis factor-� (TNF-�) in this study. The proposed
ethod has the advantage of showing the specificity of immunoassays and sensitivity of fluorescent nanoparticles label technology. With the well-

stablished inverse microemulsion polymerisation process, the tris(2′,2-bipyridyl)dichlororuthenium(II) hexahydrate (Rubpy)-doped fluorescent
ilica nanoparticles (RuDFSNs) were prepared. Then a RuDFSNs-labeled anti-TNF-� monoclonal antibody was prepared and used for FIA of
NF-� in human serum samples with a sandwich FIA by using the low fluorescent 96-well transparent microtiter plates. The assay response was

inear from 1.0 to about 250.0 pg/mL with a detection limit of 0.1 pg/mL for TNF-�. The intra- and inter-assay precision are 4.9%, 4.4%, 4.6%;
.1%, 5.9%, 5.3% for five parallel measurements of 2.0, 20.0, 200.0 pg/mL TNF-� respectively, and the recoveries are in the range of 96–104%

or human serum sample measurements by standard-addition method. We also explored the application of fluorescence microscopy imaging in
he study of the FIA for TNF-� with the fluorescent nanoparticle labels. The results demonstrate that the method offers potential advantages of
ensitivity, simplicity and good reproducibility for the determination of TNF-�, and is applicable to the determination of TNF-� in serum samples
nd being capable of fluorescence microscopy imaging for the determination of TNF-�.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Tumor necrosis factor-� (abbreviated as TNF-�), also known
s cachectin, is one of the most important regulatory cytokines
nd mediates a variety of cell functions, including the stimula-
ion of nitric oxide (NO) production which has been related
o oxidative stress and diseases such as arthritis, diabetes,
troke, and chronic inflammation [1–3]. Under normal con-
itions, human serum concentrations of TNF-� are very low.
levated TNF-� concentrations in human serum have been asso-
iated with a broad series of pathological states, such as neonatal
isteriosis, severe meningococcemia, HIV infection, systemic
rythema nodosum leprosum, endotoxic shock, graft rejection

nd rheumatoid arthritis [4]. Therefore, from these and other
tudies it appeared that determination of TNF-� concentration
n human serum might be helpful in the staging and prognosis

∗ Corresponding author. Tel.: +86 29 85308748; fax: +86 29 85308748.
E-mail address: zzj18@hotmail.com (Z. Zhang).
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039-9140/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2007.03.059
oassay; Fluorescence microscopy imaging

f diseases. And also it is very important for the understanding
f tumor biological processes, inherent mechanisms, and dis-
overing drugs as well as having a therapeutic potential for the
reatment of diseases [5].

The published methods for the detection of TNF-�
nclude enzyme-linked immunosorbent assays (ELISA) [6,7–9],
adioimmunoassays (RIA) [10], bioassays [11], chemilumi-
escence and enhanced chemiluminescence imaging [12,13],
ime-resolved immunofluorometric assay and dissociation-
nhanced lanthanide fluorometric assay (DELFLA) [14,15],
nzyme-amplified lanthanide luminescence (EALL) [16],
atrix-assisted laser desorption/ionization mass spectrometry

MALDI-MS) [17], immuno-PCR and immuno-PCR assay
18,19], fluorescence immunoassay [20–22] and electrochemi-
al immunosensor [5]. However, these methods often suffer from
ifferent disadvantages: ELISA offers the advantages of good

eproducibility and high specificity. However, active enzymes
hich require special storage and carcinogenic reagents are
ften required in colorimetric assay. RIA used in the early 1970s
as selective and relatively sensitive but had drawbacks such as
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he use of radioisotopes, health hazard, waste disposal prob-
ems, short half-life, conjugate radiolysis and legislative bias.
ioassays have been used for the quantification of TNF-� for

everal years. However, they have the disadvantage of poor
eproducibility, low specificity and high cost, while chemolu-
inescence assays require careful manipulation and ultrapure
ater is needed absolutely in the experiment in order to eliminate

he interfering factors coming from the experimental surround-
ngs and the solutions. And the traditional FIAs also suffer from
he disadvantages like the inefficiency of labeling, lacking of
hotostability in addition to the problem of relatively low flu-
rescence intensity of dyes such as fluorescein isothiocyanate
FITC) [23,24]. As an alternative to it, the establishment of sim-
le and sensitive immunoassays analytical methods is necessary.
n the past few years, the rapidly evolving field of nanoscience
nd nanotechnology has opened up a new and promising era
nd increasing attention have been paid to the rapid develop-
ent and extensive applications of nanomaterials in analytical

nd bioanalytical chemistry [25,26]. Due to the unique chemical
nd physical properties, such as high surface-to-volume area,
nertness and stability to chemical and physical agents, silica
anoparticles or gel matrixes offer a promising possibility of
mproving some analytical performances like e.g. enhancement
f the signal response, increase of the sensitivity, and improved
eproducibility in various tests and assays [27–35].

The new generation of FIAs using fluorescent nanoparti-
le labels shows promising applicability in the diagnosis of
race biomolecules because the nanoparticle-based amplifica-
ion platforms and amplification processes have been reported to
ramatically enhance the intensity of the fluorescent signal and
ead to ultrasensitive determinations [34,36–38]. To the authors’
est knowledge, although the preparation and the conjugation
f biomolecules for the fluorescence labeling with the fluores-
ent dye Rubpy-doped silica nanoparticles have been developed,
here are lack of detailed informations about the application of
mmunoassay by using this kind of fluorescent nanoparticles in
he issued papers [28,34]. It was the aim of the study presented
ere, to develop and validate a novel method for the determina-
ion of TNF-� with the sandwich FIA by using the RuDFSNs
s the labeling.

. Materials and methods

.1. Reagents and solution

All chemicals and reagents used in this study were of analyt-
cal grade. The water used for the preparation of solutions was
eionized and doubly distilled. Tetraethyl orthosilicate (TEOS),
-hexanol, Triton X-100 (4-(1,1,3,3-tetramethylbutyl)phenyl-
olyethylene glycol) (TX-100), and cyclohexane were obtained
rom Shanghai Chemical Plant (Shanghai, China). Tris(2′,2-
ipyridyl)dichlororuthenium(II) hexahydrate (Rubpy) and
ovine serum albumin (BSA) was obtained from Sigma (St.

ouis, USA). Tumor necrosis factor-� (TNF-�), two rHu
onoclonal antibodies against TNF-� were kindly donated

y Prof. Jin BQ (Department of Immuno, The Fourth Mil-
tary Medical University, Xi’an, China). Defined newborn
73 (2007) 366–371 367

alf serum was obtained from LaiBo Technology Develop-
ent Company (Xi’an, China). Na2CO3, NaHCO3, KH2PO4,
a2HPO2·12H2O, NaCl, KCl, Tween-20, and NaH2PO2 were

lso obtained from Shanghai Chemical Plant (Shanghai, China).
nless otherwise stated all chemicals and reagents used in this

tudy were of analytical grade quality. The low fluorescent
6-well transparent microtiter plates used for the assay were
btained from Corning Incorporated (Michigan, USA).

The coating solution was 0.05 mol/L carbonate buffer, pH
.6. PBS (phosphate buffered saline) buffer was 0.15 mol/L,
H 7.4. Ninety-six well plates were rinsed with PBST wash-
ng buffer solution (PBST: 0.15 mol/L PBS solution containing
.05% (v/v) Tween-20). Standard TNF-� (0.01–312.0 pg/mL)
olution was prepared by appropriate dilutions of the TNF-�
tock solution in assay buffer (PBST + 0.2% BSA) and 100 mL
f defined newborn calf serum was added and stored below
◦C.

.2. Instrumentation

Fluorescence emission measurements were carried out with a
uorescence spectrophotometer (Shimadzu RF-540, Shimadzu,
okyo, Japan) which employs a 100 W xenon lamp excitation
ource and a bifurcated glass optical fiber bundle with 4.0 mm
iameter at the common end (Oriel Co., Stratford, CT, USA).
he excitation and emission slits were set both at 5 nm through-
ut. Fluorescence microscopy imaging was performed on an
lympus inverted microscope system with a 100 W high pres-

ure mercury lamp (Olympus, Model BH2-RFL-T3, Toyko,
apan) used as the light source.

.3. Preparation of RuDFSNs–antibody conjugates

(a) The preparation of RuDFSNs. Preparation of RuDFSNs
was carried out according to method described by previ-
ous paper with little change [37]. The procedure is briefly
described as follows. At first, 1.77 mL of the surfactant
TX-100, 7.5 mL lipophilic cyclohexane, and 1.8 mL of the
co-surfactant n-hexane were mixed by magnetic force stir-
ring at room temperature (RT) for 30 min. Then, 0.48 mL
Rubpy dye solution was added and the resulting mixture was
homogenized by magnetic force stirring to form water-in-oil
microemulsion. In the presence of 100 �L of TEOS (added
to the emulsion), a hydrolyzation reaction was initiated by
adding 60 �L NH3·H2O (28–30 wt.%). The reaction mix-
ture was allowed to stir for 12 h by magnetic force stirring.
Then 100 �L of APS and 60 �L of NH3·H2O were added
to the reaction mixtures under stirring. The reaction mix-
ture was allowed to stir for another 12 h, and about 25 mL
acetone was added to break the microemulsion. And finally,
the particles were recovered by centrifugation at 8000 rpm
for 10 min. The particle-containing pellet was washed using
centrifugation and ultrasonication with ethanol and water

several times to remove surfactant molecules and physi-
cally adsorbed Rubpy dye from the particle’s surface. The
particles were air dried. The synthesized RuDFSNs were
characterized by spectrofluorometry for fluorescence inten-
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sity and transmission electron microscope (TEM; Hitachi
H700) for size and morphology.

b) Immobilization of the antibody onto RuDFSNs surface. The
anti-TNF-� monoclonal antibody was immobilized onto
the RuDFSNs according to the well-established glutaralde-
hyde method: firstly, 2 mg RuDFSNs were dispersed in PBS
buffer containing 5% glutaraldehyde for about 2 h at RT by
stirring. Secondly, the RuDFSNs were separated by cen-
trifugation and washed with PBS three times. After the
RuDFSNs had been re-dispersed in PBS, they were further
incubated with 20 mg BSA in 1.0 mL of 0.1 M phosphate
buffer pH 7.4 at 4 ◦C for 12 h with shaking. Then the RuDF-
SNs were centrifuged and washed with water and were
re-dispersed in PBS. Thirdly, the BSA-loaded RuDFSNs
were dispersed in PBS buffer containing 5% glutaraldehyde
for another 2 h. Fourthly, the RuDFSNs were incubated with
monoclonal TNF-� antibody for 12 h at 4 ◦C with shaking.
Finally, the RuDFSNs-labeled antibody was washed with
PBS several times to remove excess TNF-� antibody and
kept at 4 ◦C in PBS.

.4. Procedure of the RuDFSNs-labeled TNF-α sandwich
IA

A typical sandwich FIA was used in this study. After unla-
eled monoclonal TNF-� antibody diluted 100-fold in coating
olution, had been coated to the wells (100 �L per well) of a
6-well plate by physical absorption overnight at 4 ◦C, the wells
ere washed three times with PBST solution. The TNF-� stan-
ards or test samples (100 �L per well) were added to each well.
fter incubation at 37 ◦C for 1 h, the wells were washed with
BST buffer. The RuDFSNs-labeled antibody (100 �L per well)
as added to each well and the plate was incubated at 37 ◦C for
h. Then, the wells were washed three times with PBS buffer,
nd fluorescence emission (λex: 435 nm, λem: 600 nm) was mea-
ured using a spectrofluorophotometer with xenon discharge
xcitation source and a bifurcated glass optical fiber bundle with
.0 mm diameter at the common end (Oriel Co., Stratford, CT,
SA). A new framework was made to hold one end of the bifur-

ated fiber optical bundle on the way of the excitation beam and
nother end on the way of the detect system. And the common
nd inserted perpendicularly in the well was also fixed with the
ramework. In the experimentation, the 96-well plate was flatly
laced into the pedestal of fluorometer. Then one end of the
ifurcated fiber optical bundle fixed with the framework was
laced perpendicularly into the well of 96-well plate. Because
here are four brackets fixed on the framework which also can be
laced reposefully onto the pedestal, the distance between bot-
om of 96-well plate and end of the fiber remains unchanging
hile the fiber moves from well to well.

.5. Sample preparation
Fresh blood was collected in clean plastic tubes; no anti-
oagulant was added to the blood samples allowing the blood
oagulation naturally and then centrifuged at 3000 rpm for 5 min.
he supernatant part was extracted as serum with a mini sam-

l
o
c
a
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le collector. Serums were stored at −20 ◦C until assayed. The
erum was properly diluted in assay buffer before using.

.6. Fluorescence microscopy imaging

The results from a RuDFSNs-labeled TNF-� sandwich FIA
ere evaluated by fluorescence microscopy imaging using
lympus inverted microscope system. For this purpose, the
6-well plate was mounted on the microscope stage. The exci-
ation light (λex: 420–480 nm) which comes from high pressure
ercury was introduced through the inverted microscope objec-

ive from underneath the chamber. Image was collected by a
icroscope objective. A CCD camera (1.2 Million Pixel, Pixera,
odel PVC100C, Los Gatos, USA) and a computer were applied

or acquisition of the fluorescence images. Data processing was
one by using the dedicated software.

. Results and discussion

.1. Preparation and characterization of RuDFSNs

A variety of techniques have been developed to prepare dif-
erent types of fluorescent nanoparticles. However, the inverse
icroemulsion polymerization method is most often used by

esearchers to prepare dye-doped nanoparticles. This technique
as the advantage that the RuDFSNs can be prepared under
ild conditions using inexpensive reagents and simple proce-

ures. The resulting RuDFSNs have advantages of uniform size,
ood dispersivity and easily being labeled which makes them
opular for various research and clinical applications. In our
xperiments, TEOS and APS underwent simultaneously hydrol-
sis to form the monodisperse spherical RuDFSNs with free
mino groups presented on the surface of the nanoparticles.
he synthesized RuDFSNs were characterized by transmis-
ion electron microscope to control size and morphology. The
esults showed that the particle sizes of RuDFSNs were about
8 ± 5 nm. In addition, spectrofluorometric measurements were
sed to characterize the RuDFSNs. Unbound Rubpy dye emitted
uorescence light at 595 nm when excited at 435 nm in aque-
us solution. However, the emission maximum of the RuDFSNs
hifted with 4 nm to the longer wavelength, indicating that the
pectral characteristics of the Rubpy dye were changed only
nsignificantly after encapsulation in the nanoparticles.

.2. Preparation of covalent RuDFSNs–anti-TNF-α
onjugates

The amino groups-activated surface of RuDFSNs could
e modified easily for binding biomolecules, e.g., by using
he well-established glutaraldehyde method [39,40]. Although
anoparticles and antibodies can be bound by direct conjugation,
e found in our experiments that this construct was not suited

or the determination of TNF-� because the FIA showed only

ow sensitivity (Fig. 1). The same problem has been described by
ther authors [39,40]. We enhanced the sensitivity by a two-step
onjugation of the RuDFSNs. They were coupled first to BSA,
nd secondly with the monoclonal anti-TNF-� antibody. The
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of specificity in immunoassay, because the interaction between
antigen and antibody is specific intrinsically. Although there are
crossreactivities in immunoassay, in previous experiment done
by our group [21] it has been proved that the interaction between
ig. 1. Comparison of assay responses for RuDFSNs–anti-TNF-� antibody con-
ugates produced with indirect coupling using BSA-“bridges” (open circles) or
irect coupling (closed squares).

SA functioned as a flexible “bridge” between nanoparticle and
ntibody, and thus, the steric hindrance between the nanoparti-
le and antigen was decreased. Therefore, the immunochemical
eaction between the RuDFSNs-labeled antibody and the antigen
ould occur more easily. With the BSA-mediated conjugation
ethod, the RuDFSNs-labeled TNF-� sandwich FIA gained a

ower detection limit (LOD) of only 0.1 pg/mL which is lower
han the previously reported detection limits of most sensitive
ssay for TNF-� [13,15,22,5,17] and equal to the most sensitive
ssay [6,41], whereas the LOD for a method using the directly
onjugated construct was about 5 pg/mL.

.3. Optimization of the RuDFSNs-labeled TNF-α
andwich FIA

The method developed was a typical “sandwich” FIA. As we
ll know that it has higher specificity by using monoclonal than
hat of polyclonal in immunoassay, so we use a pair of mono-
lonal antibodies of TNF-� in this study. A pair of monoclonal
ntibodies that recognize different epitopes of same antigen was
sed to capture and detect a certain antigen. For optimization
f the fluorescent nanoparticle surface antibody density, we
ncubated fluorescent nanoparticles with variable amounts of
ntibody and examined the effect on the antibody dose–response
urve. We observed (Fig. 2) that 5 �g antibody per mg fluores-
ent nanoparticles there was only about 30% dose response at
oncentration of 50 pg/mL compared with that when 100 �g
ntibody was used. As the amount of antibody was increased
rom 5 to 50 to 100 �g antibody per mg fluorescent nanoparti-
les, the assay response increased. Because the assay reached
aturation with 200 �g/mg RuDFSNs, at this concentration, the
ssay response was increased slowly. Thus, there existed an
ptimum of antibody density at about 100 �g/mg RuDFSNs,
esulting in the best assay response. Therefore, this ration was
hosen for the RuDFSNs-labeled TNF-� sandwich FIA.

For optimization of the fluorescent nanoparticle con-

entration, the assay response was monitored at different
oncentrations of RuDFSNs–anti-TNF-� antibody conjugates
Fig. 3). We observed that the fluorescent intensity was enhanced
ignificantly when the fluorescent nanoparticle concentration

F
r
d
i

he assay response. Antibody density was increased by increasing amounts of
ntibody incubated per milligram of nanoparticles: 5 �g (open circles), 50 �g
open squares), 100 �g (closed circles) and 200 �g (closed squares).

as increased from 0.1 to 10 �g/mL. However, at concentra-
ions >10 �g/mL the binding curve (graph a) became more
attened, probably because of specific antigen–antibody satura-

ion. The noise (graph b) caused by unspecific binding increased
lowly from 0.1 to 10 �g/mL, whereas it became more disturbing
t higher nanoparticle concentrations. Thus, the optimal sig-
al/noise ratio was obtained at an intermediate concentration
f RuDFSNs–anti-TNF-� antibody conjugates, and 20 �g/mL
as chosen for the procedure of the RuDFSNs-labeled TNF-�
IA.

.4. Performance of the RuDFSNs-labeled TNF-α
andwich FIA

In this study, TNF-� was measured based on interaction
etween antigen and antibody. This method has the advantage
ig. 3. Effect of different fluorescent nanoparticle concentrations on the assay
esponse (a, signal; b, noise). The fluorescent nanoparticle surface antibody
ensity is constant at 100 �g antibody/mg nanoparticle, the TNF-� concentration
s 40 pg/mL.
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Intra-assay and inter-assay precision data

Concentration (pg/mL) Relative S.D. (%)

Intra-assay Inter-assay

2.0 4.9 6.1
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Fig. 4. Standard curve of the RuDFSNs-labeled TNF-� sandwich FIA.

NF-� antigen and TNF-� monoclonal antibody is also specific.
he non-specificity interaction does not exist between TNF-�
ntigen and immunoglobulin, and the cytokine, such as, IL-2,
L-3, IL-4, IL-5, IL-6, IL-8, IL-9, IL-11, TNF-� and IFN-�. The
alibration curve of sandwich FIA (Fig. 4) with RuDFSNs for
NF-� is IF = 1.3 + 1.428 [TNF-�] (pg/mL) with R2 = 0.9979.
he assay response is linear from 1.0 to about 250.0 pg/mL.
he detection limit, calculated based on 100 �L of a solution
f calibrators is 0.1 pg/mL with 3S.D. This is more than 10-,
0-, 200-, 500-, 10 000-fold lower, respectively, than the previ-

usly reported detection limits of most sensitive assay for TNF-�
13,15,22,5,17] and equal to the most sensitive assay [6,41]. We
valuated the intra-assay precision of the method by analyz-
ng the same concentration samples five times with multiple

d
t
i
r

able 2
ccuracy, measured as recovery

riginal (pg/mL) Added(pg/mL) D

5.0 5.0
5.0 5.0

20.0 20.0
50.0 50.0 1
50.0 50.0 1
50.0 50.0 1

a n = 5.
b Recovery (%) = ((detected concentration − background content)/added concentra

ig. 5. Fluorescence microscopy image of RuDFSNs–anti-TNF-� antibody conjugate
nsert 1:400). Image of a microtiter plate after performing the RuDFSNs-labeled TN
2.5, 6.25 pg/mL from left to right ((b) magnification 1:4).
20.0 4.4 5.9
00.0 4.6 5.3

eplicates and the inter-assay precision by analyzing the same
oncentration samples on five consecutive days. Intra- and inter-
ssay precision tests indicated good repeatability of our method
or fluorescent signal intensity (Table 1). As always, leaching
f fluorescent components for dye-doped is a critical factor. We
ound that the speed of leaching is very fast during the first hours
n aqueous solution, and then the speed of leaching slows. One
ossibility is that free Rubpy that was not washed away dur-
ng the synthesis procedure may have been attached to the outer
urface of the silica nanoparticles. In order to improve precision
f the FIA, carefully washing is absolutely necessary to elim-
nate the phenomenon of decreasing of fluorescence intensity
uring washing in future experiment. The feasibility of apply-
ng the proposed sandwich FIA to measure TNF-� in a complex

atrix was studied. This was conducted by adding various lev-
ls of TNF-� into human serum samples (the samples were

iluted appropriately step by step to be in the linear range of
he proposed method). The results of recovery test were shown
n Table 2. The results indicate that the present method is highly
eliable.

etected (mean ± S.D.) (pg/mL)a Recovery ratio (%)b

10.2 ± 0.13 104.0
9.8 ± 0.16 96.0

39.3 ± 0.13 96.5
00.4 ± 1.9 100.8
00.7 ± 2.1 101.4
98.2 ± 3.9 96.4

tion) × 100%.

s. The solution of RuDFSNs was dropped onto a slide ((a) magnification 1:100,
F-� sandwich FIA with different concentrations of TNF-�: 200, 100, 50, 25,
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.5. Fluorescence microscopy imaging of TNF-α detected
y RuDFSNs-labeled antibodies

The dispersivity of the fluorescent nanoparticles or quantum
ots (QDs) often can be investigated with the TEM or SEM
scanning electron microscope). And the fluorescence images of
he fluorescent nanoparticles are usually observed onto the fluo-
escent microscope system for optical imaging and observation
f dispersivity [42–44]. In our experiments, the RuDFSNs–anti-
NF-� antibody conjugates were sufficiently dispersed (Fig. 5).
o investigate the feasibility of fluorescence microscopy for the

maging of FIA, various concentrations of the TNF-�-standard
ere analyzed. The fluorescence intensity gradually increased
ith increasing concentration of the TNF-�. According to the

esults of fluorescence microscopy for the imaging of FIA, this
ethod could be used in clinical diagnose and the cellular and

issue imaging are also developed in our group.

. Conclusions

The ability to measure accurately and precisely very low
mounts of TNF-� is very important for the elucidation and
linical investigation of many TNF-� dependent pathological
ondition. In the study presented here, a novel RuDFSNs-labeled
NF-� sandwich FIA was developed and evaluated. The method
howed high sensitivity, good precision and accuracy, and was
uited for the detection of TNF-� in human serum. The new
ssay was adapted to the 96-well plate format and does not need
laborate instrumentation which makes it suitable for a wide
ange of different applications.
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bstract

The development and validation of a highly sensitive and specific indirect competitive enzyme-linked immunosorbent assay (ELISA) for the
etection of pharmaceutical indomethacin in water samples was presented. The immunogen and coating antigen were prepared by covalently linking
ndomethacin to bovine serum albumin and ovalbumin by anhydride ester method. Two rabbits were immunized by standard immunization processes
nd the superior antibody was characterized in terms of sensitivity, specificity, precision, accuracy and stability. Under optimal experimental
onditions, the standard curve was constructed in the concentration range of 0.01–10 ng/mL. For 10 consecutive standard curves run in 2 weeks,
C50 value (the concentration of analyte producing 50% of inhibition) were found within 0.10–0.25 ng/mL, and the detection limit (DL) at a signal-

o-noise ratio of 3 (S/N = 3) was about 0.01 ng/mL. The antiserum recognized acemetacin, a precursor of indomethacin with 92.3% cross-reactivity,
hile the cross-reactivity values of antiserum with other tested compounds were very low. From the spiking experiments, the recoveries were

ound within 98–123%. The ELISA was applied for the determination of indomethacin in different water samples and the results were confirmed
y conventional HPLC. The correlation coefficient of 0.988 was obtained, demonstrating a good correlation of ELISA with HPLC.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Within the last years a number of reports have demonstrated
he wide occurrence of pharmaceuticals and their metabolites in
atural waters [1–8]. Many drugs are distributed and excreted to
he environment and are of increasing public concern. Among
hem, nonsteroidal anti-inflammatory drug (NSAID) established
s a new kind of ubiquitous environmental pollutants. Long-term
resence of such xenobiotic compounds in the aquatic envi-
onment will increase the potential of menace to the endocrine
ystems of humans.

Indomethacin [1-(4-chloro-benzoyl)-5-methoxy-2-methyl-

H-indole-3-acetic acid, Fig. 1] is an indole derivative, known
s a NSAID. Indomethacin gels and ointments are broadly
sed for calming down acute joint and backbone pain and

∗ Corresponding author. Tel.: +86 28 85471302; fax: +86 28 85412907.
E-mail addresses: denganping6119@yahoo.com.cn,

enganping6119@126.com (A.-P. Deng).
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or the treatment of degenerative diseases of joints and liga-
ents such as rheumatioid arthritis, osteoarthritis and ankylotic

pondylitis. Indomethacin is also used for the treatment of
patent ductus arteriosus (PDA) in neonates. Indomethacin

s a powerful NSAID that is believed to act by inhibiting
yclooxygenase and consequently, prostaglandin synthesis, but
t also causes severe gastric ulceration, increases blood pres-
ure and decreases kidney function in a certain percentage of
he population [9]. Meanwhile, the severity of the gastroin-
estinal (GI) toxicities of indomethacin is highlighted by the
rug’s contraindication in dogs due to fatal GI ulceration and
emorrhage [10]. From both human and veterinary usage, a
ignificant proportion of indomethacin may pass through the
ody unmetabolized. As indomethacin is considered stable in
he normal environment, although acute effect of the exposure
f indomethacin and other NSAID to aquatic animals may not
e appeared immediately, however, long-term presence of such

enobiotic microcontaminant in aquatic systems may increase
he chronic toxicity and subtle effects such as endocrine disrup-
ion, growth inhibition and cytotoxicity on aquatic animals [11].
umerous methods, including gas chromatography (GC) [12],
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Fig. 1. Molecular structures of indomethacin and other n

C–mass spectrometry [13], HPLC method [14], microscale
PLC method [15], HPLC–mass spectrometry [16], capillary

lectrophoresis (CE) [17], micellar electrokinetic chromatogra-
hy [18], the USP 26 method [19] and a titration method by
he European Pharmacopoeia [20], were reported for the deter-

ination of indomethacin in biological and drug samples. The
rawbacks of the methods mentioned above are that they cannot
each the trace levels in the waters and most of them have long
un times, tedious sample preparation and complex instrument.
ew reports were observed for the detection of indomethacin in
ater samples by HPLC [21], thus concern over indomethacin’s
ossible environmental and health impact leads to the need of
apid, simple, sensitive and selective analytical methods for the
etermination of indomethacin in water samples.

By taking advantage of highly sensitive and specific com-
ination of the antigen and the antibody, immunochemical

echniques, especially enzyme-linked immunosorbent assay
ELISA), with the features of inexpensive instrumentation,
imple sample preparation, small sample volumes and rapid
nalysis have been widely applied for the environmental analysis

(
(
a
(

roidal anti-inflammatory drugs tested of cross-reactivity.

22–29]. To our knowledge, the production of antibodies against
ndomethacin and the establishment of an ELISA for detection
f indomethacin in water samples have not been reported. The
im of this study is to develop a fast, simple, sensitive and spe-
ific ELISA for detection of indomethacin in water samples.
he research is focused on the preparation of anti-indomethacin
olyclonal antibodies, development and validation of ELISA
ethod.

. Experimental

.1. Materials

Reagents and chemicals: indomethacin (IDM, 99.9%) was
urchased from Shanghai No. 10 pharmaceutical factory
China). Bovine serum albumin (BSA), chicken egg ovalbumin

OVA), goat anti-rabbit IgG-horseradish peroxidase conjugate
GaRIgG-POD), Freund’s complete and incomplete adjuvants,
nd casein were the products of Sigma. Dimethyl sulfoxide
DMSO), dimethylformamide (DMF) and tetramethylbenzidine
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TMB) were purchased from Amresco. N-Hydroxysuccinimide
NHS), and N,N′-dicyclohexylcarbodiimide (DCC) were
btained from Fluka. All other chemicals were of analytical
rade.

Buffers and solutions—(1) coating buffer: 0.05 mol/L car-
onate buffer, pH 9.8; (2) 0.01 mol/L phosphate-buffered saline
PBS) pH 7.4; (3) washing buffer (PBST): PBS with 0.1%
v/v) of Tween-20; (4) blocking buffer: 1% of casein in PBS;
5) acetate buffer: 100 mmol/L sodium acetate acid buffer pH
.7; (6) substrate solution (TMB + H2O2): 200 �L of 10 mg/mL
MB dissolved in DMF, 20 �L of 5% H2O2 and 1 mL of acetate
uffer were added to 20 mL of pure water; (7) sulfuric acid (5%).

Apparatus: ELISA reader (Tecan, Sunrise Remote/Touch
creen, Columbus plus, Austria), microtiter plate washer (Tecan,
12/2R, Columbus plus, Austria), spectrophotometer (UV-

300, Techcomp., Shanghai, China), microtiter plate shaker
KJ-201C, Oscillator, Jiangsu Kangjian Medical Apparatus, Co.,
td.), pH meter (PS-10, Sarturius, Germany), electronic bal-
nce (BS 124S, Sarturius, Germany). Microtiter plates were
rom Jiangsu (Haimen, China). Deionized-RO water machine
DZG-303A) was purchased from AK Company (Taiwan).

.2. Synthesis of immunogen and coating antigen

By anhydride ester method [30], indomethacin was
espectively conjugated to carrier proteins, BSA and
VA. Briefly, indomethacin (0.15 mmoL/53.6 mg), NHS

0.15 mmoL/17.3 mg) and DCC (0.15 mmoL/30.9 mg) were
issolved in 300 �L of DMF. The activation reaction was
arried out overnight at 25 ◦C. After the activated derivatives
ere centrifuged at 12,000 rpm for 10 min, the respective
olume of the supernatant was added slowly to 100 mg of BSA
r OVA in 0.13 M NaHCO3 (5 mL) under continuous stirring.
fter reaction for 4 h at 25 ◦C, the possibly existed precipitate
as separated by centrifugation and the supernatant was

ntensively dialyzed in 0.01 mol/L (NH4)2CO3 for 4 days with
any changes of the dialyzing buffer solution. The solutions of

ndomethacin–protein conjugates were lyophilized and stored
t refrigerator until use. In this study, indomethacin–BSA
onjugate was used as immunogen for antibody production,
hile indomethacin–OVA conjugate was used as coating

ntigen for establishment of ELISA.

.3. Antisera production

Two New Zealand adult rabbits were chosen for polyclonal
ntibody production. The immunization dose for one rabbit
n each immunization was about 1 mg of immunogen which
ould be injected to rabbit’s back. The immunogen dissolved

n physiological saline solution was emulsified with the same
olume of Freund’s complete adjuvant for first immunization.
or booster immunizations, the same volume of Freund’s incom-
lete adjuvant was replaced. Injections were made intradermally

t multiple sites on the animals’ back and the interval of the
ooster immunization was about 4 weeks. The titers of anti-
era (e.g. the highest dilution of the antiserum which can be
ffectively used for establishing an ELISA) were monitored by

t
(
w
a

73 (2007) 380–386

LISA using checkerboard titration. Ten days after last injec-
ion, the rabbits were bled, and the antisera were collected and
tored at −20 ◦C.

.4. Indomethacin standard solution

The stock solution was prepared by diluting indomethacin
ith methanol to a concentration of 500 �g/mL and stored at
◦C. Indomethacin standard solution was prepared by diluting

he stock solution in pure water with concentrations of 0.01,
.03, 0.1, 0.3, 1, 3, 10 ng/mL.

.5. Sample collection and preparation

Water samples including tap water, drinking water, surface
ater, and wastewater were collected between July and Novem-
er 2006 from different sites in Chengdu area. Tap water was
btained from this lab. The drinking water was from the student’s
anteen at Sichuan University. Three surface water samples
ere collected respectively from Jinjiang river, Funan river in
hengdu, and a pool closed to the affiliated hospital of Sichuan
niversity. Three wastewater samples were collected from the
rainage of the same hospital, and from the influent and effluent
astewater of Chengdu Wastewater Treatment Plant (WTP). All

ollected water samples were analyzed by ELISA. Tap water
nd drinking water were analyzed without dilution. For sur-
ace water, before analysis, a simple filtration step with 0.45 �m
ylon membrane filter was needed. For wastewater samples, due
o the existence of interference compounds, besides filtration,
t was necessary to dilute the samples with pure water at an
ppropriate fold to avoid the matrix effects, and to adjust the
amples’ pH values about 6.0 to prevent the analyte taking the
onic form.

.6. Spiking experiment

Tap water, drinking water and two surface water samples
Jinjiang river, Funan river) were spiked with indomethacin at
oncentrations of 0.05, 0.2, 0.5, 2.0, and 5.0 ng/mL. The spiked
ater samples were analyzed by the developed ELISA. The
easured concentrations of analyte were calculated from the

tandard curve run in the same plate. Analytical parameters such
s precision and the recovery (after subtracting the background
oncentration) were obtained from the spiking experiment.

.7. Procedures of ELISA

An indirect competitive ELISA format was adopted for ana-
yzing indomethacin. The ELISA procedures were as follows:
00 �L/well of coating antigen dissolved in carbonate buffer,
H 9.8 was added to a microtiter plate (96 wells). The plate was
ncubated overnight at 4 ◦C and then washed with PBST using
n automatic plate washer. Some binding sites not occupied by

he coating antigen were then blocked by the blocking buffer
280 �L/well) for 1 h at room temperature. After the plate was
ashed as before, standard solutions or samples (100 �L/well)

nd diluted antiserum (100 �L/well) were added and incubated
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or 1 h at room temperature. After washing plate, GaRIgG-POD
as added (200 �L/well) and the plate was incubated for 1 h

t room temperature. Washing plate again, the substrate solu-
ion (200 �L/well) was added and then the plate was shaken
or about 15 min for the color development. Sulfuric acid (5%,
0 �L/well) was added to stop the enzyme reaction and the
bsorbance was measured at 450 nm with ELISA reader. The
alibration curve in the form of absorbance ∼log C was plot-
ed automatically by the corresponding software embedded in
LISA reader. The calibration curve also could be constructed

n the form of (B/B0) × 100% ∼ log C, where B and B0 were
he absorbances of the analyte at the standard point and at zero
oncentration of the analyte, respectively. The concentrations of
ndomethacin in samples could be calculated from a standard
urve.

.8. Cross-reactivity

Cross-reactivity (CR) was determined to evaluate the speci-
city of the antiserum. In this study, some NSAIDs (the
olecular structures were illustrated in Fig. 1) were chosen for

ross-reactivity determination. The preparation of working solu-
ions of all tested chemicals was similar to that of indomethacin
tandard solution. The concentrations of tested compounds were
repared in the range of 0.01–10,000 ng/mL and applied to the
LISA procedures.

.9. Pre-treatment of samples for HPLC

The water samples were pre-concentrated by solid phase
xtraction (SPE) using C18 SPE cartridge. Prior to SPE extrac-
ion, the samples were only submitted to filtration with 0.45 �m
ylon membrane filter. Water samples were collected in amber
lass bottles, stored at 4 ◦C and tested within 2 days. Before
he samples were applied, the cartridge was pre-conditioned
ith 5 mL of methanol and water (pH 2.0 with HCl), respec-

ively, and then dried in vacuum. One hundred millilitres of
he sample was applied to the cartridge and the flow rate was
ontrolled about 4 mL/min. After the sample was loaded, a
ash step was carried out with 2 mL methanol (2%). Fol-

owing the dryness of the cartridge in vacuum, the analytes
ere then eluted with 10 mL methanol. After the elution,

he filtrates were evaporated by a rotary evaporator at 50 ◦C
nd then re-dissolved with 1 mL methanol to obtain 100-fold
re-concentration.

.10. HPLC method

A HPLC system (Alltech, USA) with C18 column
4.6 mm × 250 mm, 5 �m) was applied to analyze the water
amples. Detection of water samples was completed with UVIS
01 detector. The detection wavelength was set at 237 nm and
0 �L sample loop was used. HPLC was performed with binary

obile phase composed of acetonitrile and 0.2% phosphoric

cid (70:30, v/v) as mobile phases at flow rate of 0.9 mL/min.
alibration standards were constructed in concentrations of 10,
0, 50, 100, 200, 500, 1000, 2000 ng/mL.

t
I
∼
v
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. Results and discussion

.1. Preparation of immunogen and the production of
ntisera

As a carboxylic group is existed in indomethacin molecular
tructure, indomethacin can be directly activated by anhydride
ster method. The activated indomethacin is then covalently
oupled to carrier proteins. In this study, indomethacin–BSA
onjugate was used as an immunogen for polyclonal anti-
odies production. Before immunization, the molar ratio
f indomethacin to BSA in indomethacin–BSA conjugate
as estimated by ultraviolet/visible spectrometric method.
he characteristic peaks of indomethacin and BSA were

ocated at 322 and 280 nm, respectively, which were sepa-
ated clearly and no interference between them. The value of
ndomethacin/BSA was about 8.4. Two rabbits were immu-
ized with indomethacin–BSA conjugate according to standard
mmunization processes.

.2. Primary testing of the antisera

The polyclonal antisera from two immunized rabbits were
ollected and the quality of the antisera was primarily tested
ased on an indirect ELISA procedure using checkerboard titra-
ion. For the antiserum of fifth injection, it was found that the titer
f rabbit II was as high as 1:150,000, while the titer of rabbit I
as 1:100,000, a little lower compared to that of rabbit II, there-

ore, the rabbits were bled after fifth injections. Although a high
iter for these two antisera was achieved, further characterization
teps for the antisera were required.

.3. Optimization of assay conditions

To develop a highly sensitive and specific ELISA, the assay
onditions including the concentrations of coating antigen, dilu-
ions of antiserum and GaRIgG-POD used for immunization
eaction, the concentration of blocking reagent, the tempera-
ure, the time of incubation and color development, etc. should
e carefully optimized.

In this study, the optimal assay conditions were found as
ollows: the appropriate concentration of coating antigen for
oating plate was 30 ng/mL; the best dilutions of antisera were
:150,000 for antiserum II and 1:100,000 for antiserum I; the
uitable dilution of GaRIgG-POD was 1:10,000; the blocking
eagent was 1% casein dissolved in PBS; 1 h of incubation
as used for immunization reaction and 15 min incubation was

mployed for color development.

.4. Sensitivity and stability of the ELISA

Under optimal assay conditions, the calibration curves for
ndomethacin analysis were constructed in the standard concen-

ration range of 0.01–10 ng/mL using antiserum I and antiserum
I. The calibration curves were plotted in the form of B/B0
log C, as shown in Fig. 2. It was seen from Fig. 2 that IC50

alue (e.g. at 50% of B/B0) obtained from the calibration curve of
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Fig. 2. The standard curves of ELISA for the determination of indomethacin
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Table 1
Cross-reactivities among indomethacin and selected NSAIDs for antibody

Compound IC50 (ng/mL) Cross-reactivity (%)

Indomethacin 0.12 100
Acemetacin 0.13 92.3
Diclofenac >900 <0.01
Piroxicam >900 <0.01
Oxaprozin >900 <0.01
Naproxen >900 <0.01
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sing antiserum I (upper, with the IC50 of 0.45 ng/mL) and antiserum II (lower,
ith the IC50 of 0.12 ng/mL). The standard curves were constructed in standard

ange of 0.01–10 ng/mL.

ntiserum I was 0.45 ng/mL; while the IC50 value of antiserum
I was 0.12 ng/mL. In a competitive ELISA for the analysis of
mall molecular compound, the lower the IC50 value, the higher
he sensitivity of the corresponding ELISA. Obviously, com-
ared to antiserum I, antiserum II not only presented a higher
iter (1:150,000), but also showed a higher sensitivity. Usually
he sensitivity is a very important parameter for the development
f an ELISA, thus in this study antiserum II was chosen for the
urther experiments.

To test the stability of the developed ELISA, the calibra-
ion curves from antiserum II were consecutively performed

or 10 times within 2 weeks. As shown in Fig. 3, the R.S.D.
f the measured absorbance in four replicates at each cali-
ration point on 10 curves was within 10%; the IC50 value
or 10 standard curves was in the range of 0.10–0.25 ng/mL;

ig. 3. The stability of the standard curves using antiserum II run in 10 times
ithin 2 weeks. The bars represent the standard derivations of the values of B/B0

n = 10). The IC50 was in the range of 0.10–0.25 ng/mL; and the DL at S/N = 3
as about 0.01 ng/mL.
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buprofen >900 <0.01
enbufen >900 <0.01

nd the DL at a signal-to-noise ratio of 3 (S/N = 3) was about
.01 ng/mL.

.5. Specificity of antiserum

Specificity of the antiserum was detected by cross-reactivity
xperiment. A series of NSAIDs was selected to react with
he antiserum in this assay. The value of cross-reactivity (%)
as calculated: CR(%) = (IC50 of analyte/IC50 of tested com-
ound) × 100%. The results of CR are presented in Table 1. The
ighest CR was found to be acemetacin (92.3%), a precursor of
ndomethacin, due to its similarity in molecular structure to that
f indomethacin. The values of CR for other compounds were
ery low and could be negligible. The CR values appeared at the
ptimized ELISA showed a comparatively high specificity for
he analysis of the target analyte.

.6. Precision and accuracy of the ELISA

The values of precision and accuracy of the ELISA were
btained from spiking experiment. Tap water, drinking water,
nd two surface water samples were spiked with indomethacin
t concentrations of 0.05, 0.2, 0.5, 2 and 5 ng/mL and analyzed
y the developed ELISA in four replicates. The relative standard
eviations (n = 4) for all measurements were lower than 9.5%.
s shown in Table 2, the mean recovery was found to be 106%

or tap water and 98% for drinking water. For the water samples
rom Jinjiang river, the recoveries were quite acceptable, e.g.
08% in original state and 98% in two-fold dilution. For Funan
iver, however, the recovery in original state was as high as 123%,
ndicating the possibility of interference existence. This postu-
ation was confirmed by the fact that, after 10-fold dilution, the
ecovery in diluted water sample was improved to be 105%.

.7. Analysis of water samples

Tap water and drinking water were directly analyzed by
LISA without dilution. It could be seen from Table 2 that no
etectable indomethacin was found in tap water and drinking
ater. However, small amount of indomethacin was observed

n two surface water samples, with the concentrations of

.024 ng/mL in Jinjiang river and 0.109 ng/mL in Funan river.

For the analysis of water sample from the pool and other three
astewater samples, besides filtration with 0.45 �m nylon mem-
rane, an appropriate dilution with pure water to reduce existed
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Table 2
Indomethacin concentrations and recoveries measured in spiked tap water, drinking water and surface water by ELISA

Added indomethacin (ng/mL) Tap water (ng/mL) Drinking water (ng/mL) Surface water (ng/mL)

Jinjiang river Funan river

Original 1:2 dilution Original 1:10 dilution

0 0 0 0.024 0.013 0.109 0.015
0.05 0.051 0.048 0.071 0.062 0.172 0.068
0.2 0.212 0.202 0.254 0.207 0.361 0.21
0.5 0.549 0.555 0.564 0.523 0.764 0.577
2 2.164 1.881 2.148 1.913 2.289 2.032
5 5.207 4.524 5.974 5.027 6.159 5.362

Recovery (%)
0.05 102.0 96.0 94.0 98.0 126.0 106.0
0.2 106.0 101.0 115.0 97.0 126.0 97.5
0.5 109.8 111.0 108.0 102.0 131.0 112.4
2.0 108.2 94.1 106.2 95.0 109.0 100.9
5.0 104.1 90.5 119.0 100.3 121.0 106.9
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Mean 106.0 98.5

atrix effect was required before analysis. In this study, the
ater samples were diluted with pure water at different dilutions

nd applied to ELISA. As shown in Table 3, the indomethacin
oncentrations detected at the dilutions of 1:10, 1:20 and 1:50
ere in a good agreement, with the values of R.S.D. between
.5 and 10.6%, demonstrating that the 1:10 dilution would be
ufficient to eliminate the matrix effect and the precision of
he measurements was acceptable. It was also revealed from
able 3 the mean concentrations of indomethacin found in

nfluent, effluent, hospital, and pool were 1.412, 0.871, 2.548,
nd 0.857 ng/mL, respectively, obviously indicating the exis-
ence of the contamination with indomethacin in these water
amples. The lower concentration of indomethacin in effluent
ompared to that in influent might be resulted from the degrada-
ion of the indomethacin in the treatment process performed in
he wastewater treatment plant. As the hospital is a big com-
rehensive one in Southwest of China, where many various
atients including arthritis patients are treated, the application of
ndomethacin might be wide. It was not surprised that the high-
st indomethacin concentration with the value of 2.548 ng/mL

as found in the drainage of the hospital, and as a consequence,

eading a presence of indomethacin with the concentration of
.857 ng/mL in the samples collected in the pool closed to the
ospital.

able 3
ndomethacin concentrations in different water samples detected by ELISA at
ifferent dilution

Influent Effluent Hospital Pool

riginal 1.306 0.869 2.177 0.854
:10 1.512 0.897 2.807 0.813
:20 1.485 0.902 2.529 0.874
:50 1.344 0.816 2.678 0.886

ean 1.412 0.871 2.548 0.857
.D. 0.10 0.04 0.27 0.03
.S.D. (%) 7.1 4.6 10.6 3.5
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108.4 98.5 122.6 104.7

.8. Comparison of ELISA with HPLC

To validate the developed ELISA, HPLC operation was done
nd the calibration curve for indomethacin detection were con-
tructed in concentrations range of 10–2000 ng/mL with linear
orrelation coefficient of 0.9991, detection limit of 5 ng/mL and
elative standard deviation for six repeated measurements rang-
ng from 3.3 to 9.4%.

Six water samples collected from Jinjiang river, Funan river,
ool, hospital, influent and effluent were also analyzed by HPLC
nd the comparison of the resultant measurements from HPLC
ith those obtained from ELISA was listed in Table 4. As the dif-

erent sensitivities among these two techniques (DL: 0.01 ng/mL
or ELISA and 5 ng/mL for HPLC), from Table 4 it was observed
hat there was no detection of analyte in the samples of Jin-
iang river by HPLC, while the same samples measured by
LISA acquired the detection value of 0.024 ng/mL. In con-

rast, for Funan river analysis, the concentration of indomethacin
easured by HPLC (0.142 ng/mL) was a little higher than that

btained from ELISA (0.109 ng/mL). However, for the measure-
ents of other four types of water samples, a general finding was

hat the concentrations of analyte obtained from ELISA were

igher than those from HPLC, which might be resulted from
ome extent of cross-reactivity and relative to existed matrix
ffect (less importance after 1:10-fold dilution). The correlation

able 4
omparison of ELISA and HPLC for indomethacin determination in different
ater samples (n = 4)

ater types ELISA (ng/mL) HPLC (ng/mL)

injiang river 0.024 ± 0.004 No detection
unan river 0.109 ± 0.07 0.142 ± 0.08
ool 0.857 ± 0.03 0.663 ± 0.15
ospital 2.574 ± 0.24 2.091 ± 0.53

nfluent 1.412 ± 0.10 1.049 ± 0.40
ffluent 0.871 ± 0.04 0.523 ± 0.21
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f ELISA (x) with HPLC (y) was expressed by linear regression
quation: y = 0.802x − 0.037, with the correlation coefficient of
.988, demonstrating a very good correlation of ELISA with
PLC. Apparently, the slope obtained from the linear regression

quation with the value of 0.802 revealed that the measure-
ent by HPLC was slightly underestimated compared to that

y ELISA.

. Conclusion

As a xenobiotic compound in the aquatic environment,
ong-term exposure of indomethacin or other NSAID to the
cosystems is suspected to interfere with the endocrine sys-
ems of aquatic animals. In this work, a highly sensitive
ndirect ELISA for the detection of indomethacin in different
ater samples was developed and validated by conventional
PLC. Indomethacin was covalently linked to carrier pro-

eins by anhydride ester method and the selected polyclonal
ntibody produced in the normal immunization processes was
haracterized in terms of sensitivity, specificity, precision and
ccuracy. High sensitivity of the assay was achieved and, in
ross-reactivity experiment, the antiserum did not recognize the
ested compounds except a precursor of indomethacin. The pro-
osed ELISA was applied for the determination of indomethacin
n different water samples. The matrix effect of water samples
as greatly reduced simply by diluting samples at 10-fold. The

omparison of the experimental data for analyzing real water
amples obtained by ELISA and HPLC demonstrated a good
orrelation between ELISA with HPLC. The proposed ELISA
s also potentially applicable for indomethacin detection in com-
lex matrices such as animal tissues and biological fluids with
suitable clean up process.
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Abstract

A new chelating resin containing bis[2-(2-benzothiazolylthioethyl)sulfoxide] was synthesized using chloromethylated polystyrene as material
and characterized by elemental analysis and infrared spectra. The adsorption capacities of the newly formed resin for Hg2+, Ag+, Cu2+, Zn2+, Pb2+,
Mn2+, Ni2+, Cd2+ and Fe3+ were investigated over the pH range 1.0–6.0. The resin exhibited no affinity for alkali or alkaline earth metal ions.
The maximum adsorption capacities of the resin for Hg2+, Ag+, Cu2+, Zn2+, Pb2+, Mn2+, Ni2+, Cd2+ and Fe3+ were 1.49, 0.96, 0.58, 0.11, 0.37, 0,
0.24, 0.36 and 0.25 mmol g−1, respectively. In column operation it had been observed that Hg2+ and Ag+ in trace quantity could be separated from
different binary mixtures and Hg2+ could be effectively removed from industrial wastewater and the natural water spiked with Hg2+ at usual pH.
© 2007 Published by Elsevier B.V.

Keywords: Chelating resin; Bis[2-(2-benzothiazolylthioethyl)sulfoxide]; Recovery; Metal ions
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added and the mixture was stirred at 90 C for 9 h. After filtra-
tion, the residue was washed with distilled water and ethanol
and dried under vacuum at 50 ◦C. 32.9 g of resin I was obtained.
Elemental analysis (%): N, 3.58.

Table 1
Operating parameters used for recording AAS for different metal ionsa

Metal ion Lamp current (mA) Slit width (nm) Wavelength (nm)

Ag+ 4.0 0.5 338.1
Cd2+ 3.0 0.5 228.8
Cu2+ 3.0 0.2 217.9
Hg2+ 3.0 0.5 253.7
Mn2+ 5.0 0.2 279.8
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. Introduction

Much attention has been drawn to the synthesis of chelat-
ng resins and to the investigation of their adsorption behavior
or the selective and quantitative separation of specific metal
ons from various matrices, because both their adsorption ability
nd adsorption selectivity are superior to those of ion exchang-
rs in a trace or ultra concentration range [1–3]. In general,
he adsorption selectivity of chelating resins has been reported
o be dependent mainly on the chelate forming properties of
unctional groups chemically bonded on the supports such as
ilica gel, cellulose and macroporous copolymers [4]. Chelat-
ng resins containing heterocyclic functional groups receive a
reat deal of attention since they display high affinity towards
eavy and noble metal ions [5]. Many chelating resins obtained
y immobilization of heterocyclic functional groups on solid
upports have been practically applied in separation of trace met-
ls from a variety of matrices [6,7]. Several heterocycles such
s pyridine [8,9], imidazole [10], imidazolylazo [11], benzim-
dazolylazo [12], quinoline [13] and 2-mercaptobenzothiazole
MBZ) [14–17] have been immobilized on a resin bed for this
urpose. Among the above-mentioned chelating resins, the ones
ontaining 2-mercaptobenzothiazole exhibit high affinity for
eavy and noble metal ions, especially for mercury [16]. In Ref.
18], the separation properties of the resin containing sulphur and

BZ for Hg2+ and Ag+ has been studied. The results obtained
how that the resin can separate Hg2+ and Ag+ quantitatively in
queous solution.

Recently, the synthesis of chelating resins with N,N′-
ubstituted diamides of malonic acid [19,20] and N,N′-dialkyl
liphatic amides [21] has been reported. These resins are proved
o have good adsorption properties for metal ions owing to the
lose proximity of donor atoms, which can increase the proba-
ility of formation of stronger complexes [22].

Considering the above we have designed a new chelating
esin containing bis[2-(2-benzothiazolylthioethyl)sulfoxide] as
unctional group. The present report describes the synthesis and
haracterization of the resin. Its adsorption capacity for Hg2+,
g+, Cu2+, Zn2+, Pb2+, Mn2+, Ni2+, Fe3+ and Cd2+ was inves-

igated. The recovery of Hg2+ and Ag+ from several binary
ixtures and the recovery of Hg2+ from natural waters spiked
ith Hg2+ and industrial wastewater were also studied.

. Experimental

.1. Apparatus and reagents
A flame atomic absorption spectrophotometer (Model 932A,
ade in Australia) was used for metal ion determination. The

perating condition was presented in Table 1. The infrared
pectra were recorded on a Nicolet MAGNA-IR550 (series

P
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F
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I) spectrometer (made in American); test condition: potas-
ium bromide pellets, scanning 32 times, resolution 4 cm−1.
he elemental analysis was carried out using an Elemen-

ar Analysensysteme Gmbh Varioel (made in Germany).
emi-automatic sequential injection hydride generation double-
hannel atomic fluorescence spectrometer (Model AFS-920,
ade in China) was used to determine the content of Hg2+

n river water and ground water. The BET surface area was
etermined by ASAP-2020 Surface Area and Porosity Ana-
yzer (made in American). The adjustment of pH was done
ith microprocessor pH meter (Model HANNA pH211, made in
ortugal).

Chloromethylated polystyrene (PS-Cl, crosslinked with 10%
VB, 5.49 mmol g−1 Cl, 30–40 mesh, BET surface area
1.85 m2 g−1) was purchased from Chemical Factory of Nankai
niversity of China. 2-Mercaptoethanol, 30% hydrogen per-
xide solution, urotropine, 2-mercaptobenzothiazole (MBZ),
enzenesulfonyl chloride (BsCl), and other reagents, solvents
ere of analytical reagent grade and were used without further
urification.

Stock solutions of the metal ions (1 mg ml−1 each) were pre-
ared by dissolving appropriate amounts of analytical grade
itrates in distilled water, and further diluted prior to use. The
uffer solutions were prepared by addition of dilute NH4OH or
NO3 to 0.1 M ammonium acetate solution.

.2. Preparation of the resin

The target chelating resin was synthesized as follows
Scheme 1).

Resin I was obtained according to the similar procedure
escribed in literature [23]: 30.0 g of PS-Cl was reacted with
rotropine (96.0 g) in a mixture of ethanol and water (34:20,
/v) at 90 ◦C for 36 h. Then 250 ml of hydrochloric acid was

◦

b2+ 5.0 0.5 283.3
i2+ 4.0 0.2 232.0
e3+ 7.0 0.2 248.3

a The flame type of AAS used in this paper was air-acetylene (oxidizing).
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One hundred milligrams of the resin was shaken with 20 ml
of standard solutions of Hg2+, Ag+ (10 �g ml−1 each) and
25 ml of diverse metal ion solutions containing the alkali and
Scheme 1. Synth

Resin I (32 g) was reacted with 2-mercaptoethanol in a mix-
ure of ethanol and hydrochloric acid (2:1, v/v) at 50 ◦C for 72 h.
hen the product was filtered off and washed with distilled water
nd ethanol. After drying under vacuum at 50 ◦C, 37.0 g of resin
I was obtained. Elemental analysis (%): N, 2.94; S, 15.33.

Resins III and IV were synthesized according to the same
eaction condition described in literature [24]. 5.5 g of resin
I were swollen in 100 ml of acetone for 30 min, then 11.2 g
f hydrogen peroxide was added dropwise within 10 min. The
ixture was stirred mechanically for 6 h. Then the reaction was

eated to reflux for 2 h. Finally, the product was filtered off and
ashed with distilled water and ethanol and then was dried under
acuum at 50 ◦C. 6.1 g of resin III was obtained. Elemental
nalysis (%): N, 2.55; S, 14.12.

A mixture of 6.0 g of resin III and 100 ml of pyridine was
ooled in an ice-water bath, and 20.6 ml of BsCl was added
ropwise. The mixture was stirred at room temperature for 24 h.
hen the reaction were filtered and washed with distilled water
nd ethanol and then was dried under vacuum at 50 ◦C. 6.7 g
f resin IV was obtained. Elemental analysis (%): N, 2.52; S,
3.94.

At the last step, resin IV (6.5 g), 2-mercaptobenzothiazole
14.7 g) and K2CO3 (4.1 g) were suspended in DMF (150 ml),
he mixture was stirred at 85 ◦C for 24 h. Then the reaction was
ltered off and washed with distilled water, ethanol and dried
nder vacuum at 50 ◦C. 5.7 g of resin V was obtained. Elemental
nalysis (%): N, 3.16; S, 13.47.

.3. Water regain

Water regain was defined as the amount of water absorbed by
g of polymer [20]. It was measured according to the method:
pproximately 1 g of the resin was stirred in double distilled
ater for 48 h, then filtered off by suction, weighted, dried

t 80 ◦C for 48 h. After cooling in a desiccator, the resin was
eweighed. The water regain was calculated as (mw − md)/md,
here mw was the weight of water swollen polymer and md was

he dry weight.
.4. Resin stability test

Fifty milligrams of the resin was shaken continuously with
5 ml of 1–5 M hydrochloric acid or alkaline solutions, respec-

a
r
t
b

ute of the resin.

ively for 7 days, then filtered off and washed with distilled water
ntil neutral. After drying, the adsorption capacity of the resin
or Hg2+ was measured by batch method.

.5. Batch experiment

Thirty milligrams of the resin was added to 20 ml of metal ion
olution (5 × 10−3 M) adjusted to the desired pH and the mixture
as shaken for 24 h at 25 ◦C. The mixture was filtered off and

he concentration of the solution was determined by FAAS. The
dsorption capacities were calculated according to the following
quation:

= (C0 − C)V

W

here Q is the adsorption amount (mmol g−1); C0 and C are
he initial concentration and the concentration of metal ion in
olution when the adsorbent is separated (mmol ml−1); V is the
olume (ml); W is the dry weight of resins (in g).

.6. Adsorption kinetic

The adsorption kinetics was determined according to the fol-
owing procedure: 20 ml of metal ion solution (5 × 10−3 M) was
haken with 30 mg of the resin at room temperature. At prede-
ermined intervals, aliquots of 1 ml solution were withdrawn for
nalysis and the concentration of metal ion was determined by
AAS. The loading half time t1/2, i.e. the time required to reach
0% of the resin total loading capacity was estimated from the
esulting isotherm.

.7. Effect of diverse metal ions on adsorption capacities
lkaline earth metal ions (80 �g ml−1 each). After 24 h, the
esin sorbed metal ions was separated and completely eluted,
he concentration of metal ion in the eluent was measured
y FAAS.
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.8. Separation of Hg2+ and Ag+ from several binary
ixtures

Separation of Hg2+ and Ag+ from several binary mixtures was
erformed by batch and column operation. The batch experiment
as same as described above except for the amount of the resin
as 200 mg instead of 100 mg. In column operation, a column of

ength 5 cm and 0.4 cm inner diameter was packed with 300 mg
f the resin. The resin column was equilibrated by passing 30 ml
f 0.1 M acetate buffer solution of an appropriate pH. In batch
peration, a 40 ml solution containing 250 �g of Ag+ or Hg2+

nd the interfering ions (500 �g each) was shaken for 24 h with
00 mg resin. In column operation, solutions of same amount of
inary mixtures were passed through the resin at a flow rate of
.25 ml min−1. After eluting the metal ion sorbed on the resin
ith 10 ml of 5% thiourea in 0.1 M HNO3, the concentration of
etal ion in eluent was determined by FAAS.

.9. Removal of Hg2+ from river and ground water

River and ground water were employed for the removal of
g2+ in this experiment. To river water or ground water Hg2+

olution was added to make a solution of the concentration
f mercury of 2 �g ml−1. This solution was passed through
he glass column having 300 mg of the resin at a flow rate of
.25 ml min−1. The metal ion sorbed on the resin was eluted
ith eluting agents, and then the amount of metal ion in eluent
as determined by FAAS.
.10. Removal of Hg2+ from industrial wastewater

The industrial wastewater was collected in pre-washed
olyethylene bottles from Goldentide Battery Co. Ltd. (Yantai,

p
S
b
p

Fig. 1. FTIR spectra of PS
(2007) 195–201

hina). The sample was immediately filtered through a Milli-
ore cellulose nitrate membrane (45 �m), acidified to pH 2.0
ith 2.0 mol l−1 HNO3 and neutralized and then buffered to

he desired pH. The content of the sample was determined by
AAS. For separation, 100 ml of the sample was passed through
he column containing 300 mg of the resin. Hg2+ was subse-
uently eluted with 10 ml of 5% thiourea in 0.1 M HNO3, the
oncentration of Hg2+ in eluent was determined by FAAS.

. Results and discussion

.1. Characterization of the resin

Fig. 1 showed the infrared spectra of PS-Cl and resins I–V.
y comparison with the curve of PS-Cl, the characteristic peak
f 1265 and 675 cm−1 almost disappeared in the curve of resin
, and a new strong band appeared at 1697 cm−1, which was the
haracteristic absorbance of C O group [23], indicating that the
ldehyde group had been introduced into the polymeric matrix
uccessfully. The data of elemental analysis indicated that the
itrogen contents in resins I–IV were 3.58, 2.94, 2.55 and 2.52%,
espectively. The existence of nitrogen could be ascribed to the
ncomplete conversion of the intermediate (a) in the formation
f resin I (shown as Scheme 2). Resin II was characterized by
he absence of the absorbance of C O and the presence of a
and at 1046 cm−1 corresponding to C OH group. The sulphur
ontent found by elemental analysis in resin II (4.79 mmol g−1)
ndicated that more than 43.6% of the chloromethyl groups were
unctionalized. In the spectrum of resin III, a strong absorption

eak at 1039 cm−1 belonging to the characteristic absorbance of

O was observed [25], which indicated that the sulphide had
een oxidized into sulfoxide. Resin IV was confirmed by the
resence of two bands at 1187 and 614 cm−1 belonging to the

-Cl and resins I–V.
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Table 2
Adsorption capacity of the resin for different metal ions vs. pH (mmol g−1)

pH Ag+ Cu2+ Hg2+ Zn2+ Pb2+ Ni2+ Cd2+ Fe3+ Mn2+

1.0 0.71 0.58 1.49 0.09 0.13 0.11 0.15 0.18 0
2.0 0.66 0.54 1.36 0.07 0.31 0.14 0.18 0.13 0
3.0 0.71 0.51 1.23 0.05 0.27 0.07 0.24 0.17 0
4.0 0.77 0.39 1.31 0.07 0.35 0.09 0.16 0.16 0
5
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Scheme 2. The formation mechanism of resin I.

haracteristic absorbance of benzenesulfonate. In the spectrum
f resin V, the absorption bands at 1455 and 1424 cm−1 due to
he skeletal vibration of the benzothiazole group were observed
18]. Sulphur content for resin V was 13.47%, which meant the
unctional group of MBZ was 1.40 mmol g−1.

The chemical stability was evaluated by measuring the
hange of adsorption capacity of the resin for Hg2+ after succes-
ive contact of the resin with acid or alkali solutions in the various
oncentration ranges. No obvious decrease in the adsorption
apacity of Hg2+ was observed. These experimental results indi-
ated that the resin was sufficiently stable in acidic and alkaline
olutions.

The adsorption kinetic of the resin for Hg2+ and Ag+ was
etermined at the corresponding pH of maximum adsorption.
he results were shown in Fig. 2. The t1/2 of the resin for Hg2+

nd Ag+ was 30 and 35 min, respectively. The water regain value
f the resin was 35.6 mmol g−1. All these data showed that the
esin was quite suitable for column operation at a low flow rate.

.2. Adsorption capacities for metal ions

The adsorption capacities of the resin for different metal
ons were determined by batch method at various pH val-
es. The results were tabulated in Table 2. From Table 2,

t could be noted that the adsorption capacities of the
esin for the metal ions decreased in the following order:
g2+ > Ag+ > Cu2+ > Pb2+ > Cd2+ > Fe3+ > Ni2+ > Zn2+ > Mn2+.

Fig. 2. Adsorption rate curve of the resin for Hg2+ and Ag+.
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.0 0.95 0.47 1.28 0.08 0.25 0.19 0.35 0.21 0

.0 0.96 0.46 1.35 0.11 0.37 0.24 0.36 0.25 0

he highest adsorption capacities for Hg2+ and Ag+ were
.49 and 0.96 mmol g−1, respectively. These results could be
nterpreted as follows: according to the theory of soft and
ard acids and bases (SHAB), ligands with “soft” type donors
refer interactions with “soft”, i.e. large and more easily
olarizable, acceptors such as noble and heavy metal ions [26].
he functional groups of sulfoxide and MBZ presented in

he investigated resin belong to soft bases, thus the resin had
igher adsorption capacities for Hg2+ and Ag+ than that for
u2+, Pb2+, Cd2+, Fe3+, Ni2+, Zn2+ and Mn2+, which were base
etal ions. One could observe that, Mn2+ was not recognized

y the resin. The reason for this could be ascribe to the low
ccepting ability of Mn2+ with chelating group described by
rving-Williams series [27].

As could be seen in Table 2, the pH values had a slight effect
n the adsorption capacities of the resin for the metal ions. The
aximum adsorption capacities of the metal ions were obtained

nder the optimal pH 1.0 for Hg2+ and Cu2+, 6.0 for Ag+, Pb2+,
d2+, Ni2+, Zn2+ and Fe3+ in this paper.

.3. Separation of Hg2+ and Ag+ from alkali and alkaline
arth metal ions

Separation of Hg2+ and Ag+ from several binary mixtures
ith alkali and alkaline earth metal ions at their corresponding
aximum pH was carried out. The recovery of Hg2+ and Ag+

ere 100% and 96+%, respectively. As could be expected that,
he presence of large excess of alkali and alkaline earth metal
ons did not affect the recovery of Hg2+ and Ag+ from the solu-
ion, which meant that the resin could be used for removal of
race mercury and silver from natural samples.

.4. Separation of Hg2+ and Ag+ from binary mixtures

The ability to remove particular metal ions selectively from
queous solution under competitive condition is of utmost
mportance in designing a resin for environmental remediation
pplications. The recovery of Hg2+ and Ag+ by the resin in
he presence of diverse metal ions such as Cu2+, Zn2+, Pb2+,
i2+, Cd2+, Fe3+ and Mn2+ was determined by batch and col-
mn method. The results were shown in Table 3. From Table 3, it

2+ +
ould be seen that the recovery of the resin for Hg and Ag was
6.3+%, 94.5+%, respectively. The experimental results showed
hat the resin could remove Hg2+ and Ag+ from aqueous solu-
ion quantitatively, even in the presence of two-fold excess of
ompeting metal ions.
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Table 3
Separation of Hg2+ and Ag+ from binary mixtures at corresponding pH of maximum adsorptiona

Metal ion Recovery (%)

Ag(I) Hg(II)

Batch method Column method Batch method Column method

Cu2+ 95.7 ± 1.5 97.0 ± 2.3 97.5 ± 1.3 98.6 ± 1.4
Zn2+ 98.3 ± 1.4 98.6 ± 2.7 98.8 ± 2.9 99.0 ± 3.4
Pb2+ 95.4 ± 1.1 100 ± 2.6 100 ± 1.5 99.6 ± 2.3
Ni2+ 98.8 ± 2.3 98.7 ± 3.1 98.7 ± 4.2 99.4 ± 2.7
Cd2+ 98.9 ± 3.5 97.6 ± 2.5 98.5 ± 2.3 98.6 ± 3.4
Mn2+ 97.1 ± 2.3 98.3 ± 1.4 99.2 ± 1.8 100 ± 5.6
Fe3+ 95.3 ± 1.6 94.5 ± 2.0 96.3 ± 3.3 97.8 ± 4.3

a The amount of Hg2+ and Ag+ in binary mixture was 250 �g and the amount of interferences such as Cu2+, Zn2+, Pb2+, Ni2+, Cd2+, Fe3+ and Mn2+ was 500 �g,
respectively.

Table 4
Recovery of Hg2+ from natural waters and industrial wastewater

Sample Measured value (�g l−1) Amount spiked (�g) Amount recovered (�g) Recovery (%)

River water 0.1 50.0 49.6 ± 3.9 99.2 ± 7.8
River water 0.1 100.0 98.5 ± 1.5 98.5 ± 1.5
Ground water 0.05 50.0 50.0 ± 1.8 100.0 ± 3.6
G
W

3
w

u
w
u
d
F
9
r
i

4

t
w
a
e
e
c
a
A
H
9

A

t

Y
2
v

R

[

[
[

[

[
[
[

round water 0.05 100.0
astewater 538.4 –

.5. Removal of Hg2+ from natural waters and industrial
astewater

Experiments on the recovery of Hg2+ were carried out
sing column method. Before the natural waters and industrial
astewater were used, the contents of Hg2+ were determined by
sing Semi-automatic sequential injection hydride generation
ouble-channel atomic fluorescence spectrometer and FAAS.
rom Table 4, it could be seen that the recovery of Hg2+ was
2.9+%, which meant the trance amount of Hg2+ could be
ecovered quantitatively with the resin from natural waters and
ndustrial wastewater.

. Conclusions

A new chelating resin containing bis[2-(2-mercaptobenzo-
hiazolylethyl)sulfoxide] was synthesized and characterized. It
as stable in acidic and alkaline medium. The resin had high

ffinity for Hg2+ and Ag+. The presence of alkali or alkaline
arth metal ions such as Na+, Mg2+, Ca2+ and Ba2+ had no
ffect on the recovery of Hg2+ and Ag+. This resin could effi-
iently remove Hg2+ and Ag+ from binary mixtures in batch
nd column method. The recovery of the resin for Hg2+ and
g+ were 96.3+% and 94.5+%, respectively. The recovery of
g2+ from spiked natural waters and industrial wastewater was
2.9+%.
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bstract

A flow injection system with anion exchange resin minicolumns was coupled with dynamic reaction cell (DRCTM) ICP-MS for the determination
nd speciation of selenite and selenate at sub �g L−1 levels. The charged selenate and uncharged selenite were separated on the first resin column in
hich only selenate was retained. The unretained selenite was then deprotonated with alkaline solution, and the resulting anionic selenite species
as collected on the second column serially connected downstream. By setting a sample loop, total selenium can be determined together with

elenite and selenate. The selenium species was eluted by nitric acid and carried to DRCTM ICP-MS for their detection. Using ammonia as reaction
78
as, the detection of Se was improved. The enrichment factor was 20 for 10 mL of sample. The standard deviations (n = 5) of peak heights were

.9%, 4.1%, and 7.0% for a 5.0 × 10−2 �g L−1 selenite and selenate, and total Se, respectively. The calibration graphs were linear from 2.0 × 10−2

o 1.0 �g L−1 selenite and selenate. And, the linearity for total selenium was good in the range of 10.0 × 10−2 to 1.0 �g L−1. The proposed method
as been demonstrated for the application to natural and bottled drinking water samples.

2007 Elsevier B.V. All rights reserved.
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eywords: DRCTM ICP-MS; Speciation; Inorganic selenium; Selenite and sele

. Introduction

Selenium is an essential nutrient which has been concerned
ith the cancer prevention [1,2] and its metabolic pathway in
uman body has been reported [3]. The guideline level of sele-
ium in drinking water set by WHO [4] was 10 �g L−1 and
ecently has been revised to be about 5 �g L−1 by USEPA [5].

Selenium speciation is currently of interest. In natural water,

norganic selenium species, i.e. selenite and selenate, while
rganic selenium such as selenocystine could be found.
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Automated flow injection system; Anion exchange resin minicolumn

Recently, the speciation of selenium species, especially
rganic species in biological/clinical samples has been focused
6–10]. Selenite (Se(IV)) and selenate (Se(VI)) present as anions
n environmental water and these species may enter in other bio-
ogical and physiological systems. Therefore, it is interesting in
he speciation of inorganic and organic selenium in environmen-
al water samples.

The frequently used techniques for speciation of selenium
pecies are the chromatographic separation, i.e. HPLC, IC, cou-
led with atomic spectrometric detection such as AAS, AFS,
CP-AES and ICP-MS. Guerin et al. [11] have reviewed the
PLC separation techniques with hyphenation for speciation
f arsenic and selenium species. And also, their applications
n the selenium determination and speciation with hyphenation
ave been reviewed [12]. The concentration of selenium in nat-
ral water is quite low, i.e. several �g L−1 to sub �g L−1 level.

ccordingly, it is difficult to determine selenium directly in

uch samples. Since selenium, especially inorganic Se(IV), is
ble to form hydride, hydride generation techniques are usually
mployed for improvement of sensitivity.
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steps. Briefly, 0.03 M HNO3 (pH 1.5) is selected (by valve V1)
to flow through the system for 45 s and follows by the sample
loading step by which V1 is switched for introducing the sample
solution (pH 1.5 by adding with HNO3) for 300 s. Thereafter, the

Table 1
Operating conditions of DRCTM ICP-MS

Parameters Conditions

ICP-MS Perkin-Elmer SCIEX, ELAN DRC II
Argon gas flow rate

Plasma gas 15 L min−1

Auxiliary gas 1.375 L min−1

Nebulizer gas 0.9 L min−1

RF power 1.3 kW

Dynamic reaction cell
−1
K. Jitmanee et al. / Ta

Some interesting preconcentration methods have been
roposed for the determination of selenium species in envi-
onmental water samples [13] including solid-phase extraction
SPE) which is useful for the collection and high enrichment fac-
or of analytes. Ion exchange, chelating and hydrophobic resins
re also of interest.

The on-line simultaneous preconcentration of selenite and
elenate using strong anion exchange resin column prior to
iquid chromatographic separation and ICP-MS detection was
eported [14]. Chelating resin such as Amberlite IRA-743 was
sed for collection of several selenium species prior to analy-
is by HPLC-ICP-MS [15]. However, the elution of selenium
pecies is complicated. Coupling the anion exchange resin with
18 cartridge has been reported for preconcentration of inor-
anic and volatile organic selenium species before separation
nd quantification with GC–MS [16]. However, the derivati-
ation step was required and the 1000 mL sample was used
or sensitivity enhancement. 3-Mercaptopropyl-trimethoxylane
odified silica gel [17], Fe(III) loaded Chelex-100 resin [18]

nd activated alumina [19,20] have been reported for the reactive
elenite species. However, two different eluents were required
or selective elution of selenite and selenate.

The on-line dual solid-phase columns-in-valve has shown its
otential for speciation analysis [21–23]. Therefore, it is possible
o employ such concept for the pre-concentration and speciation
f selenite and selenate by ICP-MS.

We propose a new automated flow injection system using
our valves with anion exchange resin minicolumn coupled with
RCTM ICP-MS for speciation of total selenium, selenite, and

elenate. The separation is based on the formation of charged
elenate (HSeO4

−) and uncharged selenite (H2SeO3) at differ-
nce pH values.

. Experimental

.1. Reagents

A 1000 mg L−1 (as Se) stock solution of selenite was pre-
ared by dissolving sodium selenite (99.999%: Sigma–Aldrich)
n water. Ultra-purified water obtained by an Elix 3/Milli-Q
lement System (Nihon Millipore, Japan) was used. Similarly,
1000 mg L−1 (as Se) stock solution of selenate was pre-

ared by dissolving sodium selenate decahydrate (99.999%:
igma–Aldrich) in water. Accurately diluted solutions of selen-

te and selenate were prepared daily. An ammonia solution was
repared from concentrated ammonia (28% extra pure reagent:
acalai Tesque, Japan). Ammonium acetate solutions were
repared by dissolving ammonium acetate (>97.0% analytical-
eagent: Sigma–Aldrich Japan, Tokyo) in water and adjusted
o a desired pH with concentrated ammonia or glacial acetic
cid (99–100% super special grade: Wako Pure Chemical Indus-
ries, Osaka). The eluent was obtained by mixing nitric acid
61% analytical-reagent: Sigma–Aldrich Japan, Tokyo) with

ethanol (99.0% extra pure reagent: Nacalai Tesque, Kyoto) and

iluted with water. An anion exchange resin Muromac® 2 × 8,
00–200 mesh in Cl-form (Muromachi Technos Co., Japan) was
sed for collection of selenite and selenate.

M
D
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.2. Apparatus and flow manifold

The flow set up for speciation of total selenium, selenite, and
elenate was assembled as depicted in Fig. 1. The solid-phase
xtraction resin column (SPERC) was prepared by packing the
nion exchange resin into the PTFE tubing (2 mm i.d. × 5 cm)
ith the plugs of cotton wool at both ends. Smaller PTFE tub-

ngs (0.5 mm i.d.) were tightly inserted into this column to
e placed on the valve. SPERCs were pre-washed with 2.0 M
itric acid. ICP-MS, ELAN® DRC II (PerkinElmer-SCIEXTM

nstruements, Concord, Ontario, Canada) equipped with a quartz
yclonic spray chamber and concentric nebulizer was used and
t was operated in the dynamic reaction cell mode (DRC) and
mmonia gas was used as reaction gas for reduction/elimination
f plasma based interferences. The instrument conditions are
ummarized in Table 1. A peristaltic pump (P3) was used to pro-
el an eluent. Two peristaltic pumps (model U4-MIDI, Alitea,
weden) were used for introduction of conditioning/washing
olution and sample (P1), and ammonia solution (P2). A 6-
ort selection valve (C25-3186EMH) and three 6-port injection
alves (C22-3186 EH) were of Valco Instruments Co., Inc. The
ata acquisition card (DAQCard-DIO-24) and connector block
CB-50LP I/O) were of National Instruments Corps, TX, USA.

Control of valves (V2, V3, and V4) and pumps (P1 and P2)
as achieved via a data acquisition card (DAQCard-DIO-24)

nd connector block (CB-50LP I/O). The communication of
alves and pumps was depicted as shown in Fig. 2. LabVIEWTM

National Instrument Corps, TX, USA), a programming
anguage, was employed for developing analytical-devices-
ontroller software.

.3. Analytical procedures

Tables 1 and 2 describe the operating conditions of DRCTM

CP-MS and operating steps of flow injection solid-phase
xtraction system, respectively. The speciation system for total
elenium, selenite, and selenate determinations consists of eight
Cell gas/flow rate NH3/0.3 mL min
RPa/RPq value 0/0.6

onitored isotope 78Se
well time 980 ms (2 s/data point)
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Fig. 1. Flow set up with solid-phase extraction resin columns coupled with DRCTM ICP-MS for speciation of selenium (see text).
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Fig. 2. Buses connectio
njection/washing steps are performed by switching the position
f V1 to position 1 and of V2 to inject position. This switching
f V1 is corresponding to the washing of matrix whereas of V2
s corresponding to the injection of sample in the sample loop

f
f
f
i

able 2
perating steps of sample pretreatment system

perating steps Solution Position of v

V1 V2

. Conditioning Dil. HNO3, pH 1.5 1 Lo

. Sample loading Sample, pH 1.5 2 Lo

. Injection and washing Injection, 1 M HNO3/2% CH3OH;
Washing, Dil. HNO3, pH 1.5

1 Inj

. Elution 1; for selenite 1 M HNO3/2% CH3OH 1 Lo

. Elution 2; for selenate 1 M HNO3/2% CH3OH 1 Lo

. Line washing 1 New sample, pH 1.5 2 Inj

. Line washing 2 Dil. HNO3, pH 1.5 1 Lo

. Ready – 1 Lo
evices with Laptop PC.
or total selenium measurement. Selenium species are eluted
rom both SPERCs effectively by nitric acid. The elution is per-
ormed by the switching of V4 to inject position for 120 s, which
s resulting in desorption of selenite from the SPERC-2. There-

alves Function of pumps Delay time (s)

V3 V4 P1 P2

ad Load Load On On 45
ad Load Load On On 300
ect Load Load On On 60

ad Load Inject Off Off 120
ad Inject Load Off Off 120
ect Inject Inject On On 20
ad Load Load On On 90
ad Load Load Off Off 2
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fter, the V3 is switched to inject position for elution of selenate
rom the SPERC-1. Each eluate is introduced to ICP-MS. We
sed one port (port 2) for introducing samples and therefore, the
teps 6 and 7 are necessary for analysis of next sample.

.4. Sample preparation

Tap water was taken in our laboratory and the bottled drink-
ng water samples were purchased from a super market. After
ampling, concentrated nitric acid was added to the sample for
owering pH to 1.5 (2.5 mL/1000 mL sample). It was filtered
hrough the membrane filter (mixed cellulose ester, 0.45 �m,
dvantec, Toyo Roshi Kaisha, Ltd., Japan). All samples were
ept in a refrigerator and analyzed as soon as possible.

. Results and discussion

.1. Instrumental parameter on reaction gas flow rate

The dynamic reaction cell (DRC) technology is useful for
emoving/eliminating plasma-based interferences. Therefore,
he reduction of interferences was studied for the detection of
e. The plasma-based interferences such as 40Ar37Cl for 77Se,
0Ar38Ar for 78Se, 40Ar40Ar for 80Se and 40Ar2

2H for 82Se,
ffect directly to the accuracy and sensitivity of the ICP-MS
easurement. By using a 10.0 �g L−1 standard selenium solu-

ion prepared in 0.1 M HCl, the effect of flow rate of ammonia
eaction cell gas was studied for elimination of interferences. As
hown in Fig. 3, increasing in the flow rate of ammonia gas from
to 1.0 mL min−1 decreased the background signal of 77Se,
8Se, 80Se, and 82Se drastically, however, decrease in the sample
ignal was observed as well. At a flow rate of 0.3 mL min−1, the
ackground signal at m/z of 77, 78 and 82 were greatest reduced

f
a
<

ig. 3. Effect of cell gas flow rate on intensity of Se. (a) 77Se; (b) 78Se; (c) 80Se; (d)
espectively.
73 (2007) 352–357 355

nd it gave the high net signal of sample. Effective reduction of
he background signal at m/z of 80 required a higher ammonia
as flow rate of 0.6 mL min−1, but this led to much reduction in
he signal of sample, too. Therefore, a flow rate of 0.3 mL min−1

as used to detect selenium at the less abundant isotope 78Se
23.8% abundance).

.2. Design of automated flow injection system with anion
xchange resin columns

LabVIEWTM, an established graphical programming lan-
uage, has been useful to automate an analytical system [24–27].
n in-house developed devices-controller software employing
abVIEWTM was designed for the electric actuation of valves

V1, V2, V3, and V4) and for turning on/off of peristaltic pumps
P1 and P2). Valves (V2, V3, V4) and pumps (P1 and P2)
ere actuated and activated, respectively. All connections were

chieved via the interface (DAQCard-DIO-I/O and connector
lock) (see Fig. 2).

The software also sent the commands in ASCII format to
he valve V1 via an RS-232 for actuation of valve (port chang-
ng). Although all the valves in this study can be controlled
sing serial communication, the USB-to-Serial cables are nec-
ssary for adding the addition serial ports to laptop PC. A digital
/O interface (NI DAQCard-DIO-24, National Instrument, USA)
as employed.

.3. Collection of selenite and selenate
The separation and concentration of selenite and selenate are
easible by different acid dissociation constants (pKa). The pKa1
nd pKa2 values of selenite are 2.62 and 8.32 and of selenate are
1 and 1.7 [28]. Therefore at pH of ca. 1.5, selenate presents

82Se. The circle and triangle symbols represent for sample and reagent blank,
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selenium, selenite and selenate are illustrated in Fig. 4.

The calibration graphs, using 10 mL of sample, were lin-
ear in the range of 2.0 × 10−2 to 1.0 �g L−1 for selenite and
selenate and 10.0 × 10−2 to 1.0 �g L−1 for total Se. The cal-
56 K. Jitmanee et al. / T

ainly as HSeO4
−1 while selenite was uncharged, H2SeO3.

oth species should be able to separate by using ion exchange
esin where charged selenate species could be retained. On the
ther hand, uncharged selenite should not be retained on the
nion exchange resin. Employing the manifold in Fig. 1, selenate
as collected on SPERC-1 whereas selenite was collected on
PERC-2 after deprotonation by raising pH above its pKa value.
uromac® 2 × 8, 100–200 mesh was preferable for collection

f selenite and selenate.

.4. Study of flow injection parameters for
ollection/concentration of selenite and selenate

In order to raise the pH of effluent from SPERC-1, three alka-
ine solutions were examined for 5.0 �g L−1 selenite. By using
.05 M ammonium acetate at pH 7.0, 9.7 and 0.5% (v/v) ammo-
ia solution, pH of the effluent from SPERC-2 at a flow rate of
.5 mL min−1 was checked. The resulting pH values were 3.8,
.6 and 9.3. Using 0.5% (v/v) ammonia solution, the signals due
o sample loading time of 4 min at flow rate of 1 mL min−1 was
igher than that of the ammonium acetate solutions. Therefore,
.5% (v/v) ammonia solution was selected for further use.

The effect of the concentration of ammonia solution on the
H of effluent from SPERC-2 was studied. The pH of effluent
rom SPERC-2 was found to be 2.0, 2.3, 9.5 and 9.9 when the
mmonia solution at a concentration of 0.1, 0.3, 0.5 and 1.0%
v/v) was used. An ammonia solution concentration of 0.5%
v/v) was selected for raising the pH of effluent from SPERC-1
bove pKa2 of selenite.

The length of mixing coil, MC in Fig. 1, was investigated
or mixing ammonia solution and the effluent from SPERC-1,
hich would affect the retention of selenite at SPERC-2. The

ength (PTFE tubing, 0.5 mm i.d.) was varied in the range of
–8 m. A length of 5 m resulted in the highest signal of selenite.
ith further increase in the length (8 m), peak area remained

onstant whereas the peak height decreased slightly. Therefore,
5 m length was selected.

The elution of selenium species from SPERC was performed
sing nitric acid. Selenium anion species is protonated by acidic
olution and therefore it can be eluted from anion exchange resin
asily. However, the ionic strength of the acid solution would
lay an important role for the elution based on ion-exchange
echanism. The concentration of nitric acid was investigated

n the range of 0.1–2.0 M for effective elution of the selenium
pecies. The 20 ng (2.0 mL of 10.0 �g L−1) of selenite and sele-
ate were effectively eluted by nitric acid at a concentration
bove 0.5 M. However, considering the possibly co-existing
nionic species in a sample such as sulphate, phosphate, etc.,
hich retain on the anion exchange resin strongly, 1.0 M nitric

cid was selected.
The time period for introducing the sample to the system

hould involve the detection sensitivity. A solution contain-
ng 1.0 �g L−1 of both selenite and selenate at a flow rate

f 1.0 mL min−1 was introduced and the effect to the sig-
als, peak area and peak height, was investigated. As a result,
he signals for selenite and selenate gradually increased for
–10 min. For the sensitive detection of selenium at a level below

F
s
t
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0.0 × 10−2 �g L−1, the sample introduction time of 10 min was
elected.

The organic solvent such as methanol was added to enhance
he detection sensitivity of selenium [29,30]. In this work, the
ffect of methanol concentration in 1.0 M nitric acid was stud-
ed in the range of 0.5–3% (v/v). The results showed that the
ignal of selenium increased with increasing the concentration
f methanol while the baseline background signal and noise
ecreased. The highest signal of selenium was obtained using
ethanol of 2%, but the signal decreased when a methanol con-

entration being over 2%. Two percent methanol was therefore
elected.

The flow rates of sample and of the washing/conditioning
olutions were varied from 0.5 to 2.0 mL min−1. As results, a
ow rate of 2.0 mL min−1 which provided effective analysis

ime was selected for sample, washing/condition solution. By
njecting the sample via the loop of the valve V2, the total sele-
ium is directly detected by DRCTM ICP-MS. The effect of
olume of sample injected into the carrier stream (1.0 M nitric
cid/2% methanol, a flow rate of 1.0 mL min−1) was studied.
or 10.0 × 10−2 �g L−1 selenium, the peak of Se could not be
bserved when using a loop of 50 �L. By increasing the loop to
00 �L, the peak of Se (total Se) could be detected. However,
he peak became broad for a volume over 200 �L. A sample loop
f 100 �L was selected.

.5. Analytical characteristics of the proposed system and
pplication to water samples

Under the selected conditions for the system (Fig. 1), typ-
cal flow signals of selenium species correspond to the total
ig. 4. Flow signals of standard solution of 20.0 × 10−2 �g L−1 selenite and
elenate (40.0 × 10−2 �g L−1 for total Se). The asset shows the enlarge scale of
otal-Se peak.
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Table 3
Determination of selenium species in water samples

Sample Add (×10−2 �g L−1) Found (×10−2 �g L−1) (n = 3) Recovery

Total Se Selenite Selenate Total Se Selenite Selenate Total Se Selenite Selenate

Tap water – – – <LOD 1.3 ± 0.1 1.8 ± 0.1 – – –
10.0 5.0 5.0 11.2 ± 1.4 6.7 ± 0.1 6.6 ± 0.5 – 108 96

Bottled drinking water A – – – <LOD 1.3 ± 0.2 5.8 ± 0.2 – – –
10.0 5.0 5.0 16.2 ± 1.0 6.3 ± 0.2 10.0 ± 0.6 – 100 84

Pond water A – – – 9.7 ± 0.8 2.1 ± 0.0 3.6 ± 0.2 – – –
10.0 5.0 5.0 19.3 ± 1.3 7.2 ± 0.2 8.0 ± 0.3 96 102 88

River water – – – 12.3 ± 0.2 3.9 ± 0.1 7.9 ± 0.1 – – –
Mt. River water – – – <LOD <LOD 6.8 ± 0.1 – – –
Pond water B – – – <LOD <LOD 2.1 ± 0.2 – – –
W ± 1.
B ± 0.
B D
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J.I. Rhee, Talanta 68 (2005) 187.
ell water – – – 16.7
ottled drinking water B – – – 13.8
ottled drinking water C – – – <LO

bration equation of Y = 2.86 × 103X − 0.577; r2 = 0.9999 for
elenite, Y = 3.76 × 103X − 10.7; r2 = 0.9999 for selenate, and
= 1.48 × 102X − 1.89; r2 = 0.9988 for total selenium, were
btained where Y, X and r2 are the peak height (count s−1),
he concentration in �g L−1 and the correlation coefficient,
espectively. The limits of detection (LOD) based on the 3-S/N
riteria were 0.9 × 10−2, 0.7 × 10−2, and 8.0 × 10−2 �g L−1 for
elenite, selenate, and total selenium. The proposed system was
pplied to water samples. The results are summarized in Table 3.

. Conclusion

A flow injection system with solid-phase extraction resin
olumns coupled with DRCTM ICP-MS was proposed for spe-
iation of inorganic selenium, selenite and selenate. The on-line
ow injection pre-concentration column system can improve
ensitivity for selenium. The automated analytical system using
he in-house writing software has the benefit for the inatten-
ion operation with sample throughputs of about 5 h−1. Total
elenium, selenite, and selenate can be determined in a single
nalysis run. Applications have been demonstrated to uncontam-
nated water samples, such as natural and bottled drinking water.

cknowledgements

The present work was partly supported by a grant of the Fron-
ier Research Project “Material for the 21st Century-Materials
evelopment for Environment, Energy and Information” (for
002–2006 fiscal years) from Ministry of Education, Culture,
ports, Science and Technology, Japan. The authors would like

o thank Dr. Narong Lenghor and Mr. Lucksagoon Ganranoo for
ind help on electronics and programming software.

eferences
[1] R. Abdulah, K. Miyazaki, M. Nakazawa, H. Koyama, J. Trace Elem. Med.
Biol. 19 (2005) 141.

[2] D.W. Nyman, M.S. Stratton, M.J. Kopplin, B.L. Dalkin, R.B. Nagle, A.J.
Gandolfi, Cancer Detect. Prev. 28 (2004) 8.

[3] K.T. Suzuki, J. Health Sci. 51 (2005) 107.

[

[
[

6 1.3 ± 0.1 14.8 ± 0.4 – – –
8 <LOD 12.9 ± 0.4 – – –

1.2 ± 0.1 3.2 ± 0.2 – – –

[4] World Health Organization (WHO), http://www.who.int/, last accessed
March 24, 2007.

[5] The US Environmental Protectin Agency (US EPA), http://www.epa.gov/,
last accessed March 24, 2007.

[6] O. Palacios, J.R. Encinar, G. Bertin, R. Lobinski, Anal. Bioanal. Chem.
383 (2005) 516.

[7] V. Gergely, K.M. Kubachka, S. Mounicou, P. Fodor, J.A. Caruso, J. Chro-
matogr. A 1101 (2006) 94.

[8] I. Lavilla, A. Mosquera, J. Millos, J. Cameselle, C. Bendicho, Anal. Chim.
Acta, in press.

[9] E. Dumont, Y. Ogra, K.T. Suzuki, F. Vanhaecke, R. Cornelis, Anal. Chim.
Acta 554 (2005) 123.

10] A.P. Vonderheide, S. Mounicou, J. Meija, H.F. Henry, J.A. Caruso, J.R.
Shann, Analyst 131 (2006) 33.

11] T. Guerin, A. Astruc, M. Astruc, Talanta 50 (1999) 1.
12] J.L. Capelo, C. Fernandez, B. Pedras, P. Santos, P. Gonzalez, C. Vaz, Talanta

68 (2005) 1447.
13] B.D. Wake, A.R. Bowie, E.C.V. Butler, P.R. Haddad, Trends Anal. Chem.

23 (2004) 516.
14] Y. Cai, M. Cabnas, J.L. Fernandez-Turiel, M. Abalos, J.M. Bayona, Anal.

Chim. Acta 314 (1995) 183.
15] M. Bueno, M. Potin-Gautier, J. Chromatogr. A 963 (2002) 185.
16] J.L. Gomez-Ariza, J.A. Pozas, I. Giraldez, E. Morales, Analyst 124 (1999)

75.
17] F. Sahin, M. Volkan, A.G. Howard, O.Y. Ataman, Talanta 60 (2003) 1003.
18] T. Ferri, P. Sangiorgio, Anal. Chim. Acta 321 (1996) 185.
19] K. Pyrzynska, P. Drzewicz, M. Trojanowicz, Anal. Chim. Acta 363 (1998)

141.
20] A. Larraya, M.G. Cobo-Fernandez, M.A. Palacios, C. Camara, Fresenius’

J. Anal. Chem. 350 (1994) 667.
21] K. Jitmanee, M. Oshima, S. Motomizu, Talanta 66 (2005) 529.
22] S. Motomizu, K. Jitmanee, M. Oshima, Anal. Chim. Acta 499 (2003) 149.
23] K. Jitmanee, M. Oshima, S. Motomizu, J. Flow Injection. Anal. 21 (2004)

49.
24] A.R. Bowie, E.P. Achterberg, S. Ussher, P.J. Worsfold, J. Autom. Methods

Manage. Chem. 2005 (2005) 37.
25] J. Jakmunee, L. Patimapornlert, S. Suteerapataranon, N. Lenghor, K. Grud-

pan, Talanta 65 (2005) 789.
26] C.E. Lenehan, N.W. Barnett, S.W. Lewis, J. Autom. Methods Manage.

Chem. 24 (2002) 99.
27] S.-H. Lee, O.-J. Sohn, Y.-S. Yim, K.-A. Han, G.W. Hyung, S.H. Chough,
28] Handbook of Chemistry and Physics, 84th ed., CRC Press, Boca Raton,
2003–2004.

29] E.H. Larsen, S. Sturup, J. Anal. Atom. Spectrom. 9 (1994) 1099.
30] K. Sathrugnan, S. Hirata, Talanta 64 (2004) 237.



A

a
m
a
fl
w
r
s
©

K

1

P
A
c
m

i
e
R
b
b
c

c
c
t

0
d

Talanta 73 (2007) 246–250

Determination of ochratoxin A in maize bread samples by
LC with fluorescence detection

C. Juan b, C.M. Lino a,∗, A. Pena a, J.C. Moltó b, J. Mañes b, I. Silveira a
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bstract

Ochratoxin A (OTA) is a secondary fungal metabolite produced by several moulds, mainly by Aspergillus ochraceus, A. carbonarius, A. niger
nd by Penicillium verrucosum. The present work shows the results of comparative studies using different procedures for the analysis of OTA in
aize bread samples. The studied analytical methods involved extraction with different volumes of PBS/methanol, different extraction apparatus,

nd clean-up through immunoaffinity columns. The separation and identification were carried out by high-performance liquid chromatography with
uorescence detection. The optimized method for analysis of OTA in maize bread involved extraction with PBS:methanol (50:50), and clean-up

ith IAC column. The limit of quantification was 0.033 ng g−1. Recoveries ranged from 87% to 102% for fortifications at 2.000 and 0.500 ng g−1,

espectively, within-day R.S.D. of 1.4% and 4.7%. The proposed method was applied to 15 samples and the presence of OTA was found in nine
amples at concentrations ranging from nd to 2.650 ng g−1.

2007 Elsevier B.V. All rights reserved.
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. Introduction

OTA is mainly produced by some species of Aspergillus and
enicillium, particularly Aspergillus ochraceus, A. carbonarius,
. niger and Penicillium verrucosum. These moulds can easily
ontaminate foodstuffs, although the occurrence of OTA in foods
ay depend on climatic conditions [1].
Toxicity of OTA is well documented in many animal species,

ncluding human beings [2]. It is probably related to the Balkan
ndemic nephropathy (BEN), and the International Agency for
esearch on Cancer [3] has classified OTA as Group 2B, a possi-
le human carcinogen. Exposure to OTA is worldwide, as known
y its detection in human serum or urine of people from many
ountries [4].

OTA occurs predominantly in cereal grains, cereal products,

ocoa, spices, oilseeds, coffee beans and legumes. However,
ereal products are the major group of food commodities where
he toxin is of greatest impact. The frequency of food contam-

∗ Corresponding author. Tel.: +351 239859994; fax: +351 239827126.
E-mail address: cmlino@ci.uc.pt (C.M. Lino).
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nation with OTA represents an important source of daily OTA
ntake, with consequences to human health [5]. Consequently,
he European Union Scientific Committee for Human Feeding
eemed necessary to take prudential measures in order to reduce
he degree of exposure to OTA to levels below 5 ng/kg body
eight (b.w.)/day [6].
The bread is a product of daily consumption and highly

emanded; thus several authors have indicated bread as one of
he main sources of daily intake of OTA [7–9]. The presence
f OTA in bread results from the contamination of wheat flour,
nd probably only partly is destroyed during the bread making
rocess [10].

Maize bread is a traditional and special type of bread very
ppreciated in Portugal, and it is consumed mainly in the North
nd Central Zone of country. This bread is made with cereals
uch as maize (Zea mays) and wheat (Triticum aestivum), where
he ochratoxigenic moulds A. ochraceus and P. verrucosum,
espectively, grows.
In Portugal, the agricultural production primarily consists
n 1,425,000 tons of cereals such as rice (146,000 tons), maize
780,000 tons), wheat (300,000 tons) and barley (10,000 tons)
11]. According to the FAO, the consumption of cereal in
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ortugal was 1,335,000 tons in 2002, and according to IACA
as 152,7000 tons. The human consumption increased in the

ollowing order: barley, maize, rice and wheat [12].
Few analytical methodologies for OTA determination in

read have been reported. González et al. [13] used pressurised
iquid extraction with methanol, and liquid chromatography with
uorescence detection (LC–FD) for determination. Frequently
or cereals and derivatives, the common extraction methodolo-
ies are based on the solubility of OTA in organic solvents. In
his way it has been used liquid extraction with different solvents
uch as chloroform [14,15], methanol [1,16,17] or methanol with
queous solution bicarbonate [18,19], and acetonitrile/water
ixture [20,21]. For the sample preparation and clean-up,

mmunoaffinity columns (IAC) [19,20], ion exchange columns
21], matrix solid phase dispersion with C8 and C18 (MSPD)
22,23], solid phase microextraction (SPME) [24,25] and molec-
larly imprinted solid phase extraction (MISPE) [15] have been
sed. IAC clean-up is widely used, allowing lower limit of detec-
ion compared to MSPD clean-up with C18 and accurate and
eproducible results [23,26]. For detection and quantification of
TA and mycotoxins in general, the methods are based on thin-

ayer chromatography (TLC), enzyme-linked immunosorbent
ssay (ELISA) [27], liquid chromatography with electrospray
onization tandem mass spectrometry (LC/ESI/MS/MS) [21]
nd mainly liquid chromatography with fluorescence detection
LC–FD) [19,20].

As far as we know, bread and maize bread, very much con-
umed in Portugal, have never been evaluated regarding OTA
ontamination. Furthermore, even for other countries only few
apers reported OTA levels in wheat bread [10,13].

The objective in the present study was to optimize a sensitive
nd accurate method for determination of OTA in the maize
read samples by LC–FD, and providing data on the occurrence
f OTA in 15 maize samples consumed in the central zone of
ortugal.

. Experimental

.1. Apparatus

A Moulinex blender 700 W (230–240 V, 50–60 Hz)
Barcelona, Spain), a Braun MR 5000 M multiquick/minipimer
00 W (220–230 V, 50–60 Hz, Esplugues del Llobregat, Spain),
n Ultra-Turrax homogenizer Ystral Gmbh Drive X10/25
230 V; 50/60 H, Dottingen, Germany), a vacuum manifold of

acherey–Nagel (USA), a pump of Dinko (mod. D-95, 130 W,
20 V), a centrifuge (Meditroni S-599, Selecta, Barcelona,
pain), a magnetic stirrer (Agimatic-S, Selecta, Barcelona,
pain), a Retsh vortex mixer (Haan, Germany), and a Sonorex
K 100 ultrasonic bath (Berlin, Germany) were used.

The LC apparatus used consisted of a pump (Model 307,
ilson Medical Electronics, Villiers-le-Bel, France), one 50 �L
heodyne injector (mod. 7125, Cotati, CA, USA), a guard col-

mn Hichrom Ltd., HI-173 (30 mm × 4 mm i.d.) (England),
nd a column Hichrom C18 (5 �m, 250 mm × 4.6 mm i.d.). A
erkin-Elmer spectrofluorimeter (Model LS 45, Perkin-Elmer,
eaconsfield, UK), operating at an excitation wavelength of

a
s
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33 nm and an emission wavelength of 460 nm, was used. The
pectral bandwidth was 10 nm for both excitation and emission.
he mobile phase (acetonitrile/water/acetic acid 49.5:49.5:1.0,
/v/v) was maintained at a flow rate of 1 mL/min.

The results were recorded on a 3390A integrator (Hewlett-
ackard, Philadelphia, PA, USA).

.2. Chemicals

Filter paper Whatman N◦ 4 (150 mm ∅, Whatman Interna-
ional Ltd. Maidstone England) was used.

LC grade acetonitrile, methanol and toluene were purchased
rom Carlo Erba (Milan, Italy). Acetic acid, hydrochloride
cid, sodium hydroxide, potassium chloride, potassium dihy-
rogenphosphate, anhydrous disodium hydrogenphosphate, and
odium chloride analytical grade were obtained from Merck
Darmstadt, Germany). Water was purified by distillation and
assage through a Milli-Q system (Millipore, Bedford, MA,
SA). OTA was purchased from Sigma Chemical Co. (St. Louis,
O, USA) with purity grade ≥98%. Boron trifluoride–methanol

14% solution) was obtained from Sigma Chemicals Co (St.
ouis, USA).

A standard solution of OTA was prepared from the OTA
ial purchased from Sigma. The standard stock solution was
ade in 4 mL toluene:acetic acid (99:1) at 250 �g/mL, and

tored at −20 ◦C. An intermediate standard solution was pre-
ared at 10 �g/mL, by diluting 1 mL of stock standard solution
ith 25 mL toluene:acetic acid (99:1).
For fortification assays, a standard solution was prepared in

oluene:acetic acid (99:1) at 1 �g/mL and two work solutions
ith mobile phase at 0.025 and 0.1 �g/mL. For the calibration

urve, standard solutions were prepared by evaporating 100 �L
f intermediate standard solution to dryness and diluting to
0 mL with mobile phase (0.1 �g/mL). After suitable dilutions
n water:methanol:acetic acid (49.5:49.5:1), the working stan-
ard solution was used to prepare solutions at10 and 5 ng/mL,
nd 25 �L were injected.

Phosphate buffer solution (PBS) was prepared from potas-
ium chloride (0.2 g), potassium dihydrogen phosphate (0.2 g),
nhydrous disodium hydrogen phosphate (1.2 g), and sodium
hloride (8 g) added to distilled water (900 mL). After dissolu-
ion, the pH was adjusted to 7.4 (with 0.1 M HCl or 0.1 M NaOH
s appropriate), and the solution was made to 1 L.

IAC Ochratest columns (Vicam, Watertown, MA, USA) were
sed for clean-up.

All chromatographic solvents and water were degassed for
5 min in ultrasonic bath. Decontamination of the glassware was
erformed using a sodium hypochlorite solution. It was then
cid-washed by immersing the glassware in a solution of 4 mL/L
2SO4, and then washed to neutral pH by rinsing with distilled
ater.

.3. Sampling
A total of 15 samples were purchased in commercially avail-
ble size during September 2005 from bakeries, confectionery’s
hops and supermarkets located in the city of Coimbra and its
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ountryside, central zone of Portugal. The samples were trans-
orted to the laboratory under ambient conditions. Samples were
illed using a blender Moulinex.
All of the information about the samples was obtained from

he labels. The milled samples were analysed as quickly as pos-
ible after the purchase. When this was not possible, they were
tored at −20 ◦C.

.4. Recoveries

For recovery studies, 26.5 �L of the OTA work solution pre-
ared in mobile phase at 25 ng/mL, and 50, 100 and 400 �L of
he OTA work solution at 100 ng/mL were added to 20 g maize
read, and allowed to stand for 15 min at room temperature
efore extraction, for three replications. Because no certified ref-

rence materials for bread were available, trueness was assessed
hrough recovery of additions of known amounts of OTA. The
ortification levels were 0.033, 0.25, 0.50 and 2.00 ng/g, respec-
ively (Tables 1–4).

able 1
ean recoveries and R.S.D.s obtained (n = 3) with different volumes of

BS/methanol (50:50) as extracting solvent using Minipimer apparatus

BS:methanol
olumes

Fortification
level (ng/g)

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

0:50 (100 mL) 0.5 102.0 4.7
0:50 (75 mL) 0.5 65.0 17.8
0:50 (50 mL) 0.5 51.0 6.0

able 2
ean recoveries and R.S.D.s obtained (n = 3) with different proportion of

BS/methanol as extracting solvent

PBS:methanol
volumes

Fortification
level (ng/g)

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

50:50 (100 mL) 0.5 102.0 4.7
80:20 (100 mL) 0.5 99.6 0.7

able 3
ean recoveries and R.S.D.s obtained (n = 3) between different agitation tech-

iques using 100 mL PBS:MeOH (50:50) and OTA fortification level at 0.25 ng/g

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

anual (15 min) 50.0 6.0
ltra-Turrax (5 min) 53.0 3.2
entrifugation (15 min) 30.0 5.8
gitation plate (15 min) 22.0 5.0

able 4
ccuracy and intra-assay validation results (n = 3) and inter-assay (n = 3)
btained with the optimized method

ortification
ng/g)

Recovery
(%)

R.S.D.
intraday (%)

R.S.D.
interday (%)

.033 80.4 8.8 12.1

.25 92.3 5.2 10.9

.5 102.0 4.7 11.4

.0 87.0 1.4 9.3
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.5. Sample extraction and clean-up

An aliquot of sample (20 g) was extracted with 100 mL
BS/methanol (50:50, v/v) using the Braun Minipimer
omogeniser for 5 min; the mixture was filtered through a What-
an filter paper. After 20 mL aliquot of the filtered was diluted
ith 30 mL of PBS and then this solution was passed through an

AC column for clean-up using a vacuum manifold. The column
as washed with 10 mL of water before eluting OTA with 3 mL
f methanol. The methanol was dried at ±50 ◦C under a gentle
itrogen stream, and the residue was reconstituted in 250 �L
f mobile phase by mixing, and 50 �L were injected in the LC
ystem.

.6. Chemical confirmation of OTA by methyl ester
ormation

For confirmation, OTA was converted into its methyl ester
sing boron trifluoride methanolic solution 14% (BF3-CH3OH
4%) [5,28]. Sample extracts were evaporated to dryness,
50 �L of the BF3-CH3OH 14% solution was added, and the
ixture was left at 60 ◦C for 10 min. After evaporation, the

esidue was dissolved in 250 �L of mobile phase.

. Results and discussion

The calibration curves were obtained using the linear least
quares regression procedure of the peak area versus the concen-
ration. The linearity for OTA, in the working standard solutions
t three determinations of five concentration levels, between 1
nd 25 ng/mL, was good as shown by the fact that the determi-
ation of the correlation coefficients (r2) are above 0.9990 for
ix calibration curves, prepared in three different days.

To optimize the extraction of OTA from maize bread, the
xtraction efficiencies were studied in order to achieve good ana-
ytical performance (Fig. 1). Firstly, OTA was extracted using
he method of Pena et al. [28], previously used for rice sam-
les. However, some modifications were needed. Three different
olumes of PBS:methanol (50:50) were assayed as extracting
olvent, using Minipimer apparatus: 50, 75 and 100 mL by using
0 g of maize bread fortified with OTA at 0.5 ng/g. The best
ecoveries were obtained with 100 mL of PBS:methanol (50:50)
Table 1). The extracting solvent was proved in different propor-
ions and recoveries obtained with PBS:methanol (80:20) were
lightly lower, 102% versus 99.6% (Table 2). This phenomenon
ay be due to the solubility power of methanol [28,29]. Higher

ercentage of methanol were not studied because OTA was able
o could be elute from IAC columns [28], since methanol is one
f the most potent desorbents [15].

Due to the characteristics of the sample, a more efficient pro-
ess to separate the matrix residue from the solvent extract was
ssential. So, firstly filter paper Whatman N◦4 and secondly
entrifugation at 3400 × g for 15 min, were evaluated, and it

as observed that with the second approach the recovery was
0%.

During the optimization of the method, different extraction
rocedures were assayed such as manual agitation, Ultra-Turrax,
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The optimized method of OTA extraction in maize bread fol-

F
d

ig. 1. LC-spectrofluorimeter chromatograms of: (a) solution of OTA standard
ith 0.5 ng/g.

entrifugation and agitation plate. With these apparatus the
ecovery results oscillated between 22% and 53% (Table 3),
hich were overcome by Minipimer apparatus.
The accuracy for the optimized methodology was determined

y calculating the mean recovery values used for each fortifi-
ation level (Table 4). The recovery values oscillated between
02.0% and 80.4% for fortification levels at 0.5 and 0.033 ng/g,
espectively. The precision was calculated through intraday
epeatability (n = 3) and interday repeatability (3 days). The
ntraday repeatability was between 8.8% and 1.4% for 0.033 and

.0 ng/g fortification levels, respectively. The interday repeata-
ility was between 12.1% and 9.3% for the same fortification
evels.

l
b
s

ig. 2. LC-spectrofluometric chromatograms of: (a) a positive maize bread samp
erivatization.
ng/mL; (b) a maize bread blank sample; and (c) a maize bread sample fortified

The LOQ was determined by the signal-to-noise approach,
efined as that level resulting in a signal-to-noise ratio of approx-
mately 10:1. The LOQ of the method was 0.033 ng/g. This value
s lower than the obtained by González et al. [13] using pressur-
zed liquid extraction with methanol for the analysis of OTA in
read, 0.06 ng/g.

.1. Application to real samples
owed by LC–FD was applied for the OTA analysis in 15 maize
read samples (Fig. 2). The frequency and incidence obtained are
hown in Table 5. The frequency of OTA in analysed samples was

le with 0.87 ng/g and (b) OTA methyl ester after boron fluoride–methanol
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Table 5
Prevalence and levels of OTA in maize bread

No of analysed samples 15
No of positive samples 9
Frequency (%) 60
<LOQ 1
Range (ng/g) n.d.-2.65
M
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ean ± S.D. (ng/g) 0.43 ± 0.9
edian (ng/g) 0.08

0% (nine positive samples). The OTA contaminated samples
evealed levels ranging from 0.033 and 2.65 ng/g and were being
he OTA mean level 0.43 ± 0.9 ng/g and the median 0.08 ng/g.
mong the nine positive samples, one presented an OTA level of
.65 ng/g, which is near the maximum permitted level of OTA in
ereal products established by the EU Commission Regulation,
ng/g, [30].

Few studies about OTA levels in bread samples are avail-
ble. González et al. [13] found two contaminated samples in
0 bread samples analysed in Spain with OTA levels of 2.55
nd 1.82 ng/g. Legarda and Burdaspal [10], in 255 samples of
heat bread from different countries, found 100% of incidence.
he mean OTA levels ranged from 0.08 ng/g Austrian samples

o 0.45 ng/g Spanish samples. The highest OTA level was found
n one Spanish sample with 7.37 ng/g.

In the contaminated samples, the presence of OTA was
onfirmed by methyl ester formation with boron trifluoride in
ethanol (14%), followed by LC analysis. With this derivation

he methyl ester was estimated to be 93% [28], therefore this
eaction was not used for quantitative purposes.

. Conclusions

Extraction with PBS/methanol, filtration and dilution with
BS allows the supernatant to be applied onto the IAC column,
aking it possible to achieve low limits of detection. This opti-
ized analytical methodology provides good results in terms of

ccuracy, repeatability, intermediate precision and sensitivity,
nd has shown to be reliable for determination of OTA in maize
read, presenting limits of detection of 33 ng kg−1.

The application of the procedure to 15 samples from the
entral zone of Portugal has demonstrated that 60% were
ontaminated, although none of the samples exceeded the rec-
mmended limit.

cknowledgments

This study was supported by the FCT, FEDER/POCTI,

nd CRUP (Integrated Action programme between Portugal
nd Spain, E-1/05 and HP04-69). The authors are gratefully
cknowledged. C. Juan thanks the Spanish Ministry of Educa-
ion and Science for the grant BI04-40.

[

[

3 (2007) 246–250

eferences

[1] M. Arroyo, D. Aldred, N. Magan, Int. J. Food Microbiol. 98 (2005)
223–231.

[2] D. Hohler, Z. Ernahrungswiss 37 (1998) 2–12.
[3] IARC (International Agency for Research on Cancer). In “IARC Mono-

graphs on the Evaluation of Carcinogenic Risks to Humans: Some Naturally
Occurring Substances; Food Items and Constituents, Heterocyclic Aro-
matic Amines and Mycotoxins” 56 (1993) 489 IARC (Ed). Geneve.
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in commercial juices using the PLS-2 multivariate

calibration method and validation by high
performance liquid chromatography

Valeria A. Lozano a, José M. Camiña a,∗,
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bstract

A new method to determine a mixture for preserving sorbic and benzoic acids in commercial juices is proposed. The PLS-2 model was obtained
reparing 40 standard solutions adding concentration of sorbic and benzoic acid to filtered natural juices of apple, lemon, orange and grapefruit.

he concentration of analytes in the commercial samples was evaluated using the obtained model by UV spectral data. The PLS-2 method was
alidated by high performance liquid chromatography (HPLC), finding a relative error less than 12% between the PLS-2 and HPLC methods in
ll cases.

2007 Elsevier B.V. All rights reserved.

eywords: Preservings; Juices; Benzoic and sorbic acids; PLS-2 method; Multivariate calibration; HPLC
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. Introduction

Due to the fact that the simultaneous determination of diverse
nalytes concentration with similar spectral characteristics is
lmost impossible by ordinary absorptiometric methods, com-
uter programs are needed to obtain reliable analytical results
n shorter intervals.

The determination of food additives using conventional
ethods is difficult because of high-cost instruments and

ime-consuming pretreatment technique separations, such as
xtraction liquid–liquid, chromatography in column or fine plate

1]. Besides, equipment such as liquid and gas chromatography
1,2] are not available for small laboratories due to their high
ost. This is the case for the determination of the benzoic and

∗ Corresponding author. Tel.: +54 2954 425166; fax: +54 2954 432535.
E-mail address: jcaminia@exactas.unlpam.edu.ar (J.M. Camiña).
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oi:10.1016/j.talanta.2007.03.041
orbic acid in food samples, which are employed as antimi-
robial species in a wide number of foods, fruit juices, jams,
everages, salads, etc. [3].

On the other hand, there are spectrophotometric methods
hich require low-cost equipment and they can incorporate pow-

rful chemometric tools of data analysis, such as the partial least
quare regression (PLS) multivariate calibration method. This
ow-cost analytical system avoids the time-consuming process
uring previous separation techniques, which may incorporate
ontamination.

In recent works, benzoic and sorbic acids in fruit juices
ere studied by Marsili et al. [4,5], using other multivari-

te calibration methods such as net analyte signal [4] and
econd-order spectrophotometric data [5]; yet, the PLS-2 mul-

ivariate calibration method has not been used, so far, to
valuate these analytes. For this reason, this paper discusses
he simultaneous determination of benzoic and sorbic acids
resent in commercial samples of fruit juices, by means of the
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LS-2 multivariate calibration method validated by the HPLC
ethod.

.1. The PLS method

Partial least square (PLS) regression is an important multi-
ariate calibration tool based on the use of a large number of
ariables, which permits to evaluate the concentration of inter-
sting analytes [6,7]. PLS can be used in two ways: PLS-1
alculates the concentration of one analyte per model, while
LS-2 can determine all analytes in a unique model. The PLS
ethod is an important multivariate calibration tool that has

een growing in importance for the last years and has been
ncorporated in new analytical chemistry textbooks [8].

PLS regression [9] is a full-spectrum method based on the res-
lution of two initial multivariate matrices, R (response matrix)
nd C (concentration matrix), by projection onto smaller matri-
es T and U (or R and C score matrices, respectively). They
ontain the coordinates of the objects on the new axes or PLS
omponents, with orthogonal columns, and relates the informa-
ion in the response matrix R to the concentration matrix C,
hrough correlation between R and C covariance matrices. In
his work, R represents the independent variables (the original
bsorbance data of the calibration set), while C represents the
ependent variables (concentration of benzoic and sorbic acids
n the calibration set). The determination of a significant num-
er of model dimensions (number of PLS principal components)
as made by cross-validation.
The PLS-2 method was employed using absorbance values

very 2 nm, from 210 to 300 nm wavelength. Forty standard solu-
ions were prepared to generate the response matrix R, adding
nown concentration of benzoic and sorbic acids and constant
uantities of natural juices, to simulate the matrix effect during
he calibration step.

In this work, five samples of commercial fruit juices were
nalyzed and the results were validated using high performance
iquid chromatography (HPLC) [10,11].

. Experimental

.1. Reagents

Water: HPLC-grade water was used to prepare both stan-
ard and sample solutions. Sodium benzoate and potassium
orbate stock solutions (10 g L−1), 1.000 g of sodium benzoate
nd 1.000 g of potassium sorbate ACS grade (Baker, Phillips-
urg, NJ, USA) were diluted with HPLC-grade water into a
00 mL volumetric flask. For the PLS-2 method, all standard
olutions (calibration and validation sets) were prepared diluting
dequate volumes of stock solutions with HCl 5 × 10−4 mol L−1

nto 100 mL volumetric flasks, to obtain pH values around 3 [4].
or the HPLC method, standards were prepared diluting ade-

uate volumes of stock solutions with mobile phase into 100 mL
olumetric flasks. Mobile phase: 20% acetonitrile HPLC grade
Merck, Durmsted, Germany) and 80% sodium acetate–acetic
cid buffer solution prepared with HPLC-grade water.
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Sample preparation. For the PLS-2 method, five commer-
ial juices were prepared transferring 1 mL of each juice into
100 mL volumetric flask diluted with HCl 5 × 10−4 mol L−1.
or the HPLC method, 1 mL of each filtered juice was trans-
erred into a 100 mL volumetric flask and diluted with the HPLC
obile phase.

.2. Instrumental

Spectrophotometric measurements were taken using a Metro-
ab 1700 UV-V spectrophotometer (Buenos Aires, Argentina),
zerny Turner monochromator and a photomultiplier detec-

or. pH measurements were taken with a pH meter HORIBA
42 (Tokio, Japan). The HPLC data were obtained by KONIK
NK-500-A Series (Miami, FL, USA). A 25 cm C-18 column
ichrosorb RP18 (USA) was used with KONIK UV detec-

or (Miami, FL, USA). The HPLC parameters were: flow rate
mL min−1; injection 20 �L; wavelength 234 nm and a chro-
atographic time of 15 min per sample. The PLS-2 data analysis
as carried out using the Unscrumbler 6.11 software (CAMO
SA, Trondheim, Norway).

. Results and discussion

.1. HPLC data

Six standard solutions and six replicates of each one were
repared for both benzoic and sorbic acids, with concentrations
f 2.0, 4.0, 6.0, 10.0, 14.0 and 20.0 (×10−3 g L−1). HPLC condi-
ions were similar to those stated by Pylypiw and Grether [10],
ut using a single wavelength at 234 nm. The obtained cali-
ration curve yielded a r2 regression coefficient of 0.9947 and
.9972 for benzoic and sorbic acids, respectively.

.2. The PLS model

The model was obtained using a total of 40 standard solutions
f filtered natural apple, orange, lemon and grapefruit juices
nd adding different levels of sorbic and benzoic acids to each
ne: 0.0, 2.5, 5.0, 7.5 and 10.0 (×10−3 g L−1). As shown in
previous study [12] a factorial design was used to build the

alibration matrix, with five levels and two variables. Never-
heless, another 15 standard solutions were prepared to obtain
0 standard solutions for each fruit juice. Spectrophotometri-
al readings were carried out in different days in order to bring
ore robustness to the PLS-2 model and to produce minor error

evels in the prediction step. This is an important aspect due to
he use of complete full-spectra data which are affected by the
nstrumental variations, producing little changes in absorbance
alues and significant levels of noise. The concentration matrix
sed in the calibration step is shown in Table 1. All standard
olutions were read from 210 to 300 nm every 2 nm. Standard
olutions 1–10 were prepared with lemon; 11–20 with orange;

1–30 with grapefruit and 31–40 with apple natural juices to
btain a unique model useful for all samples.

The PLS-2 model was made using the Unscrumbler 6.11
oftware tools. The calibration step was performed by the
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Table 1
Concentration matrix for the PLS-2 model

Std Benzoic
acida

Sorbic acida Std Benzoic
acida

Sorbic acida

1 0.0000 0.0100 21 0.0000 0.0100
2 0.0025 0.0075 22 0.0025 0.0075
3 0.0050 0.0050 23 0.0050 0.0050
4 0.0075 0.0025 24 0.0075 0.0025
5 0.0100 0.0000 25 0.0100 0.0000
6 0.0025 0.0100 26 0.0025 0.0100
7 0.0050 0.0075 27 0.0050 0.0075
8 0.0075 0.0050 28 0.0075 0.0050
9 0.0100 0.0025 29 0.0100 0.0025

10 0.0100 0.0100 30 0.0100 0.0100
11 0.0000 0.0100 31 0.0000 0.0100
12 0.0025 0.0075 32 0.0025 0.0075
13 0.0050 0.0050 33 0.0050 0.0050
14 0.0075 0.0025 34 0.0075 0.0025
15 0.0100 0.0000 35 0.0100 0.0000
16 0.0025 0.0100 36 0.0025 0.0100
17 0.0050 0.0075 37 0.0050 0.0075
18 0.0075 0.0050 38 0.0075 0.0050
19 0.0100 0.0025 39 0.0100 0.0025
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Table 2
Percentage of explained variance for benzoic and sorbic acids in the calibration
and validation model set

PC Benzoic acid Sorbic acid

Calibration Validation Calibration Validation

0 0 0 0 0
1 33.2 27.2 95.2 95.2
2 58.2 54.1 97.6 97.5
3
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Frequently the loading plot is similar to the spectra of pure
components. The first PLS principal component has a mini-
mum at 262 nm, coinciding with the maximum of sorbic acid
0 0.0100 0.0100 40 0.0100 0.0100

a Concentrations expressed in g L−1.

ombination of the response matrix (R) 40 × 45: (40 standard
olutions × 45 wavelength absorbance values) and the concen-
ration matrix (C): (40 standard solutions × 2 analytes). The built

odel was obtained using auto scaled data.
Fig. 1 shows the spectral overlapping of benzoic and sorbic

cids in a 210–300 nm range.
Table 2 shows the explained variance (cumulative percent-

ge) obtained in the calibration and validation processes with the
LS-2 method. Four PLS components were needed to explain
9.6 and 99.7% of the original information for both, benzoic
nd sorbic acids in the calibration and validation model sets.
he percentage of the explained variance, as well as the root

ean square error of calibration (RMSEC) and the root mean

quare error of prediction (RMSEP) are important diagnostic
ools [7]. The percentage of variance represents the amount of

ig. 1. Spectral curves of benzoic, sorbic and mixture of acids CBenz =

Sorb = (1/2)CMixt = 0.01 g L−1.
F
f

85.4 82.7 97.5 97.2
99.6 99.6 99.8 99.7

ariance explained by the PLS-2 model with a given number of
LS principal components, relative to the total variance in the
and C matrices in the data set. Another model evaluation tool

s shown in Fig. 2, in the observed predicted concentration plot
or benzoic (a) and sorbic (b) acids. The obtained r2 coefficients
ere 0.9966 and 0.9979, respectively, suggesting a good fit in

he model.
In Fig. 3, the loading weight plot, shows the PLS princi-

al components’ behavior as function of wavelength, describes
he influence of wavelength for each principal component and
epresents their relative contribution to the model [7].
ig. 2. Observed predicted plot, obtained by the cross-validation model with
our principal components: (a) Benzoic (g L−1) and (b) sorbic acids (g L−1).
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Table 3
Results of obtained prediction in the validation set for the PLS-2 model

Sample Benzoic acid Sorbic acid

Referencea Predicteda Referencea Predicteda

Lemon 1 0.0030 0.0029 0.0060 0.0060
Lemon 2 0.0060 0.0062 0.0030 0.0029
Orange 1 0.0030 0.0029 0.0060 0.0063
Orange 2 0.0060 0.0056 0.0030 0.0033
Grapefruit 1 0.0030 0.0029 0.0060 0.0060
Grapefruit 2 0.0060 0.0061 0.0030 0.0029
Apple 1 0.0030 0.0031 0.0060 0.0059
A
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ig. 3. Loading weights as function wavelength for first (1), second (2), third
3) and fourth (4) PLS principal components.

pectra, and a maximum that is in agreement with the maxi-
um at 225 nm of benzoic acid spectra. The second component

escribes almost exactly the benzoic acid spectra. The third
omponent shows an influence range from 210 to 250 nm with
maximum at 235 nm, which is the wavelength crossing of

oth pure spectra. The fourth component presents a minimum at
45 nm that corresponds to the inflection wavelength in the ben-
oic acid spectra; at 265 nm coincides with maximum of sorbic
cid spectra, and at 295 nm agrees with the inflection zone of
oth benzoic and sorbic acid spectra.

.3. Model validation

The model was built using, in the first place, internal valida-
ion (cross-validation method), where the model leaves out one
tandard of the calibration set. This standard was used to predict
nd find the internal error of the model. When all standards were
eft out once, the calibration and validation model error could be

alculated, through root mean square of calibration (RMSEC)
nd root mean square of prediction (RMSEP) [6,7]. Fig. 4 shows
MSEC and RMSEP of the PLS-2 model for sorbic and benzoic
cids.

ig. 4. RMSEC and RMSEP for benzoic and sorbic acids. Benzoic acid: (A)
alibration, (B) validation. Sorbic acid: (C) calibration, (D) validation.
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pple 2 0.0060 0.0061 0.0030 0.0027

a Concentrations expressed in g L−1.

This figure also shows that four PLS principal components
ere properly chosen, because there were no significant changes

n error values after the fourth component.
Then, a second validation was carried out through a validation

et, preparing standard solutions of filtered natural juices, with
oncentration levels different from those used for the PLS-2
odel to find the prediction error. The purpose of the valida-

ion set was to predict concentrations as unknown samples, to
nd errors and also the predictive ability of the model. Table 3
hows the results obtained with eight validation samples, which
ere prepared using lemon, orange, grapefruit and apple natu-

al juices; benzoic and sorbic acids known concentrations were
he references while the predicted values were the results. In
his case, model relative error of less than 10% was found in all
alidation sample sets.

.4. Outlier samples in the prediction step

Outlier detection during prediction in calibration methods is
rimarily based on X-residuals (response matrix residuals) and
he prediction leverage. The Y-residuals (concentration matrix
esiduals) do not exist in the prediction step and consequently,
easurements based on f cannot be used. F is the response error
atrix obtained in the calibration step, and f (if it were possible

o calculate it) must be the error matrix of an unknown sample
n the prediction step. In the calibration step, detected outliers
an be removed to obtain an adequate calibration model. In the
rediction step, the leverage hi summarizes extremeness in all
actors applied in the modeling. Like the leverage of the cal-
bration set, the leverage of the prediction set is defined as a
runcated Mahalanobis distance. For outlier detection, the pre-
iction leverage can be tested against the average leverage of the
object in the calibration set as follows:

i = k(A + 1)

I

here A is the number of PLS-2 components and k is a constant,
.g. 3. In spite of the fact that leverage could never be higher
han 1 in the calibration set, in the prediction step this limitation

oes not apply, and new input spectra can generate large factor
cores.

In this work, the obtained leverage values for the real sam-
les analyzed were the following: lemon (Leader Price) 0.092;



286 V.A. Lozano et al. / Talanta 73 (2007) 282–286

Table 4
Predicted concentrations by the PLS-2 model in real samples and validation results by the HPLC method

Sample Benzoic acid Sorbic acid

PLS-2a HPLCa PLS-2a HPLCa

Lemon 1.100 ± 0.102 0.997 ± 0.011 0.340 ± 0.073 0.327 ± 0.008
Orange 1 0.980 ± 0.026 0.902 ± 0.019 0.190 ± 0.019 0.181 ± 0.004
Orange 2 0.900 ± 0.019 0.827 ± 0.019 0.000 0.000
G ± 0.
A ± 0.
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rapefruit 1.040 ± 0.049 0.971
pple 0.350 ± 0.010 0.335

a Concentrations in undiluted bottled juices expressed in g L−1.

range 1 (Leader Price) 0.227; orange 2 (Zulueta) 0.178; grape-
ruit (MiJu) 0.228 and apple (Delifrú) 0.326. The low leverage
alues obtained show clearly that there are no sample outliers
or this analyzed data set. Thus, this fact provides additional
upport for the very low influence of possible interferences on
he analyzed samples [9].

.5. Real samples prediction and HPLC validation results

Five samples with three replicates of commercial juices were
redicted by the PLS-2 model: lemon (Leader Price), orange 1
Leader Price), orange 2 (Zulueta), grapefruit (MiJu) and apple
Delifrú). Results were validated by the HPLC method.

The results obtained by the PLS-2 and HPLC methods are
hown in Table 4. The relative error between the PLS-2 and
PLC methods was less than 12% in all cases.
On the other hand, the chromatogram shows that there are

ot relevant species that absorb at 234 nm (almost in the center
etween 210 and 300 nm range) in a large chromatographic time
60 min), which allows us to suppose that interfering absorbance
alues are not significant with respect to benzoic and sorbic acid
alues, due to the dilution phenomena, as can be seen through
he low relative error and low leverage values for the sample set.

To summarize, the results obtained point out that the spec-
rophotometric methods combined with the PLS-2 data analysis
ermit the simultaneous determination of benzoic and sorbic
cids in commercial fruit juices. The proposed method can be

sed without previous chemical separations, which suggests the
reat potential of the PLS-2 method with non-expensive equip-
ent. Besides, it offers fast and precise results becoming an

lternative procedure for laboratories of routine analysis.

[

[

018 0.320 ± 0.035 0.310 ± 0.005
012 0.000 0.000
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bstract

A new, green method for the determination of hypochloride in bleaching products is here presented. The method, based on a flow injection system
nd measurement of the native absorbance of hypochlorite at 292 nm, allows the determination of hypochlorite in the range 0.07–0.42 g Cl2 l−1.
n order to achieve high selectivity a mini-column containing cobalt oxide, which effectively catalyses hypochlorite decomposition to chloride

nd oxygen, was inserted in the flow system. The difference in absorbance of samples no circulated and circulated through the mini-column was
elected as analytical signal; thus, the method only requires 20 mg of solid, reusable catalyst, and a NaOH solution of pH 10.4; providing a sample
hroughput of 12 samples h−1 in triplicate injection. Its usefulness for analysis of bleaching products is demonstrated.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Sodium hypochlorite is extensively used as a household
leaning agent and as disinfectant for treatments including drink-
ng water, swimming pool water, treated wastewater for non
otable reuse and others. Normally it is handled as concentrated
queous solutions.

Hypochlorite is an inherently unstable compound that decom-
oses to chloride and oxygen. So, periodical control of its
oncentration is needed in order to adjust dosages. In addition,
uality control of commercialised formulations is compulsory in
number of countries. These aspects make hypochlorite deter-
ination in commercial formulations a routine task.
Chlorine and hypochlorite are related by following chemical

quation:

l2 + H2O ↔ ClO− + Cl− + 2H+
The sum of Cl2, HClO and ClO− is known in hydrochemistry
s free chlorine and its concentration expressed as mass of Cl2
y litter. This criteria is also followed in this paper.

∗ Corresponding author. Tel.: +34 971172504; fax: +34 971173426.
E-mail address: joan.march@uib.es (J.G. March).
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decomposition of hypochlorite; Bleach analysis

There is a number of methods available for hypochlorite
etermination (e.g. the normalised and well known iodomet-
ic titration [1], many colorimetric methods based on reaction
f hypochlorite with organic reagents as methyl orange [2],
-tolidine [3], N,N′-diethyl-p-phenylenediamine [4,5], thionin
6], 3,3′-dimethylnaphtidine [7], and chemiluminiscent meth-
ds such as that based on fluorescein test strip [8]). Both some
f the reagents and their chloro-derivatives are potential toxic
nd carcinogenic agents that must be cautiously used. Despite
nalytical methods based on potentiometric and amperometric
easurements have been reported [9,10], spectrophotometry-

ased methods are preferred both because their proper analytical
haracteristics and because photometric detectors are common
n routine laboratories. Except titration, the methods itemised
efore have been mainly developed for the determination of
ree chlorine in water samples, and no for application to com-
ercial formulations; so, high dilution is required for the latter

pplication.
Analytical determinations based on the measurement of

ative absorbance of the analyte are preferred as they minimise
eagents consumption, but these methods must be accurately

alidated, particularly in terms of selectivity, as any foreign com-
ound that absorbs at the monitoring wavelength will interfere
n the measurement. For this reason, interference removal is a
ecommended, critical step in this kind of methods, as is the case
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Fig. 1. Flow injection manifold and a typical obtained FIA-gram. P, peristaltic
pump; V-6, six-way switch valve for sample injection; V-4, four-way switch
valve for selection of the line to the detector; C, mini-column containing 20 mg
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f solid phase spectrophotometry of pharmaceuticals, purified
y cation-exchange [11] and the determination of antioxidants
n cosmetics with C18 silica as a sorbent phase [12].

An alternative to interference removal is the conversion
f the analyte into products that do not absorb at the mon-
toring wavelength—that of the maximum absorption of the
nalyte. Additionally, if the reaction is an analyte decomposi-
ion catalysed by a solid phase, very low reagent consumption
s necessary. But, in turn, it requires a very reproducible
atalyst–analyte interaction, and also an easy way to separate
he solution from the catalyst. As extensively documented in
iterature, both requirements can be achieved by using dynamic
ystems [13–16]. Flow injection analysis (FI) is recognised as
n excellent strategy to greener analytical chemistry because its
ersatility to design manifolds minimising both reagents con-
umption and waste generation without detriment of analytical
eatures, such as sensitivity, precision and accuracy [17]. In
ddition, productivity-related characteristics are improved as FI
educes human participation and increase sample throughput.

Hypochlorite decomposition to chloride and oxygen:

lO− → Cl− + 1/2O2

s efficiently catalysed by several metal oxides as Co3O4, NiO,
uO [18], which have been applied to de-chlorination of treated
aste water [19,20]. The analytical usefulness of such heteroge-
eous catalytic decomposition has been explored in this research
y selecting cobalt oxide because its higher catalytic activity
18].

. Experimental

.1. Chemicals

The solid catalyst, cobalt oxide, was synthesized at our lab-
ratory by slow addition of sodium hypochlorite to cobalt(II)
itrate solution (Scharlab; Barcelona, Spain). The mixture was
tirred for 1 h, and the black solid phase was isolated by fil-
ration. After thorough rinsing with water, the crystals thus
btained were dried at room temperature and powdered to
article size 250–500 �m (density = 2.84 g cm−3). The 20 mg
as the amount used to pack a mini-column (1.0 cm × 0.1 cm,

ength × i.d.) provided with cotton end filters.
A 10% sodium hypochlorite standardised by iodometry with

odium thiosulphate was used for daily preparation of diluted
orking standards. A pH 10.4 aqueous solution prepared with

odium hydroxide (Panreac; Barcelona, Spain) was used as car-
ier.

.2. Flow system and apparatus

The manifold used, depicted in Fig. 1, was build with 0.5 mm
.d. PTFE tubing. A six-way switching Rheodyne valve was
sed for sample injection. The flow was produced with an

smatec peristaltic pump provided with tygon tubes. A flow
hrough cell (18 �l dead volume and 1 cm of optical path) and

Shimadzu UV-2401 PC spectrophotometer controlled by a
ersonal computer running the UVPC 3.92 application were

t
a
v
c

f cobalt oxide (catalyst); D, detector (absorbance at 292 nm). Experimental
onditions corresponding to the graphed FIA-gram: flow rate 1.0 ml min−1,
.24 g Cl2 l−1, water was used as carrier.

sed for absorbance measurements. Working wavelength was
92 nm. A selection switching Rheodyne valve was used to
nsert the mini-column in the line to the detector. In this way, the
njected solution can be propelled to the detector either directly
r through the mini-column by manual switching of the valve
V-4 in Fig. 1).

.3. Procedure

Standards and samples were diluted to the working range
.07–0.42 g Cl2 l−1. To measure the native absorbance of the
arget analyte, 70 �l of the diluted sample were injected into
he FI system working at a flow rate of 1.0 ml min−1 and using

NaOH solution at pH 10.4 as a carrier. After obtaining the
eak (viz. absorbance lower than 5% of the peak maximum), the
election valve was switched and injection of a second sample
assed through the mini-column before reaching the detector,
here the native absorbance of the hypochlorite remaining after

atalytic decomposition in the mini-column was monitored. The
ifference between the height of the peaks obtained without and
ith passage of sample plugs through the mini-column was used

s the analytical signal, the data collected being the average of
hree differences.

. Results and discussion

Hypochlorite has a well-defined absorption band at the UV
egion with a maximum at 292 nm. Collection of UV spectra
ogether with the use of chemometric tools allows quantifica-

ion of the hypochlorite solutions. However, the validation and
pplication of this procedure cannot be extrapolated to the wide
ariety of commercial hypochlorite formulations because they
an also contain potential interferents such as surfactant and/or
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difference between them that constitutes the analytical signal
reached the highest value for a sample loop of 70 �l, which was
selected for further experiments. This fact could be attributed
to a less catalytic efficiency during the short interaction time

Table 1
Study of variables

g Cl2 l−1 Height peak differences CV (%)

Flow ratea (ml min−1)
0.5

0.07
0.095 4.3

1.0 0.062 3.7
1.5 0.046 2.9

0.5
0.14

0.203 4.0
1.0 0.132 2.7
1.5 0.103 2.7

Loop volumeb (�l)
50

0.07
0.050 3.4

70 0.078 3.5
100 0.064 3.4

50
0.14

0.103 3.5
70 0.157 2.2
100 0.132 2.6

Carrierc

H2O
0.07

0.160 4.5
NaOH pH 10.4 0.119 3.5
NaOH pH 10.8 0.116 3.7

H2O
0.14

0.466 4.0
NaOH pH 10.4 0.346 4.0
34 J.G. March, B.M. Simone

rganic compounds, added as colorants or perfumes. In order
o overcome this selectivity-restriction, another procedure for
stablishing the analytical signal based on absorbance mon-
toring, first, of the analyte in the sample and, then, of the
emaining analyte after catalytic decomposition was developed.
he wavelength at the maximum of the absorbance spectrum of
ypochlorite was used in order to achieve optimal sensitivity.

The catalytic decomposition of hypochlorite with the selected
atalyst was fast, and, in addition, decomposition products (i.e.
hloride and oxygen) do not absorb at the monitoring wave-
ength. A significant and characteristic absorbance decrease
as then measured after a short analyte–catalyst contact time,
hich was a function of the flow-rate. Preliminary batch exper-

ments showed that: (i) fast decomposition of hypochlorite
ith absorbance decrease up to 60% by minute was measured,
epending on the experimental conditions; (ii) the activity of the
olid catalyst was maintained after a large number of samples;
iii) removal of the solid catalyst prior to absorbance monitor-
ng was tedious and time consuming. Based on these findings, it
as decided that the option to reach best analytical performance
as the development in a continuous mode, thus allowing: (a)

utomation of sample introduction and measurement of the ana-
yte; (b) high reproducibility for non-equilibrium monitoring;
c) reduction of human participation and decreased experimental
rror as a result; (d) easy catalyst-sample separation with recov-
ry of the former, thus avoiding the need for filtration steps; (e)
he dynamic system also provides a significant improvement of
atalytic decomposition rate. After preliminary studies, the man-
fold depicted in Fig. 1 was selected. Using this approach, water
s a carrier and the difference in height-peak provided by sample
lugs without and with catalytic degradation of hypochlorite as
nalytical signal, a hypochlorite concentration–analytical signal
elationship was found. Under these working conditions, flow
ates, and mini-column dimensions, a sample takes ca. 0.5 s to
ow through the mini-column; within this interval absorbance
ecreases of 40% are obtained, as shown in the FIA-gram in
ig. 1.

Key aspects of the mini-column performance were the par-
icle size of the catalyst and its package in the mini-column.
ispersion of the injected sample into the carrier as a function
f the particle size of the catalyst was studied. Despite small
articles produced less dispersion, those smaller than 250 �m
enerated overpressure. So, a particle size between 500 and
50 �m was selected.

The amount of packed catalyst was studied in the range
0–30 mg. Columns containing 20 mg were enough to obtain
representative difference between peaks (see FIA-gram in

ig. 1); so, this amount was selected to develop the method
s lower amounts resulted in lower difference between peaks
analytical signal) and higher amounts generated overpressure
n the system and a more significant dispersion, probably caused
y the intrinsic dead volume, and longer passage through the
ini-column. In addition, a higher catalytic degradation of
ypochlorite yields a higher amount of oxygen which can result
n bubbles formation into the system, thus, distorting photo-

etric measurements. The reduction of peak height when the
ypochlorite solution migrates through the mini-column, can be
anta 73 (2007) 232–236

ttributed to two effects: (i) catalytic degradation of hypochlo-
ite and (ii) dilution of the sample plug due to dispersion. By
sing sodium nitrate standard solutions which neither interact
or react with the catalyst and also absorb at 292 nm, it was
stablished that the peak height decrease due to dispersion was
n the order of 3%. Then, peak decrease higher than 3% is a
onsequence of a diminished hypochlorite concentration by cat-
lytic decomposition. The mini-column can be reused for many
njections as only after 200 injections a decrease in the signal of
bout 15% was observed.

.1. Study of variables

Once the catalyst-packed mini-column was selected, the ana-
ytical signal is dependent on few variables. For optimisation
f variables affecting the analytical signal (i.e. flow-rate, sam-
le volume and carrier composition) a univariate approach on
maximum sensitivity-precision basis was applied. The results

ounds are listed in Table 1.
The effect of the flow rate was studied in the range from

.5 to 1.5 ml min−1. At low flow-rates the analytical signal was
igher as more hypochlorite was degraded, but the peak-width
ncreased, thus decreasing precision. Finally, as a compromise
etween measurement time, precision and sensitivity a flow rate
f 1 ml min−1 was selected.

Individual peak-height increased with sample volume, but the
NaOH pH 10.8 0.310 3.8

a Other conditions: injected volume 100 �l, carrier NaOH pH 10.4.
b Other conditions: flow rate 1.0 ml min−1, carrier NaOH pH 10.4.
c Other conditions: flow rate 0.5 ml min−1, injected volume 70 �l.
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Table 3
Determination of hypochlorite in industrial and commercial samples

Iodometric method
(g Cl2 l−1)

Proposed method (g Cl2 l−1)

Carrier NaOH pH 10.4 Carrier H2O

93.5 93.0 101.8
31.0 32.7 34.9
27.1 28.7 29.9
35.5 36.2 38.1
51.4 54.6 61.7
122.1 128.0 152.8
117.0 113.4 128.9
42.1 42.2 48.5
27.3 24.5 27.9
3
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J.G. March, B.M. Simone

ith the catalyst (about 0.5 s) when the amount of hypochlorite
ncreased.

Concerning carrier composition, water and diluted NaOH
olutions were tested taking in mind the alkaline nature of
amples (bleach can be considered as a solution of chlorine
n sodium hydroxide). As diluted real samples typically are in
he 10.0–10.9 pH range, that within 8.5–11.0 was studied. A
ecrease in sensitivity occurred by increasing the pH of the car-
ier. As analytical signal is the difference between the native
bsorbance and absorbance after catalytic degradation, the loose
f sensitivity was a consequence of a lower catalytic degrada-
ion; fact that could be due to loss of hydration molecules which
esults in the presence of hydroxide groups close to the catalyst
urface. The losses are favoured in basic media. Therefore, in
lkaline media interaction of hypochlorite (negative charge) with
he catalyst are obstructed and slower catalyst–analyte inter-
ction is established. For comparative purposes, the validation
f the method has been developed using two different carriers:
ater and a NaOH solution of pH 10.4, which is in the middle
f the pH range of diluted samples.

.2. Validation of the method

Working as described in recommended procedure, the cal-
bration graphs were obtained for a set of six hypochlorite
tandards injected in triplicate. Analytical figures of merit are
ummarised in Table 2, which shows that a lower sensitivity was
chieved using NaOH solution of pH 10.4 as carrier. The regres-
ion lines obtained with both carriers presented a coefficient of
etermination close to 1. Under selected working conditions the
eak throughput was 72 peaks h−1, which corresponds to 12
amples h−1 if three replicates of each peak were run.

.2.1. Analysis of real samples
In order to test the reliability of the proposed procedure, a set

f 11 industrial and commercial samples were analysed. Sam-
les were obtained either from the local marked or supplied by
laboratory devoted to quality control of bleach products for
roducing factories. The set of samples includes raw solutions
btained by reaction of chlorine gas with sodium hydroxide,
ypochlorite for swimming pool water disinfection, household
ypochlorite, hypochlorite for drinking water disinfection and

able 2
nalytical figures of merit

Carrier

H2O NaOH pH 10.4

Regression linea:
y = a(±Sa) + b(±Sb)x

y = 0.01(±0.01) +
2.05(±0.04)x

y = −0.028(±0.006) +
1.52(±0.02)x

Studied range 0.07–0.42 0.07–0.42
R2 0.999 0.999
Syx 0.01 0.007
LODb 0.02 0.01
LOQc 0.05 0.04

a y = height peak difference; x = g Cl2 l−1; n = 6.
b Limit of detection calculated as (3Syx/b).
c Limit of quantification calculated as (10Syx/b).
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d
f

5.6 35.2 39.8
5.0 31.7 38.7

erfumed and high-density hypochlorite commercial formula-
ions.

The concentrations of hypochlorite found were compared
ith those provided by application of the recommended iodo-
etric method with thiosulphate [1]. The results obtained are

ummarised in Table 3. The regression lines “concentration
ound” by the proposed photometric method using both NaOH
nd water as carrier versus “concentration found” by iodometry
ere:

Carrier NaOH :

[Cl2]proposed = 0.6(±2) + 1.01(±0.03)[Cl2]iodometry

Carrier H2O :

[Cl2]proposed = −3(±3) + 1.19(±0.04)[Cl2]iodometry

[Cl2] expressed as g l−1).
From this it can be stated that the proposed photometric-

atalytic method with NaOH pH 10.4 as carrier matches at
5% confidence level with the iodometric method. Nevertheless,
nder the same working conditions but using water as carrier a
roportional error must be expected as a consequence of a slope
ignificantly higher than 1. Such error can be attributed to differ-
nces in alkalinity between diluted samples and standards. So,
or analysis of real samples pH 10.4 NaOH should be used as
arrier, or alternatively, the samples can be diluted with pH 10.4
aOH and water used as carrier.
It is worth to mentioning that although higher analytical qual-

ty can be achieved by already established methods, the method
roposed here provides enough information to solve the analyti-
al problem (it is “fit for purpose”). Then, the toxicity of reagents
sed and the waste generated should be relevant characteristics
o be take into account when planning the implementation of an
nalytical method for the target analyte in routine laboratories.

. Conclusion
The decrease of the native absorbance of hypochlorite by
ecomposition catalysed by cobalt oxide provides a new method
or hypochlorite determination. Good analytical features have
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een achieved by means of a single line flow injection mani-
old that included a mini-column with the catalytic solid-phase.
he method is suitable for the determination of hypochlorite

n bleaching products. Noticeable characteristics of the method
re a very low consumption of reagents and waste generation,
hich result in low cost and thus applicable to routine industrial

nalysis. It constitutes an environmental friendly alternative to
lready developed methods for hypochlorite determination.

The method proposed in this paper is an example of successful
se of recommended strategies for cleaner analytical method-
logies, namely: the measurement of intrinsic properties of the
nalyte, thus avoiding the use of additional reagents to develop
he analytical reaction; the use of flow-based techniques that

inimise reagents consumption; the use of solid phase reagents
hich, if properly handled, usually can be reused for multiple
eterminations.
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bstract

Molecular imprinted polymers (MIP) were prepared by the copolymerization of styrene (S) or methyl methacrylate (MMA) and methacrylic acid
MAA) using ethylene glycol dimethacrylate (EGDMA) as the crosslinker with molar ratios of [monomer]/[crosslinker] and [MAA]/[template]
f 3:7 (to obtain a rigid structure) and 1:6 (to optimise hydrogen interactions), respectively. The polymerizations occurred in presence of the

emplate molecule (MIP) – GlcNcouma – an amphiphilic monosaccharide. The same materials, non-imprinted polymers (NIP), were also prepared
n absence of the template. These MIPs were characterized and used as SPE supports for selective enrichment. The results showed the correlation
etween retention efficiency and the porogen character of the polymerization solvent.

2007 Elsevier B.V. All rights reserved.
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. Introduction

In recent years, there has been an increase in interest in the
pplication of highly selective molecularly imprinted polymers
MIPs) in the analysis of drugs [1], biological compounds and
ensors. Traditionally, MIPs can be synthesized via a number of
pproaches including bulk polymerization, “in situ” polymeriza-
ion, or polymerization in suspension. The functional monomer
nd the template are mixed in an appropriate solvent and then
olymerization is initiated in the presence of a large amount of
ross-linking monomer. The template is removed after polymer-
zation, leaving cavities with specific recognition properties that
re able to selectively rebind the template and related substances
rom a complex mixture. Applications of MIPs in analytical
hemistry include stationary phases for liquid chromatography
LC) [2], capillary electrochromatography (CEC) [3] and matri-
es for solid-phase extraction (SPE) [4,5]. SPE is very easy

o perform and it is the most widely used technique for sam-
le preparation, however typical SPE sorbents lack selectivity
ecause they are specific to one function or polarity class, not

∗ Corresponding author. Tel.: +33 5 61 55 83 33; fax: +33 5 61 55 81 55.
E-mail address: couderc@chimie.ups-tlse.fr (F. Couderc).
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039-9140/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2007.03.051
o a complementary both in shape and chemical functionality.
his lack of specificity is a problem when a selective extrac-

ion has to be performed. Nevertheless, this is not a problem
or SPE applications. As MIPs lead to broader peaks and poorer
fficiency, this may cause difficulties for their use in HPLC.
IP-based solid-phase extraction (MISPE) has been used for

he extraction of a broad range of analytes such as aromatic
ompounds (4-nitrophenol [6]) and molecules of pharmaceutical
ß-agonists [7], naproxen [8]) and compounds of environmental
nterest (phenytoine [9], triazine [10]). In addition, MISPE is a
ighly selective method to determine trace analytes, particularly
n complex pharmaceutical and biomedical samples [11–13].

While MISPE is quite useful for pharmaceutical analyses,
elatively few applications of MIPs have been described for the
nalysis of biologically important molecules such as saccha-
ides. In addition, it should be noted that the role of hydrogen
onds, which are at the origin of the saccharide–molecule inter-
ction due to the external function saccharide-OH have not been
ell explored. However, since saccharides are often water sol-
ble, these weak interactions were inconclusive. Recognition

f saccharides by boronic acids and less specifically by ammo-
ium supports is unique in supramolecular chemistry [14]. As
n alternative, using monomers with a large number of avail-
ble functional sites could increase the probability of interaction
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etween the sugar and monomer. The advantage of using hyper-
ranched co-monomers (leading to star polymers) in creating a
esponsive and recognitive network is the presence of a large
umber of functional groups within a small volume [15]. The
imitation of such systems would be an extremely high degree
f flexibility. Indeed, the use of PEG600DMA leads to a large
tructure, as the length of the spacer-arm increases from 1 to
4 ethylene glycol subunits. The success of these materials
ould lead them to be used as a part of modulated drug deliv-
ry device. In addition, non-covalent molecular imprinting of
ugar compounds in copolymers yielded materials containing
ighly selective sugar binding sites [16]. In this instance, the
esulting polymer imprints had a high degree of both anomeric
nd epimeric selectivity favouring the original print molecule.
or discriminating against epimeric disaccharides, non-covalent

nteractions were tried using a copper (II) complex as functional
onomer [17].
The majority of previous studies report little information

n MIP technique and also MISPE with respect to saccharide
mprints. In this context, we have been interested in analyzing
mphiphilic oligosaccharides, and more particularly their role as
f biological signals [18]. Nevertheless, due to structural com-
lexity, imprinting is difficult to set up. For this reason, we chose
o simplify the system, initially using a rigid and amphiphilic

onosaccharide, called coumarin-glucosamide (GlcNcouma) as
model compound.

In this context, the aim of the present work was to demon-
trate the feasibility of using MISPE for the selective retention
f lipophilic sugars. To the best of our knowledge this is the
rst time that a MIP was synthesized using a conventional
on-covalent imprinting protocol with an aryl-saccharide as the
emplate molecule. The polymer was used as an SPE sorbent to
electively retain the template molecule GlcNcouma (see Sec-
ion 2) in the presence of the potential competitors (phenol,
lucose) and N-palmitoyl glucosamide (GlcNC16)).

. Experimental section

.1. Reagents and chemicals

Methacrylic acid (MAA), Styrene (S) and ethylene glycol

imethacrylate (EGDMA) were purchased from Sigma. The rad-
cal initiator �,�′-Azobisisobutyronitrile (AIBN) was obtained
rom Fluka and used as such. All other chemicals and solvents
ere obtained from Normapur, were of highest purity avail-

(
3
w
i

able 1
ll presented materials with weight percentages of respective monomers, solvents
olymerization, the crosslinker was 70%/mol of the monomers

aterials AMA (%) S (%) MMA (%) EGDMA (%

5 25 0 70
5 25 0 70
5 0 25 70
5 25 0 70
5 25 0 70
5 25 0 70

olvents were introduced at the ratio of 70%/g of monomer and GlcNcouma was the
Fig. 1. GlcNcouma molecular structure.

ble and were dried over 4 Å molecular sieves. The solvents
sed for HPLC were filtered using nylon filters (0.45 �m). Both
AA and EGDMA were distilled in vacuum to remove the

olymerization inhibitor. S was purified by several water/NaOH
9:1, v:v) washings and finally with water. GlcNcouma (Fig. 1),
hich was the template molecule was synthesized in the lab-
ratory of “Synthesis of Biomolecules” (Orsay) and used as
eceived. The potential competitors to investigate the imprinted
olymer selectivity were phenol (Sigma), glucose (Glc, Sigma)
nd N-palmitoyl glucosamide (GlcNC16, synthesized in our lab-
ratory).

.2. Chemical compositions of the imprinted polymers

The tested weight percentages of the respective monomers
re presented in Table 1. AIBN was used only at 0.1%/mol
f monomers. Non-imprinted polymer (NIP) and molecu-
arly imprinted polymer (MIP) are denominations previously
xplained. All the MIPs used GlcNcouma as template.

.3. Preparation of the imprinted polymers

Mass polymerization (in flasks) was used for the synthesis of
aterials 1, 2, 3, 4. The pre-polymerization mixture composed

f GlcNcouma (0.1 g, 0.3 mmol), MAA (5%, 0.2 g, 2.3 mmol), S

25%, 1.1 g, 1.8 mmol), the cross-linker EGDMA (70%, 6.0 g,
0.35 mmol) and the initiator AIBN (0.1 g, 0.8 mmol) which
as dissolved in 18 mL of the respective solvents (see Table 1)

n a 100 mL glass flask. The mixture was sonicated for 5 min

of polymerization and designs synthesized according to suspension and mass

) GlcNcouma (%) Solvent (3:1, v:v) Type of polymer

0 Toluene/DMF NIP(1)
0.8 Toluene/DMF MIP(2)
0 Toluene/DMF NIP(3)
0 THF/MeOH NIP(4)
0.8 THF/MeOH MIP(5)
0.8 Toluene/MeOH MIP(6)

template for each MIP material.
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As can be seen in Table 2, the specific surface values are the
highest when the solvent is porogeneous (material 1 compared
to material 6, for example). It can also be noted that Sp increases
when the material is imprinted.

Table 2
BET specific areas (Sp) were calculated from nitrogen adsorption measurements
and are relative to materials referred in Table 1

Material Sp (m2 g−1)
42 D. Maury et al. / Ta

nd bubbled with nitrogen for 5 min to remove dissolved oxy-
en before the flask was maintained at 70 ◦C for 24 h. The solid
olymer that was formed was crushed, ground, sieved and sedi-
ented to obtain particles in the size range of 36–100 �m. Fine

articles were removed by decanting in acetone three times and
he particles were dried at 70 ◦C. The blank polymer (NIP) was
repared and treated identically except that no template was
resent in the polymer preparation.

.4. Morphology and porosity observations

The specific surface areas (Sp) were evaluated using the BET
ethod. Nitrogen sorption measurements were performed on a
icrometrics Flowsorb II 2300 automatic adsorption instrument
ith a measurement precision of 3%. Before measurements, a
50 mg sample was heated at 150 ◦C under high vacuum for at
east 30 min.

An OLYMPUS BX50 optical microscope (magnification
0/1) equipped with a color video camera CCD-IRIS/RGB and
camera adaptor CMA-D2 was used and the scanning electron
icrograph (SEM) analyses were performed on a Jeol JSM-6700
field emission scanning electron microscope.

.5. SPE conditions used for the recognition properties of
he materials

SPE was used to study the affinity of the MIP obtained after
ass polymerization. Prior to using the MIPs, they were washed
ith MeOH (release quantified via HPLC) to ensure that there
as no residual template (GlcNcouma) present. For this purpose,
50 mg of the crushed material was stirred in 3 mL methanol.
V absorbance was measured at λ = 360 nm. Methanol was

efreshed until no absorbance could be detected. Cartridges were
onditioned with ACN (5 × 2 mL, 1 drop/s). Forty microliters
C = 10−4 M) of each sample were deposited on cartridges con-
aining 250 mg of particles. This volume is minor than the dead
olume to avoid material loss and the so deposited 10−8 mol of
ompound are also minor than the calculated free recognition
ites of the material, deduced from the washing-up experiments.
he following sequential percolations were performed: ACN

for the interference elution), ACN 1% AcOH, MeOH (both to
ompete with hydrogen-bonding) and toluene (to displace �–�
nteractions), with 2 mL (10 Volumes) of each solvent at a rate
f 1 drop/s. The elution efficiencies were evaluated with HPLC,
V spectroscopy and mass spectroscopy.

.6. Quantification methods

An HPLC (Waters Alliance 2695 HPLC with Model 996
DA detector and Millenium 4.0 software (Waters Corp. Mil-
ord, MA)) was used with a 250 mm × 4.6 mm i.d. X-terra RP
8, 5 �m, analytical column (Waters). The mobile phase was
CN/H2O (0.1% TFA) (65:35) with a flow rate of 1 mL/min. The
njection volume was 10 �L (before injection, all the samples
ere filtered with a 0.2 �m nylon filter).
UV–vis spectroscopy: An HP 8452 A Diode Array Spec-

rophotometer (Hewlett Packard, Palo Alto, CA) was used at

1
4
5
6
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= 292 nm. Absorbance was measured and quantification is per-
ormed via a calibration curve.

Mass spectrometry: MS measurements were performed on a
aters QqTof Ultima Mass Spectrometer equipped with an elec-

rospray ion source operating in the positive mode. The voltages
ere—capillary: 3 kV; cone: 70 V; Rf lens: 25 V. Samples were

ntroduced by direct infiltration and the intensities of molecular
ons (M + H+, M + Na+, M + K+) are summed.

. Results and discussion

The utility of molecular imprinted polymers has led to the
ynthesis of a large number of these polymers over the past
ecade. The use of these materials is based on chemical inter-
ctions between the target molecule. The designed polymer
aterial and the functionalized monomer that is selected is
ade on the basis of forming “strong enough” interactions with

unctional groups of a template molecule and optimizing their
ffinity. The second important parameter is that a very high
egree of crosslinking is required since the polymer matrix
eeds a significant degree of rigidity to retain the shape of
pecific cavities and preserve the imprinted memory after the
emplate is removed. The work presented here focuses on the
reparation of new GlcNcouma-imprinted polymer formats to
e used as stationary phases in cartridges (SPE). The choice for
rosslinker was EGDMA in a ratio of 70%, according to the
iterature. The nature of interactions expected was hydrogen-
onding implying the carbohydrate hydroxyl groups and the
AA acidic function. For more specificity, �–� interactions

etween the coumarin rings are enabled by introducing styrene
s the interacting monomer. A release study of the template indi-
ated that 45% are definitively encaged in the material after five
eOH washing steps. As these are definitively encaged in the

olymer, no competition effect can occur.

.1. MISPE efficiency

After “in flask” polymerization, the materials were crushed,
round and sieved as can be seen in Fig. 2 (material 2). Iso-
ated particles with dimensions between 40 and 100 �m and the
pecific surface values are given in Table 2. These particles are
uitable for MISPE evaluation [19].
238
221
226

57
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Fig. 2. Crushed and washed particles (material 4) observed via optical
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eluted in toluene indicate �–� interactions of surface with the
styrene entities even in non-imprinted systems. No significant
difference could be demonstrated between MIPs and respective
NIPs (see Figs. 3 and 4) except a higher content in the low polar
icroscopy (magnification 20×, A) after polymerization in flasks and by
EM (B).

To investigate the selectivity of the polymers for GlcN-
ouma, SPE tests were carried out. After making certain that
here was no problem of solubilization, several organic sol-
ents were chosen to estimate the imprinting effect of these
ISPE cartridges. Sample solutions (GlcNcouma in MeOH)
ere percolated through the cartridges which had been condi-

ioned with ACN. The conditioning leads to a swelling of the
ores even if the polymer is highly reticulated and a minor
welling occurs. Also, the ability of different solvents to dis-
upt or displace interactions between the deposited template and
he host material was investigated. ACN was used for condi-
ioning because it solubilized the template and might eliminate
an der Waals interactions, which we want to get rid of in our
aterials. In this way, the specifically retained compounds are

ot washed off. GlcNcouma was eluted from the MIP using
cetonitrile–1% acetic acid, which was expected to compete
ith the analyte for the functional group (COOH of MAA) in

he binding sites, producing desorption of GlcNcouma from
he MIP. Following that, MeOH, a protic and polar solvent
as used to suppress strong non-covalent hydrogen-bonding

nteractions (specific interactions). The last step was the elu-

ion with toluene, which was expected to displace �–� stacking
etween template and aromatic rings present in the polymeric
ystem.

F
t
s
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The five elutions corresponding to interaction of (i) van der
aals type, (ii) accessible hydrogen-bonding, (iii) hydrogen-

onding, (iv) �–� stacking and (v) washing samples were
nalysed with three different analytical methods. These methods
ere validated doing a calibration (r2 = 0.99):

UV spectroscopy is a quick method, but absorbtion bands are
difficult to quantify when several compounds are present in
the elution fraction. Results were reliable when the polymer
cartridges were well washed.
Mass spectrometry allows the measurement of all compounds
present in the samples. The quantification was operated with
ions intensity but since the response is very dependent on
source cleanliness, calibration has to be repeated before every
analysis series.
HPLC is very time consuming but HPLC chromatograms
show peaks corresponding to all compounds present (the tem-
plate as well as also residual monomers). Peak identification
is possible by monitoring the retention time and UV spectrum
of GlcNcouma.

All these methods were suitable and showed the following
esults.

The behaviour of the NIP (material 1) under these SPE condi-
ions was evaluated and compared with the corresponding MIP
material 2).

Simultaneous experiments were quite repeatable and errors
f less than ±10% were observed. Fig. 3 indicates the same
uantity of GlcNcouma is eluted in solvents ACN 1% AcOH
nd in toluene for both materials. As mentioned above, addition
f acetic acid (as polar modifier) to ACN revealed if hydrogen-
onding was accessible. It is possible to note that this effect
s higher for MIP than for NIP. Large amounts of GlcNcouma
ig. 3. Comparison of eluted GlcNcouma related to GlcNcouma-MIPs car-
ridges (material 3 = MIP) and blank (material 4 = NIP) after SPE of standard
olution deposited with a mass corresponding to 1/500 phase mass. The repeata-
ility of the measurements was within ±10%.
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tial for a better recognition of template molecules. The results
are not exactly confirmed by the measuring of specific surfaces
because the system Tol/MeOH presents the smallest value (see
Table 2).
ig. 4. Comparison of the specificity of GlcNcouma-imprinted (material
= MIP and material 1 = NIP) particles for glucose, phenol and GlcNcouma.

CN 1% AcOH eluent, which might indicate hydrogen-bonding
pecific to MIP material. It is possible that an imprinting effect
ccurred, which can also be hypothesized in IRTF where νC O
f the template molecule is weakly shifted in the presence of
tyrene (shift of 6 cm−1).

To ensure the type of interactions present in the system, a
tudy of the interaction between the template and two other
ompounds, phenol and glucose, have been performed.

GlcNcouma, an amphiphilic monosaccharide which is com-
osed of two parts, was compared with compounds which
resented only one of these two groups. The first compound
hosen was phenol, which was selected to mime its hydropho-
ic part, and the second one was glucose because it exhibits
ydrophilicity and has the shape of the sugar head. Neverthe-
ess, those two compounds are smaller than GlcNcouma, so
his choice is not optimal for cavities to recognize such enti-
ies. Fig. 4 shows the profiles of elution of the three compounds
fter SPE of each one and it is clear that there is a contrast
epending on the compound that is considered. With phenol,
5% was eluted in toluene which means that there were inter-
ctions between aromatic rings of styrene and phenol. In the
ase of glucose the results showed a difference of behaviour in

he recovery compared to the template. In fact, the total quan-
ity of glucose deposited was eluted in the first step of elution.
ignificantly, there was no selectivity of the MIP for glucose

F
N
5
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ecause it would have been eluted in ACN 1% Ac and MeOH.
ince the structure of glucose corresponds to the hydrophilic
art of GlcNcouma, the conclusion was that the system did not
resent specific hydrogen-bonding interactions. Thus, it is pos-
ible that the retention of GlcNcouma on the MIP was not due to
he hydrophilic part but to the hydrophobic one. Consequently,
he imprinting effect that is noted for the MIP is mainly based
n the recognition of the hydrophobic part. The question was to
e sure that the phenomenon was not due to an increasing of the
ore volume. To know if the swelling of the pores before eluting
ad an influence on the retention of GlcNcouma or recognition
f the MIP, the same experiments (for the three compounds men-
ioned above) were performed on the same phases but previously
onditioned with DMF and toluene. The profiles of elution were
he same as when ACN was used to condition the cartridges for
he three compounds, respectively. These results confirmed that
he observed phenomenon implied a �–� stacking effect and
as not due to pores swollen. An imprinting effect can be con-
rmed, in fact, because the specific surface values are not due to
holes” which could have been induced by template aggregates,
ormed before or during polymerisation. The consequence of
uch phenomenon should have been an important increasing of
p from NIP to MIP, but it is not the case (see Table 2). Moreover,
ynthesis of non-imprinted polymer (material 3) demonstrated
see Section 3.3) that absence of styrene in the polymer did not
roduce such specific retention.

.2. Influence of polymerization solvents

Study of porous properties was apprehended by varying
he porogen character of different solvents. The solvents used,
ited in increasing porogen characteristic order were MeOH,
HF/MeOH, Tol/MeOH, Tol/DMF (already described). For all

hese materials, calculation of the specific area was carried
ut.

Fig. 5 showed that the higher imprinting effect was exhibited
rom MIPs which were synthesized in presence of porogeneous
olvents such as Tol/MeOH or Tol/DMF. The formation of pores
uring polymerization was clearly demonstrated to be essen-
ig. 5. Comparison of the selectivity of GlcNcouma-imprinted particles for Glc-
couma with three different polymerization solvents. Materials 2 (Tol/DMF);
(THF/MeOH); 6 (Tol/MeOH).
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ig. 6. Influence of the monomer composition studied in the absence of styrene
material).

.3. Influence of monomer composition

Variation of monomer composition was also performed after
he demonstration of �–� stacking between styrene and the aro-

atic ring of GlcNcouma (NIP1 and MIP2). A new material
as tested involving the absence of styrene in the composition
y replacing styrene with MMA–NIP3–(methyl methacrylate).

As expected, Fig. 6 showed that there was no GlcNcouma
resent in the toluene elution, indicating the absence of �–�
nteractions. All of the GlcNcouma was eluted in the first steps,
o the phenomenon of affinity for GlcNcouma was observed
nly when styrene was used as monomer.

The most likely explanation for such interactions is the pres-
nce of pores in the system after polymerization and also the
resence of aromatic compounds. To desorb the compound ini-
ially deposited on the MIP, the solvent must have an aromatic
ing with which to compete with the analyte for the functional
roups in the binding sites.
. Conclusion

The aim of this work was the development of GlcNcouma-
ISPE and the evaluation of its efficiency as a stationary phase

[
[

[

73 (2007) 340–345 345

or solid-phase extraction. Our data clearly indicated that the
mprinting effect of MIPs for GlcNcouma was mainly based
n �–� interactions and was directly influenced by a number
f parameters such as the pore volume, polymerization solvent
nd monomer composition. The potential advantage of this tech-
ique compared to conventional SPE sorbents are immediately
vident and include increased reproducibility, a rapid, facile and
ost-effective synthesis. Further work involves the optimization
f such MISPE as phases of separation techniques.
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bstract

The inclusion complex of sulphaguanidine (SGN) in �-cyclodextrin has been investigated. To avoid the problem of the low solubility of �-
yclodextrin in water, solutions of �-cyclodextrin in urea have been used. A 1:1 stoichiometry and an association constant of 450 M−1 have been
stablished for the complex. A new spectrofluorimetric method has been developed for the determination of SGN residues in honey samples.
his sulphonamide is widely employed for honey treatment. The method for the determination is based on second-order multivariate calibration,
pplying parallel factor analysis (PARAFAC). No previous separation or samples pre-treatment were required. The calibration solutions were
repared in water, with concentrations in the range from 0.02 to 0.20 �g mL−1 for SGN. The use of the second-order calibration method in the

tandard addition mode, using the excitation–emission matrices (EEMs) as analytical signal, allowed its determination in honey samples, even in
he presence of interferences, with satisfactory results. The proposed procedure was validated by comparing the obtained results with a HPLC

ethod, with satisfactory results for the assayed method.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Sulphonamides are a class of antimicrobial drugs that are
mployed in human and veterinary medicine for therapeutic and
rophylactic purposes to fight common bacterial diseases [1].

Residues of sulphonamides have been found in animal prod-
cts for human consumption, such as honey, milk, eggs, fish or
eat [2]; then, different methods of analysis have been reported

3–9]. Such antibiotics are, for example, employed to treat
ees infected with bacterial diseases such as the American or
uropean foulbrood [10,11]. However, if bees are treated dur-

ng the harvest season, residues of these compounds may be
ound in honey. Most used sulphonamides show a relatively
ong half-life, generating serious problems in human health,

uch as allergic or toxic reactions [12]. Currently, no maxi-
um residue level (MRL) exits for this antibiotics/commodity

ombination in Europe [13], but some countries within the Euro-

∗ Corresponding author. Tel.: +34 924 289375; fax: +34 924 289375.
E-mail address: arsenio@unex.es (A. Muñoz de la Peña).
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oi:10.1016/j.talanta.2007.03.047
phaguanidine; Honey; �-Cyclodextrin/urea

ean Union have established action limits or tolerated levels.
elgium and the United Kingdom have action limits of 20
nd 50 ng g−1, respectively, referring to the sum of all sub-
tances within the sulphonamide-group. France has a limit of
0 ng g−1 for sulphathiazole. Switzerland has established a fixed
imit of 50 ng g−1, referring to the sum of initial substances
sulphonamides and their metabolites) [14]. For the determina-
ion of sulphonamides in honey, HPLC [15–17] methods have
een mainly proposed.

Sulphaguanidine (SGN), chemically 4-amino-n-(amino-
minomethyl)benzenesulphonamide, is an antimicrobial agent
hat is used to treat enteric infections. Some methods have
een described for its determination in honey, mainly by HPLC
18–20] by using, in some cases, fluorimetric detection after a
erivatization [17,21] or MS detection [22,23].

It is known that cyclodextrins (CDs) have the property of
orming inclusion complexes, with guest molecules that have

uitable characteristics of polarity and dimension [24–26]. The
nclusion complex formation in the CD systems is favoured
y substitution of the high-enthalpy water molecules located
nside the CD cavity, with an appropriate guest molecule of
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The PARAFAC components will estimate the signals from
A. Muñoz de la Peña et al

ow polarity. There are a few reports dealing with the analyti-
al determination of sulphonamides by using cyclodextrins; and
hey employ, in general, a capillary electrophoresis technique.
n some cases, the inclusion complexes with guest molecules
ave a higher fluorescence signal than the previous fluorescence
ignal of the molecule; which is important in order to develop
ore sensitive analytical methods and, at the same time, it per-
its working in aqueous media. In the case of SGN, there is a

ommunication following this purpose and it has been proposed
method of determination in urine, by using partial least-squares

PLS) calibration [27].
While the aqueous solubilities of �- and �-CD at 25 ◦C

re 0.121 and 0.168 M, respectively, that of �-CD is roughly
factor of 10 less, i.e. 0.0163 [28]. Consequently, in many

nstances, it has been observed that the magnitude of fluores-
ence enhancement attainable with �-CD is restricted due to
ts limited water solubility. That is, the fluorescence intensity
f many analyte molecules increases with cyclodextrin con-
entration until the �-CD solubility limit in water is reached.
n addition to mixed solvent systems [29], or water-soluble
-CD derivatives [30–32], base media and/or urea [33,34]
ay be used to increase the water solubility of cyclodex-

rins, particularly �-CD, and urea has been used in this
tudy.

On the other hand, multivariate calibration is gaining accep-
ance for the determination of analytes in complex mixtures.
ull-spectrum multivariate calibration methods offer the advan-

age of speed in the determination of the components of interest,
voiding separation steps in the analytical procedure. In this
ork, multivariate calibration is applied to determine SGN

n honey samples. It is known that all first-order calibration
ethods, including PLS, are sensitive to the presence of uncali-

rated interferences. This situation is encountered when dealing
ith natural samples of complex composition, such as the
resently studied honey samples. A good alternative to the
roblem of unexpected interferences is to move to second-
rder data [35]. High-order data are particularly suitable for
he quantitative analysis of complex multicomponent samples
36]. In recent years, second-order data following the trilin-
ar model, such as excitation–emission fluorescence matrices
EEMs), have been gaining wide-spread analytical acceptance
37]. Data of this kind, when joined for a group of samples,
re also known as three-way data. Additionally, the recording of
hree-way fluorescence information conveys certain advantages:
he measurements are carried out on a single instrument, the
ignals are selective and sensitive, and the obtained models are
rilinear.

Example of a usually employed second-order calibration
ethod is parallel factor analysis (PARAFAC) [35]. The

ARAFAC algorithm is based on least-squares minimization.
he decomposition of the three-way data array built with
atrices measured for a number of samples is often unique.
his property has been named the second-order advantage
38] and allows spectral profiles and relative concentrations
f individual sample components to be extracted directly.
EMs have been used in combination with this chemomet-

ic method for quantitative analysis of biological compounds.

t
r
T
c

anta 73 (2007) 304–313 305

n this context, quantification of chlorophylls and pheopig-
ents [39], antitumoral [40], anti-inflammatory drugs [5] and

ntibiotics [41,6] has been proposed. On the other hand,
he PARAFAC application to food samples has been scarce
42,7,8].

In the present paper, the interactions of SGN with �-CD
n presence of urea were studied, in order to propose a new
nd more sensitive fluorescence method for its determination in
queous media. The final purpose is the determination of SGN
n honey samples, free of different types of interferences and
y using a simple pre-treatment of the sample. For this purpose,
he chemometric method PARAFAC, in the standard addition

ode, is assayed.

. Theory: three-way trilinear data

When a sample produces a J × K data matrix (a second-order
ensor), such as an EEM (J = number of emission wavelengths,

= number of excitation wavelengths), the corresponding set
btained by ‘stacking’ the matrices recorded for each of the I
amples included in the calibration set is a three-dimensional
r three-way array. Appropriate dimensions of such an array are
× J × K (I = number of samples). Since EEMs follow a trilinear
odel, the array can be written as a sum of tensor product of

hree vectors for each fluorescent component. If an, bn and cn

ollect the relative concentration (I × 1), emission (J × 1) and
xcitation (K × 1) profiles for the component n, respectively,
he data array F- can be written as

- ijk =
N∑

i=1

ainbjnckn + E- ijk (1)

here F- ijk is the intensity recorded for the ith sample at j and
channels, N is the total number of responsive components, ain

s the relative concentration (or score) of component n in the ith
ample, bjn and ckn are the signal intensities at channels j and k in
ach dimension for component n, and E- ijk are the elements of the
rray E- , which is a residual error array of the same dimensions
s F- . The column vectors an, bn and cn are usually collected into
he three loading matrices A, B and C.

A characteristic property of F- is that it can be uniquely
ecomposed, providing access to spectral profiles (B and C)
nd relative concentrations (A) of individual components in the
mixtures, whether they are chemically known or not. This con-
titutes the basis of the so-called second-order advantage. One
opular alternative to decomposing the array F- of Eq. (1) is
o employ the PARAFAC algorithm. Its underlying theory has
een exhaustively described [43]. This method has been imple-
ented in the present study using the standard addition mode

44,45], because this allows to avoiding the internal filter effect
aused by the honey components on the fluorescence signal of
he analytes.
he individual fluorophores if the data are approximately low-
ank trilinear and the correct number of components is used.
he number of components can be estimated using the core
onsistency diagnostic (CORCONDIA) test [43].
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CD. It was observed that the intensity of fluorescence increases
when increasing the concentration of �-CD. A value of �-CD
concentration of 9 × 10−3 M was selected as optimum for the
experiments, by dissolving �-CD in water.
06 A. Muñoz de la Peña et al

. Experimental

.1. Apparatus

Fluorescence spectral measurements were performed on a
luorescence Spectrophotometer Varian Model Cary Eclipse.
he instrument consists of two Czerny-Turner monochromators

excitation and emission), a Xenon light source, a range of fixed
idth selectable slits, selectable filters, attenuators and two pho-

omultiplier tubes as detectors. The fluorimeter is connected to a
C microcomputer via an IEE serial interface. The Cary Eclipse
ersion 1.0 software was used for data acquisition, data interpre-

ation and graphical display. All measurements were performed
n 10 mm quartz cells at 20 ◦C, by use of a thermostatic cell
older and a Selecta Model Frigiterm thermostatic bath.

.2. Reagents

All solvents used were of analytical reagent qual-
ty. SGN was purchased from Sigma. Standard solutions
f the compound (100 �g mL−1) were prepared by dilu-
ion in deionized water. Stock solutions of �-cyclodextrin
�-CD), �-cyclodextrin (�-CD), �-cyclodextrin (�-CD),
2-hydroxy)-propyl-�-cyclodextrin (HP-�-CD) and heptakis-
2,6-di-O-methyl)-�-cyclodextrin (DIMEB) of concentration
.5 × 10−2 M in water and �-CD 1 × 10−1 M in 4 M urea, were
repared. A 1 M sodium acetate–acetic acid (pH 5.5) buffer
olution was prepared from analytical reagents.

.3. Software

The calculations were done using MATLAB 5.3 [46]. Appro-
riate routines for applying PARAFAC, developed by Bro, are
vailable on the internet [47], although a useful MATLAB graph-
cal interface has been used for easy data manipulation and
raphics presentation [48]. This interface provides a simple
ean of loading the data matrices into the MATLAB envi-

onment. It also allows selecting appropriate recording spectral
egions, optimizing the number of factors, and plotting emission
nd excitation spectral profiles and pseudo-univariate calibration
raphs.

Ground-state geometry optimization of the proposed struc-
ures for the inclusion complexes was performed with the AM1

ethod contained in the CHEM3D package, version ultra 8.00,
n a Pentium PC microcomputer. The molecular mechanics
ethod was used to obtain the initial structures. Afterward, the

nergy was minimized by the AM1 method.

.4. Procedure for determining sulphaguanidine in honey
amples

A honey dilution factor of 1:20 was optimum, as a compro-
ise between internal filter effects from honey and the linear
nalytical range. In a 5.00 mL flask, 1 g of honey was spiked with
GN and, after 10 min, completion to the mark was achieved
ith deionized water. From this latter solution, 0.70 mL were
iluted in a 3.00 mL flask with 0.90 mL of 1 M solution of acetic

F
C
[
i

anta 73 (2007) 304–313

cid/sodium acetate of pH 5.5, then 1.40 mL of 10−1 M solution
-cyclodextrin/urea 4 M solution were added and, finally, com-
leting to the mark with deionized water. After that, the flask was
igorously shaken and the final solution was placed in a quartz
ell, and the fluorescence EEM was registered in the selected
pectral regions for this analyte.

. Results and discussion

.1. Fluorimetric study of the inclusion complex of
ulphaguanidine with β-CD

SGN shows native fluorescence. The excitation spectrum
hows a maximum located at 264 nm and the emission spectrum
hows a maximum at 340 nm, spectrum (1) in Fig. 1.

Although �-, �-, �-, HP-�-CDs and DIMEB were investi-
ated, only �-CD, HP-�-CD and DIMEB produced changes on
he fluorescence spectra of SGN. In Fig. 1, the emission spec-
ra of SGN:�-CD (2), SGN:�-CD (3) and SGN:�-CD (5) are
hown. �-CD was selected because produces the higher signal
f fluorescence and the smaller blank signal. As may be appre-
iated, the changes in the fluorescence signals are significant,
nd the excitation and emission wavelengths of the fluorescence
pectra do not change. The fact that the fluorescence enhance-
ent in �-CD is higher than with the other ones CDs is related to
better compatibility of the molecular size of SGN with respect

o the �-CD cavity. The �-CD cavity is too small to accommo-
ate the SGN molecule, and no inclusion complex is formed in
he presence of this CD. On the contrary, �-CD is too large to
GN size and the inclusion complex formed is weaker than in �-
ig. 1. Emission spectra of (1) SGN in water; (2) SGN:�-CD; (3) SGN:�-
D; (4) SGN in urea 4 M; (5) SGN:�-CD; (6) SGN: �-CD/urea; λex: 264 nm,

SGN] = 1 �g mL−1, [�-, �- and �-CD] = 9 × 10−3 M, [�-CD]/urea 1 × 10−1 M
n urea 4 M.
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ig. 2. Effects of urea and �-CD concentration in the fluorescent signal of SGN
omplex. [SGN] = 1 �g mL−1; λex = 264 nm; λem = 340 nm.

.2. Influence of urea concentration

The fluorescence intensity of SGN increases in urea solutions,
s is represented in Fig. 1, spectrum (4), but is smaller than in �-
D (5) as can be appreciate in this Fig. 1. We have investigated

he SGN:�-CD complex formation, using solutions of �-CD in
rea, with the aim of increasing the solubility of �-CD and then
he fluorescence enhancement.

A great increase in the solubility of �-CD was observed in
resence of urea, and solutions containing 10−1 M of �-CD were
repared, 10 times more concentrated than in aqueous solutions.
he influence of urea concentration in the fluorescence signal
as studied by monitoring the influence of the �-CD concen-

ration in the fluorescent signal in presence of 0, 4, and 8 M of
rea, as shown in Fig. 2. A significant increase in the fluorescent
ignal was observed and a concentration of 4 M was selected
s optimum urea concentration, because it provided the highest
uorescence signal enhancement. Emission spectrum of SGN:�-
D/urea 4 M complex is shown in Fig. 1, spectrum (6) and, as
an be seen, the fluorescence intensity increases three-fold with
egard to SGN solutions in water, spectrum (1).

The presence of urea produces a higher enhancement of the
uorescence of SGN because �-CD is more soluble in urea

han in water. This allows the use of more concentrated �-CD
olutions, which imply to increase the proportion of analyte
olecules that is included in the �-CD cavity. It is important

o note that the binding constants reported for some compounds
ecreased in the �-CD/urea medium and the equilibrium con-
tant values were found to decrease as the urea concentration
as increased [49], as it is appreciated in Fig. 2. This is pre-

umably due to the fact that, at high concentrations, the urea
ompetes with the analyte molecule for cavity binding site.
.3. Study of the influence of pH

A study of the influence of pH in the fluorescence spectra of
he SGN:�-CD system has been carried out. The results obtained

4

e

ig. 3. Influence of pH on the fluorescence intensity of SGN:�-CD/urea
omplex; λex = 264 nm; λem = 340 nm, [SGN] = 1 �g mL−1, [�-CD]/urea
× 10−1 M in urea 4 M.

re presented in Fig. 3. As can be appreciated, the fluorescence
s maximum and practically constant for pH values between 4.5
nd 6.5. For values of pH higher than this range, the fluorescence
ecreases. For sulphaguanidine, values of pK1 of 2.75 [49,50],
.7 [51], and 3.3 [52] have been reported. The pK values reported
n the references are consistent with the results presented in
ig. 3. In a previous work [27], the influence of pH on SGN
uorescence intensity, in the absence and presence of �-CD, was
stablished, showing that the inclusion processes of the SGN in
he cyclodextrin cavity is not affecting its acid–base properties.
his fact may be explained taking into account that the changes

n the spectra with pH are due to the proton exchange between the
onocationic nitrogen atom of the p-amino benzene group and

he neutral molecule, and this part of the molecule is protruding
utside of the cavity.

.4. Influence of the buffer concentration and order of
ddition of reagents

Several buffer solutions were studied in the optimum pH
ange, with the aim of proposing a method for the determina-
ion of SGN in presence of �-CD. Acetic acid/sodium acetate
uffer at pH 5.5 and potassium dihydrogen phosphate buffer
djusted to pH 6.5 with NaOH, were tested. No significant
ifferences were found, Fig. 4, and the acetic acid/sodium
cetate buffer (pH 5.5) was selected, and the changes of the
uorescence intensity with the buffer concentration were not
ppreciable. A 0.3 M concentration was chosen as the optimum.
he order of addition of the reagents had no influence on the
omplexation, and the inclusion process was attained immedi-
tely.
.5. Stoichiometry of the inclusion complex

The stoichiometry of the complex with �-CD/urea 4 M was
stablished by the methods of Benesi–Hildebrand [53] and
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ig. 4. Influence of the buffer: (- - -) acetic acid/sodium acetate buffer 0.3 M at
H 5.5, (—) potassium dihydrogen phosphate buffer 0.2 M adjusted to pH 6.5
ith NaOH. [SGN] = 1 �g mL−1, [�-CD]/urea 1 × 10–1 M in urea 4 M.

catchard [54]. The following equilibrium can be considered:

-CD + SGN � SGN : �-CD/urea

In the Benesi–Hildebrand’s method, in the case of a 1:1 com-
lex, the following equation is applicable:

1

F − F0
= 1

(F∞ − F0)K1[�-CD]0
+ 1

F∞ − F0
(2)

here [�-CD]0 denotes the initial �-CD concentration, F0
enotes the fluorescence intensity of SGN molecule in the
bsence of �-CD, F∞ denotes the fluorescence intensity when
GN is essentially complexed with �-CD, and F is the observed
uorescence at each �-CD concentration tested.

If the stoichiometry is 1:1, the representation of 1/(F − F0)

ersus 1/[�-CD]0 gives a linear plot as in Fig. 5A, which supports
he existence of a 1:1 complex.

In the Scatchard’s method, in the case of a 1:1 complex,
he relationship between the observed fluorescence intensity

p
c
d
c

Fig. 5. (A) Benesi–Hildebrand plot for the SGN:�-CD/ure
anta 73 (2007) 304–313

nhancement (F − F0) and the �-CD concentration is given by

F − F0

[�-CD]0
= (F∞ − F0)K1 − (F − F0)K1 (3)

If the stoichiometry is 1:1, the plotting of (F − F0)/[�-CD]0
ersus (F − F0) gives a straight line as in Fig. 5B, confirming
he 1:1 stoichiometry.

.6. Association constant of the inclusion complex

Once the stoichiometry of the system is known, the associa-
ion constant can be calculated. A good estimation can be made
y using non-linear least-squares regression analysis (NLR)
55]. The value calculated for the constant of formation of
he investigated complex by means of the NLR approach is
50 M−1.

.7. Characterizing the inclusion complex

With the purpose of further characterizing the inclusion com-
lex, semiempirical MO calculations using the AM1 program
ere performed. This program is commonly used to study geo-
etric and thermodynamic properties of organic molecules,

specially when hydrogen bonding occurs [56]. Several ini-
ial modes of inclusion were probed and optimized by energy

inimization. The complex structure leading to the minimum
eat of formation shows the amino ring located inside of the
-CD cavity. This fact is not surprising, since the most prob-
ble mode of binding in the CD inclusion complexes involves
he insertion of the less polar part of the molecule into the cav-
ty, while the more polar groups are exposed to the bulk solvent
utside the opening of the cavity. The optimized structures of
-CD, SGN and the complex, obtained by energy minimiza-

ion, are displayed in Fig. 6a–d, respectively. It is important
o note that urea has not been included in the inclusion com-

lex because is considered to be the solvent due to its high
oncentration. However, it is necessary to consider that, in accor-
ance with the small size of the urea molecules and its high
oncentration, several urea molecules may be included in the

a 4 M complex. (B) Scatchard plot for the complex.
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The advantage of this chemometric approach is related to
Fig. 6. Optimized structures of (a) �-CD; (b) SGN; (c) SGN

mpty space of the cyclodextrin. With regard to the driving
orces leading to the inclusion complexation of cyclodextrin,
hese should include the electrostatic interaction, van der Waals
nteraction, hydrophobic interaction, hydrogen bonding, and
harge-transfer interaction. Usually, it is found that van der
aals interaction and hydrophobic interaction constitute the
ajor driving forces for cyclodextrin complexation, whereas

lectrostatic interaction and hydrogen bonding can signifi-
antly affect the conformation of a particular inclusion complex
57].

.8. Determination of sulphaguanidine in honey samples

.8.1. Selection of spectral ranges to register
xcitation–emission matrices

In the above-mentioned chemical conditions: �-CD/urea
× 10−2 M/4 M, acetic acid/sodium acetate buffer 0.3 M pH
.5, maximum information on this drug can be scanned in
he region λem = 310–380 nm, at 2 nm intervals, exciting in the
ange 220–290 nm, at 5 nm intervals. In these spectral ranges,
ith complete EEMs (Fig. 7A), the presence of the first-order

ayleigh is detected. It is well known that these scatterings do
ot contain any information concerning the fluorescence prop-
rties of the analyte. In order to avoid them and to focus on
he responsive spectral regions for this analyte, the wavelength

t
i
m
d

/urea 4 M complex; (d) size view of the inclusion complex.

anges have been appropriately reduced (Fig. 7B): emission from
20 to 364 nm and excitation from 235 to 290 nm, for SGN
omplex analysis.

.8.2. PARAFAC in the standard addition mode
To apply the standard addition method, a separate calibra-

ion scheme is necessary for the analyte. First, to an aliquot
f the diluted honey problem sample, four different amounts
f SGN were added, keeping the final concentration within
he linear range, and the EEM was then registered for each of
he resulting solutions. It is to say, the way of working with
ARAFAC in the standard addition mode is different than in
he external calibration mode. The difference is that the cal-
bration matrix is constructed by directly working with the
roblem samples, to which different standard additions of the
nalyte of interest are made. In this mode of calibration, the
rocedure is slightly more time consuming than in the external
alibration mode, as for each sample problem to be analyzed,
e have to perform a series of standard additions for our

nalyte.
he minor time necessary to perform the determination of SGN
n honey samples, when is compared with a chromatographic

ethod, because no pre-conditioning are needed in this proce-
ure.
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ig. 7. Three-dimensional excitation–emission matrices (EEMs) of a standard so
pectral ranges (B). In both cases, the concentration of the analyte is 0.2 �g mL

.8.3. Selection of the number of components
In order to determine the optimal number of factors for each

est honey sample in the case of PARAFAC, the value of the
ore consistency parameter was analyzed as a function of a
rial number of components [43]. For the Canadian honey sam-
le (Table 1), this diagnostic tool indicated that the number of
oadings needed to model the data, N, is 2 (Fig. 8). As can
e seen, the core consistency drops to a very low value when
sing three spectral components to model the cube, suggesting
hat N = 2 is a sensible choice. The same number of factors was
lso found for the remaining honey samples, showing that the

resence of honey adds new fluorescent components to the data
ube, collectively considered as a single extra component by
ARAFAC.

able 1
rediction results for SGN in spiked honey samples using PARAFAC in the
tandard addition mode

ample SGN SMTX

Spikeda

(�g L−1)
Foundb Rec. (%) Spiked

(�g L−1)

witzerland honey
42 44 (2) 105 –
46 43 (1) 93 –

anadian honey
51 53 (3) 104 –
56 54 (3) 96 –

pain honey
44 47 (4) 107 –
49 46 (3) 94 –

elgium honey
42 44 (3) 104 44
46 45 (2) 98 49

witzerland honey
51 52 (1) 102 42
54 53 (2) 98 46

pain honey
44 46 (2) 104 51
49 47 (4) 96 54

a Concentration in the final solution to measure.
b Standard deviation in parentheses.

t
s
s

i

F
n

n of SGN in the complete spectral regions (A) and in the corresponding selected

Once the number of components was estimated, the array
ormed by joining the EEMs for the test sample and those
btained by standard addition was subjected to decomposition.
mployment of this method implies that the array decomposi-

ion should be repeated for each newly analyzed sample. The
dentification of the chemical constituents under investigation
s required before quantitation by resorting to the pseudo-
nivariate calibration graph provided by PARAFAC. This is
one with the aid of the spectral profiles extracted by this algo-
ithm, and comparing them with those for a standard solution of
he pure analyte of interest (Fig. 9). Absolute analyte concen-
rations are obtained after proper standard addition calibration,

tarting from the known amounts of analyte added to the test
amples.

These emission and excitation spectral profiles are contained
n matrices B and C, respectively. The components have been

ig. 8. Plot of the PARAFAC core consistency values as function of the trial
umber of components.
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4.9. Validation of the proposed method

The proposed fluorimetric method, for the determination of
SGN residues in honey samples, was validated by comparison
ig. 9. (A) Emission and excitation profiles provided by a three-component PA
ormed by the EEM for honey sample number 5 and those recorded after stan
omponents, and those as (2) with spectra of SGN. (B) Normalized experiment

abelled with the order assigned by the model, i.e., they appear
n the order of their contribution to the total of the variance. The
omparison of the excitation and emission profiles extracted by
he PARAFAC model with the experimental ones shows a sat-
sfactory agreement. Similar success was observed on studying
he remaining samples of Table 1 with this chemometric model,
fter the standard addition of the analyte.

.8.4. Figures of merit
The sensitivity (SEN) for a particular analyte has been esti-

ated as the net analyte signal at unit concentration, whereas
he selectivity (SEL) has been computed as the ratio between
he sensitivity and the total signal, as suggested by Kalivas
nd coworkers [58]. The analytical sensitivity, in analogy with
nivariate calibration, has been computed as the ratio between
ensitivity and spectral noise:

= SEN

[V (R)]1/2 (4)

The inverse (γ−1) establishes the minimum concentration
ifference that can be appreciated by the method [59]. The factor
(R) in Eq. (4) is the variance of the instrumental signal, which
ay be estimated by replicate blank measurements. The limit of

etection of the method can be estimated as

OD = 3.3s(0) (5)

here s(0) is the standard deviation in the predicted concentra-
ion of the analyte of interest in a blank sample [60].

The analytical figures of merit of the PARAFAC calibra-
ion model for SGN calibration are: SEN (fluorescence units)
L mg−1) = 1654; SEL = 0.50; γ−1 (mg L−1) = 0.0022; LOD
mg L−1) = 0.010.
.8.5. Prediction results in honey samples
In Fig. 10, the pseudo-univariate calibration graph obtained

y applying PARAFAC in the standard addition mode, for SGN
F
p

C model (B and C matrices, respectively), obtained after processing the array
additions of SGN. The profiles shown as (1) can be matched with the honey
ission and excitation spectra for the one studied analyte.

etermination in the first sample of Table 1, is plotted. Four
ifferent amounts of SGN (40, 80, 120 and 160 �g L−1) were
dded, keeping the final concentration within the linear range.
oney samples spiked with SGN in the range between 42 and
6 �g L−1 were analysed by the above proposed method. The
oncentrations found for SGN in honey samples are summa-
ized in Table 1. All predictions are seen to be reasonable for
amples of the complexity of honey. Comparison of the predicted
oncentrations and recoveries provided by the algorithm shows
good predictive ability towards the test set of spiked honey

amples, and confirms the potentiality of the presently studied
econd-order methods for the analysis of complex food samples.
ig. 10. Pseudo-univariate calibration obtained after standard additions of SGN
rocessing the array formed by the EEM for honey sample number 1.
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ith a method based on HPLC separation [19], modified by us.
e have utilized fluorescent detection, as the sensitivity of the
ethod gets better considerably. An excitation wavelength of

60 nm and an emission wavelength of 340 nm were selected to
onitoring SGN. The mobile phase was formed by a mixture

f solvent A, being a pH 3.0 aqueous citric–citrate buffer and
.019 M SDS. The buffer concentration was 10 mmol L−1. Sol-
ent B, acetonitrile. The mobile phase composition was 94% A
nd 6% of B.

A comparison of the mean recoveries and standard deviations
rovided by both methods (HPLC: 101.5 ± 6.6 and PARAFAC:
00.1 ± 4.8) was done by applying the “t-Student” and “F-test”,
espectively [61]. The comparison of the mean values of two
ethods can be performed by means of a t-test. To apply this

est it is necessary to know if the variances of both methods differ
r not significantly. These variances are estimated by s2

1 and s2
2

s is the standard deviation of the method) and a two-sided F-test
s used to determine if there is any statistical difference between
he variances. The statistic F is calculated by Fcal = s2

1/s
2
2. The

umber of degrees of freedom of the numerator and denominator
re n1 − 1 and n2 − 1, respectively. The comparison between the
cal = 1.89 and F tabulated, F11,11 = 3.47, being the calculated
alue less than the tabulated one, so there is no significant dif-
erence between the two variances at the 5% significance level
P = 0.05), therefore, the precision of both methods is similar. As
esidual variances are equal, the pooled estimated variance is cal-
ulated according to the expression: s2 = [(n1 − 1)s2

1 + (n2 −
)s2

2]/(n1 + n2 − 2). The t-test is then performed by calculating

cal, equation: t = (x̄1 − x̄2)/s[(1/n1 + 1/n2)]1/2, where x̄ is the
ean value of each method. This tcal (0.54) is compared with

he tabulated t value (ttab = 2.09) having n1 + n2 − 2 degrees of
reedom at the 5% significance level (P = 0.05), in this case, tcal
0.54) < ttab (2.09), indicating that the two methods give results
hat are not statistically different.

.10. Interferences studies

The possibility of other sulphonamides interference was
nvestigated. For that, the fluorimetric signal of SGN
t 0.5 �g mL−1, was compared with the fluorimetric sig-
als in the presence of different concentrations of the
thers (0.5, 1, 1.5 �g mL−1). The sulphonamides assayed
ere: sulphamethoxazole, sulphathiazole, sulphadimethoxine,

ulphamethazine, sulphamerazine, sulphaquinoxaline, sulpha-
iazine and sulphacetamine.

There was only interference in the case of sul-
hamethoxazole above the concentration relation, sulphaguani-
ine:sulphamethoxazole, 1:3.

.11. Determination of sulphaguanidine in honey samples
n presence of sulphamethoxazole
In order to prove the robustness of the proposed method,
nd taking into account that sulphamethoxazole (SMTX) is an
nterference in the determination of sulphaguanidine by the pro-
osed method and, at the same time, it is possible to find residues
anta 73 (2007) 304–313

f SMTX in honey, the determination of SGN in honey in the
resence of SMTX was investigated.

The PARAFAC calibration model was established, in the
tandard addition mode, by treating the honey samples, contam-
nated with SGN and SMTX, as previously described. In this
ase, although we have two analytes and the honey background
ignal, the number of factors is 2 and not 3, because the cali-
ration is realized with respect to SGN, considering the model
MTX and the honey signal as only one interference.

All predictions (Table 1) are good and similar to those
btained in the absence of SMTX interference. Then, the poten-
iality of the presently studied second-order method in the
tandard addition mode is proved.

. Conclusions

The fluorimetric determination of sulphaguanidine in a
omplex matrix such as honey, using a second-order multi-
ariate calibration technique, is demonstrated to be feasible.
he method is developed in �-cyclodextrin/4 M urea medium,
nhancing the fluorescence emission of the aqueous solutions
f the analyte, which is advantageous in terms of sensitivity.
n adequate selection of the EEMs excitation and emission

anges, to avoid first-order Rayleigh and second-order diffrac-
ion grating harmonic signals, improved the predictive capacity
f the model. The employed PARAFAC second-order calibra-
ion method, when applied using the standard addition mode, is
ble to model the system in the present situation, through the
nique decomposition of the three-way data array. This allowed
he direct extraction of excitation and emission spectral profiles,
s well as the relative concentrations of the analyte. Reasonably
ood recovery values were obtained in all the analyzed honey
amples. Then, the proposed method shows the possibility of
chemometric sensing of sulphaguanidine residues in honey

amples free of interference from the matrix components and
ther possible interferences as sulphamethoxazole, by using a
ery simple sample pre-treatment.
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41] A. Muñoz de la Peña, A. Espinosa Mansilla, D. González Gómez, A.C.
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bstract

A multi-reversed flow system software-assisted was developed for improvement of sensitivity in flow analysis. The performance of the flow
ystem proposed was evaluated by using as a model the conventional Griess’ colorimetric reaction for determination of nitrite in waters. The
anifold incorporated three 3-way solenoid valves, a relay box solenoid actuated, a peristaltic pump, and a photometric detector. A tailored

oftware was designed and written in Visual Basic 6.0 which allows full control of all flow system components and simultaneous acquisition and

rocessing of the data. The sensitivity measured as the slope of the calibration curve was improved 2.5- and 1.4-fold regarding those obtained by
ontinuous- and stopped-flow systems, respectively. Other valuable features such as analytical throughput of 55 determinations per hour, limit of
etection of 5 �g L−1 (3σblank/slope), relative standard deviation < 2% (n = 8), and a linear dynamic range up to 1800 �g L−1 were also achieved.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Flow injection analysis (FIA) is well established as an ana-
ytical technique for speeding up determinations [1–3]. The

anagement of solutions is easily performed employing FIA and
eatures such as precision, selectivity, and control of contamina-
ion are improved [4–6]. However, after more than 30 years of its
onception by Ruzicka and Hansen [1], FIA has evolved to more
odern strategies as sequential injection analysis [7] (SIA),

topped-flow [8,9], multidetection [10], multicommutation [11],
tc. All these offsprings resulted from better understanding of
he dispersion process in open tubes and the search for higher
egree of automation for the analytical process. Nowadays, there
re no doubts that the application of automation is increasing and
he path of science is closely related to the development of auto-

ated instruments helped by the so-called software-assisted or

omputer-assisted strategies [12,13].

In this study, it was developed a simple and robust auto-
atic method named multi-reversed flow (MRF) system based

∗ Corresponding author. Tel.: +56 41 2204368; fax: +56 41 2226382.
E-mail address: yneira@udec.cl (J.Y. Neira).
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n exploitation of SIA concepts which was implemented by ded-
cated software for the direct determination of nitrite in waters.
he proposed method is more sensitive than those based on
topped- and continuous-flow systems.

. Experimental

.1. Apparatus

The manifold for multi-reversed flow system software-
ssisted is shown in Fig. 1 and consist of a peristaltic pump
Ismatec MCP ISM726, equipped with a serial port RS 232,
witzerland), three 3-way solenoid valves (NResearch 161
031, USA), and conventional photometric detector (spec-

rophotometer Shimadzu model 120 02, Japan). All solutions
re propelled by action of the peristaltic pump and the direction
f the flow is moved either forward or backward by changing
he rotation of the pump rotor clockwise or counter-clockwise.

his strategy was called multi-reversed flow and its implemen-

ation relies in the control of the peristaltic pump by a personal
omputer via RS 232 port in order to activate/deactivate it using
ritten dedicated software. Additionally, flow-rate, flow direc-
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Fig. 1. Diagram of the multi-reversed flow set up for nitrite determination in
waters. V1, V2 and V3: three-way solenoid valves; Re: recycle; RC: reaction
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oil (polyethylene i.d. 0.8 mm and length 110 cm); E1: data acquisition using
inilab card; E2: action via LPT1 port. (– – –) electric connection; (—) tube

i.d. = 0.8 mm).

ion, volume and action of the three-way solenoid valves, were
ontrolled by the tailored software. The manifold was built using
olyethylene tube with 0.8 mm of internal diameter and the
olutions were propelled by peristaltic pump action on Tygon®

ubes.
Absorbance measurements were performed at 540 nm using
single-beam Shimadzu spectrophotometer model 120-02

quipped with a Hellma glass flow-cell model 178.710-OS with
0 mm optical path length. The computer communicates with
he spectrophotometer through a minilab analogic/digital con-
ersion card (Avantech Measurements, minilab model 1008,
iddleboro, MA, USA). The developed software was used
ith a personal computer Pentium 166 MHz. Further details

bout requirements to switch relay box actuated, the three-way
olenoid valve, control and flow direction of peristaltic pump
nd data acquisition were previously described [5].

.2. Reagents and solutions

All solutions were prepared using deionised water from Milli-
system (Millipore, Bedford, MA, USA). The standards nitrite

olutions were prepared from a concentrated stock solutions con-
aining 1 g L−1 of the sodium salt (Panreac, 98%, Barcelona,
pain). The chromogenic reagent was prepared by dissolving
0 g of sulfanilamide dihydrochloride (NED) (Panreac, 98%)
n 100 mL of phosphoric acid in a final volume of 1000 mL in

illi-Q water.

.3. Multi-reversed software-assisted system
The software was written in Visual Basic 6.0 and allows
he total real time control of the process. The software front
anel contained ready-to-use switches, buttons, controls, and
raphical displays of detector readings.
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i
c
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The software named MRFA (i.e. multi-reversed flow analy-
is) is user-friendly and can be used for others applications. The
oftware has three main areas: analytical method development,
alibration and measurements. The first series of instructions
onsists in making a sequence program for three-way valve acti-
ation based on specified times, and also, a program sequence to
ontrol the peristaltic pump (flow-rate and flow direction). In the
econd group of instructions, the system performs automatic cal-
bration adopting one of the two possibilities, either a calibration
urve using reference solutions with low concentrations of nitrite
0–1600 �g L−1) or a calibration curve using reference solutions
ith high concentrations of nitrite (0–20 000 �g L−1). Finally,

he third part of the software allows the automatic determination
f nitrite concentrations in the samples.

.4. Nitrite determination

The determination of nitrite is based on the Griess’ reac-
ion [14,15]. Distilled-deionised water was employed as carrier,
nd both sample and chromogenic reagent were added adopt-
ng binary sampling [11]. The flow diagram is shown in Fig. 1.
he sequence control of the three-way valves and of the peri-
taltic pump is detailed in Table 1. This table includes a sequence
rogram for multi-reversed, stopped- and continuous-flow sys-
ems. These two later systems were employed to compare the
erformance of the multi-reversed flow system proposed. The
ulti-reversed flow system was applied for determination of

itrite in some coastal sea waters and underground waters that
ere collected 1 L polyethylene bottles, added drops of chloro-

orm, transported immediately to the laboratory, filtered through
.45 �m membranes and stored at 4 ◦C at their natural pH (mea-
ured between 5.0 and 5.6) until analysis. Nitrite determinations
ere performed within 48 h after sample collection.

. Results and discussions

.1. Multi-reversed flow system

It is well-known that the formation of colored product in
continuous flow system depends on two principal requisites

or a better development of the chemical reaction: the sample
lug should be well mixed with the chromogenic reagent and
sufficient time should be provided for reaction development

efore detection. The residence time can be increased by using
ither longer reaction coils or a stopped-flow approach. This later
trategy is advantageous because the dispersion of the sample
one is greatly avoided when the carrier stream is stopped, once
hat axial diffusion, which is the most responsible for dispersion,
s ceased. However, in both cases the analytical throughput is
eteriorated. Regardless the adopted strategy, better sensitivity
s attained when the mixture between sample and reagents is
mproved.

The proposal of a multi-reversed flow system is based on

ncrementing the mixture conditions by promoting a mechan-
cal shaking of the reaction zone. The mechanical shaking is
aused by changing the flow direction of the peristaltic pump
ontrolled by software. In order to study the application of
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Table 1
Operation steps for activation of three-way solenoid valves and peristaltic pumpa

Step Event V1 V2 V3 Time (s) Rotation speed Flow direction Volume (�L)

Multi-reversed flow system
1 Sample transport Off On Off 3 35 Forward 50
2 Reactant transport Off Off On 3 35 Forward 15
3 Sample transport Off On Off 3 35 Forward 50
4 Reactant transport Off Off On 3 35 Forward 15
5 Sample transport Off On Off 3 35 Forward 50
6 Reactant transport Off Off On 3 35 Forward 15
7 Sample transport Off On Off 3 35 Forward 50
8 Reactant transport Off Off On 3 35 Forward 15
9 Sample transport Off On Off 3 35 Forward 50
10 Reactant transport Off Off On 3 35 Forward 15
11 Sample transport Off On Off 3 35 Forward 50
12 Reactant transport Off Off On 3 35 Forward 15
13 Multi-reversed flow On Off Off 1 60 Reverse 0
14 Multi-reversed flow On Off Off 1 60 Forward 0
15 Multi-reversed flow On Off Off 1 60 Reverse 0
16 Multi-reversed flow On Off Off 1 60 Forward 0
17 Multi-reversed flow On Off Off 1 60 Reverse 0
18 Multi-reversed flow On Off Off 1 60 Forward 0
19 Multi-reversed flow On Off Off 1 60 Reverse 0
20 Reaction zone transport On Off Off 25 60 Forward 956

Stopped-flow system, steps
1–12 the same as in
multi-reversed flow system

13 Stopped-flow system Off Off Off 10 Stop – –
14 Reaction zone transport On Off Off 25 60 Forward 956

Continuous flow system,
steps 1–12 the same as in
multi-reversed flow system
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3.3. Application and recovery study

The results obtained by using the multi-reversed flow sys-
tem for determination of nitrite in two underground waters
13 Reaction zone transport On Off Off

a For details, see Fig. 1.

he multi-reversed flow system, the reaction between nitrite
nd chromogenic reagents (Griess’ reactants) was chosen as a
odel.

.2. Analytical figures of merit

A comparison was made of calibration curves obtained by
ulti-reversed, stopped and continuous flow as is shown in
ig. 2. All them were implemented with minor changes in the
eveloped software as discussed in Section 2 (see also Table 1).
s it can be seen in Table 2, the linear dynamic range of

he calibration curve obtained by applying the multi-reversed
pproach was slightly better than those obtained by stopped- or
ontinuous-flow system. Additionally, a satisfactory correlation
as obtained with six experimental points (each one correspond-

ng to the mean value of three measurements). The sensitivity
easured as the slope of the calibration curve of the multi-

eversed flow was 2.5- and 1.4-fold better than those obtained
y continuous- and stopped-flow systems. It may be considered
hat the best detection limit achieved using the multi-reversed
ow system is related to the better repeatability of blank sig-

als, to the decrease of radial dispersion and to the improved
omogenization of the colored reaction zone. In the proposed
ystem, the multi-reversed flow allows a better homogenization
f the reactants—analyte reaction zone. The reaction reached

F
s

25 60 Forward 956

completeness of 80% and the analytical throughput was 55
eterminations per hour.
ig. 2. Calibration curves for multi-reversed flow, stopped- and continuous-flow
ystems.
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Table 2
Comparison of analytical parameters for multi-reversed, stopped- and continuous-flow systems

Parameter Multi-reverse flow Stopped-flow Continues flow

LODa (�g L−1) 5 8 20
LOQb (�g L−1) 16 26 66
R.S.D.c (%) 1.1 1.2 1.8
Linear range (�g L−1) Up to 1800 Up to 1600 Up to 1500
Regression equation y = 0.00373x + 7.14 × 10−4 y = 0.00262x + 6.43 × 104 y = 0.0015x + 5.89 × 104

Correlation coefficient (R2) 0.99995 0.99999 0.99989
Throughput d (h−1) 55 55 70

a LOD: detection limit (3σblank/slope, n = 14).
b LOQ: quantification limit (10σblank/slope, n = 14).
c R.S.D. (%): relative standard direction, nitrite concentration = 600 �g L−1.
d Throughput: estimated for 1 h working session.

Table 3
Determined concentrations and recovery study for nitrite in natural waters by
multi-reversed flow system

Sample Nitritea

(�g L−1)
Nitrite (�g L−1) Recoverya %

Added Founda,b

Underground water 1 <16c 50 48 96
Underground water 2 <16c 50 48 96
Coastal sea water 1 60 50 46 92
Coastal sea water 2 65 50 45 90
Coastal sea water 3 70 50 46 92
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a Mean; n = 3.
b Calculated after subtraction of the original nitrite concentration.
c Quantification limit.

ollected in Guarilihue (Chile) and three coastal sea waters
ollected in Coliumo Bay (Chile) are presented in Table 3.
n addition-recovery study performed in these samples spiked
ith 50 �g L−1 of nitrite led to recoveries of 95 ± 2% (n = 3) in
nderground water and 91 ± 2% (n = 15) in coastal sea waters
hich can be considered suitable. It can be supposed that the

ower recoveries observed for the three coastal sea waters can
e related to matrix effects caused by the elevated concentra-
ion of salts but this investigation is beyond the goals of this
ork.

. Conclusions

The multi-reversed flow system is a new and simple approach
o process solutions in flow analysis, and led to a better homoge-

ization of the reaction zone and improved sensitivity compared
o stopped- and continuous-flow systems. The multi-reversed
ow system can also be considered as an alternative to different
ow systems, such as SIA. It should be mentioned that on-line

[
[

[

xtraction of solid biological materials can be easily imple-
ented with multi-reversed flow system and investigations on

his topic are under progress.
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[8] J. Kurzawa, A. Wiśniewska, K. Janowicz, Anal. Chim. Acta 567 (2006)

286.
[9] D.T. Paraskevas, K.Z. Constantinos, A.T. Georgios, A.K. Eftichios, N.V.

Anastasios, Anal. Chim. Acta 547 (2005) 98.
10] F.R.P. Rocha, P.B. Martelli, B.F. Reis, Anal. Chim. Acta 438 (2001) 11.
11] F.R.P. Rocha, B.F. Reis, E.A.G. Zagatto, J.L.F.C. Lima, R.A.S. Lapa, J.L.M.

Santos, Anal. Chim. Acta 468 (2002) 119.
12] C.C. Oliveira, R.P. Sartini, B.F. Reis, E.A.G. Zagatto, Anal. Chim. Acta

332 (1996) 173.

13] D. Filippini, I. Lundström, Anal. Chim. Acta 557 (2006) 393.
14] A. Cerdà, M.T. Oms, R. Forteza, V. Cerdà, Anal. Chim. Acta 371 (1998)

63.
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bstract

Raman spectroscopy was applied for the direct non-destructive analysis of amiodarone hydrochloride (ADH), the active ingredient of the liquid
ormulation Angoron®. The FT-Raman spectra were obtained through the un-broken as-received ampoules of Angoron®. Using the most intense
ibration of the active pharmaceutical ingredient (API) at 1568 cm−1, a calibration model, based on solutions with known concentrations, was
eveloped. The model was applied to the Raman spectra recorded from three as-purchased commercial formulations of Angoron® having nominal
trength of 50 mg ml−1 ADH. The average value of the API in these samples was found to be 48.56 ± 0.64 mg ml−1 while the detection limit
f the proposed technique was found to be 2.11 mg ml−1. The results were compared to those obtained from the application of HPLC using the

ethodology described in the European Pharmacopoeia and found to be in excellent agreement. The proposed analytical methodology was also

alidated by evaluating the linearity of the calibration line as well as its accuracy and precision. The main advantage of Raman spectroscopy over
PLC method during routine analysis is that it is considerably faster and no solvent consuming. Furthermore, Raman spectroscopy is non-destructive

or the sample. However, the detection limit for Raman spectroscopy is much higher than the corresponding for the HPLC methodology.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Amiodarone hydrochloride (2-butyl-3-benzofuranyl-4-[2
diethylamino)ethoxy]-3,5-diiodophenyl ketone hydrochloride)
s a class III anti-arrhythmic agent and one of the most powerful
rugs used in the treatment of ventricular and supraventricu-
ar tachycardias. In drug stores, it can be found as tablets or
njectable formulations. The official method for determining the
ctive ingredient in the formulation, as described in the Euro-
ean Pharmacopoeia [1], is based on HPLC. Reports on the use
f HPLC for amiodarone hydrochloride (ADH) determination
re spanned from the 1980s [2,3] to 2004 where a methodology

ased on the reverse phase HPLC for quality control purposes
as developed [4]. A recent article for ADH determination based
n capillary electrophoresis can also be found in the literature

∗ Corresponding author at: Department of Pharmacy, University of Patras,
reece. Tel.: +30 2610969328; fax: +30 2610997658.
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5]. A spectrophotometric method has been developed as well,
or the determination of amiodarone hydrochloride in pure form
nd commercial dosage form and is based on the reaction of
miodarone base as n-electron donor with p-chloranilic acid
nd 2,3-dichloro-5,6-dicyano-1,4-benzoquinone as pi-acceptors
o give highly colored complex species [6]. An amiodarone-
elective membrane electrode has been also constructed and
ested [7].

Application of the above-mentioned methodologies is rather
ifficult, time and/or solvent consuming and destructive for the
iquid formulation. In the recent past, FT-Raman spectroscopy,
technique that requires minimal sample preparation, has been
sed for quantitative analysis of liquid mixtures, including bio-
ogical fluids, but only two reports were found related to the
uantitative application of Raman spectroscopy on active phar-
aceutical ingredients (API) in commercial formulations. One
s involving API in an aqueous suspension [8] and one dissolved
PI in an elixir [9]. In both publications the formulation was

emoved from the commercial container (the syringe or the bot-
le respectively), and in this way the technique was destructive.
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here is also a report in the recent bibliography [10] on the use of
aman spectroscopy for quantitative determination of powders

hrough chromatographic standard glass vials.
In the present work, Raman spectroscopy was applied for

he determination of ADH in Angoron® injectable formula-
ions. The Raman spectra were obtained from intact ampoules
nd thus the methodology was non-destructive. This is the first
ime, to our knowledge, that Raman spectroscopy is applied
or the development of non-destructive API assay in liquid for-
ulation through sealed ampoules. The results were compared

gainst those obtained from the application of the Pharma-
opoeia method on the same samples.

. Experimental

.1. Chemicals and reagents

Amiodarone hydrochloride was kindly provided by Sanofi-
ventis. Benzyl Alcohol and Polysorbate 80 were purchased

rom Sigma–Aldrich.
Angoron® is an injectable solution with 150 mg ADH in

ml as the active ingredient. Benzyl alcohol, polysorbate 80
nd water are the excipients. Three formulations of Angoron®

A1, A2 and A3) from Sanofi-Synthelabo were bought from a
ocal pharmacy store.

All chemicals and reagents used for HPLC were USP-NF
rade. The solvents, methanol, acetonitrile and water were “gra-
ient grade for liquid chromatography” supplied from Merck
ompany. Dilute ammonia solution was prepared by suitable
queous dilution using deionised water, filtered by a “Millipore-

plus 185” equipment.

.2. Spectroscopic conditions

The Raman spectra were recorded using a FRA-106/S FT-
aman (Bruker) with the following characteristics: The laser
xcitation line used was the 1064 nm of a Nd:YAG laser. A sec-
ndary filter was used to remove the Rayleigh line. The scattered
ight was collected at an angle of 180◦. The system was equipped
ith a liquid N2 cooled Ge detector (D 418). The power of the

ncident laser beam was about 370 mW on the sample’s surface.
ypical spectral line width was 0.5 cm−1 while the recorded
pectra were the average of 300 scans.

The mirror coated side from a Hellma QS quartz cell with
oated backside was cut and placed in direct contact with the
mpoules in order to reflect the Raman signal. Three of the
mpoules were emptied and used for placing the standards for
onstructing the calibration lines as described below.

The spectra were obtained on different days and, as it was
nticipated, there were changes in the recorded intensities due
o laser fluctuations or to slightly different position of the
mpoules. In order to be able to compare Raman spectra from
ifferent days, six spectra from the same solution were recorded

very day. The average absolute intensity of the strong vibration
t 1568 cm−1, after the subtraction of the background, was com-
ared with the respective intensity that was recorded on the first
ay and the ratio between these intensities was calculated. All

3

i
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ubsequent spectra recorded in the same day were multiplied by
his ratio.

.3. HPLC instrumentation and chromatographic
onditions

A Shimadzu HPLC system, consisting of a LC-6A module
ump and a SIL-10ADVP programmable auto sampler (50 �l),
as used for the analysis. The method was carried out, accord-

ng to European Pharmacopoeia [1], on a Hypersil BDS C-18
150 mm × 4.6 mm, particle size 3 �m) column as a stationary
hase. The isocratic mobile phase (flow rate 1 ml/min) was com-
osed of acetic acid/ammonia buffer solution pH 4.9, methanol,
cetonitrile (30:30:40 v/v/v). The mobile phase was degassed by
ltering through a Millipore HV 0.45 �m pore membrane filter.
he LC-75 UV-detector operated at 240 nm was used to detect

he analyte. The analysis was carried out at room temperature.
ClassVp software was used to process the chromatograms.

.4. Sample and standard preparation

.4.1. For the Raman method
Raman spectroscopy method was based on a simple linear

egression model obtained from a series of standard solutions
ontaining 31.00, 40.10, 42.80, 50.40, 54.30, 60.28 mg ml−1

DH, respectively. The standards were prepared using prac-
ically the same procedure used for the preparation of the
ommercial formulations. 100 mg ml−1 polysorbate 80 and
0.2 mg ml−1 benzyl alcohol were carefully weighed in a
ml volumetric flask. The appropriate amount of amiodarone
ydrochloride and a quantity of water were added. The mixture
as sonicated until dissolution of the powder. Then the flask was
lled with water until the mark.

The standards were placed in empty Angoron® ampoules.
he ampoules were positioned between the laser source and

he mirror, as mentioned in Section 2.2, and their spectra were
ecorded through the glass walls of the ampoules. Each standard
as measured six times.
The standard addition method was evaluated using three spik-

ng ADH solutions 8.70, 16.50 and 25.86 mg ml−1 to a diluted
ngoron® formulation.

.4.2. For the HPLC method
The standards used for the development of the HPLC cali-

ration model were the same as those for FT-Raman.
Concretely, 2 ml of each FT-Raman solution was further

iluted (1:25) twice, with acetonitrile:water (50:50, v/v) to get
he following final concentrations of analyte: 49.60, 64.16,
8.48, 80.64, 86.82, 96.45 �g ml−1.

. Results and discussion
.1. Development of the Raman analytical methodology

The intensity of a Raman line depends on a number of factors
ncluding the incident laser power, the frequency of the scattered
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adiation, the absorptivity of the materials involved in the scat-
ering and the response of the detection system. In addition, the
rea under a Raman peak is analogous to the concentration of
he Raman active species [11].

The Raman spectrum of a 50 mg ml−1 ADH dissolved in
ater, benzyl alcohol and polysorbate 80, can be seen in Fig. 1

long with the spectrum of the as-received Angoron® and the
pectrum of powder ADH. It is apparent that the most intense
ibration at 1568 cm−1 of ADH, marked with an arrow, should
e used for the quantitative analysis.

Six Raman spectra were recorded from each standard solution
Fig. 1 inset) and for reason of simplicity the peak intensities, I,
fter background subtraction, were used, instead of the areas A
f the Raman vibration. A plot of I versus the concentration of
DH, CADH, as expected, yielded a straight line, Eq. (1):

1568
ADH = −1.03 (±2.31) × 10−4

+1.00 (±0.05) × 10−4 CADH (1)

he error of the slope and the intercept were calculated at 95%
onfidence level. The correlation coefficient was 0.99939. The
imit of detection (LOD) was calculated according to [12] and
ound to be 2.11 mg ml−1.

The accuracy of the proposed FT-Raman method was checked

y spiking a diluted Angoron® formulation with known quanti-
ies of ADH. Three solutions were prepared, having 8.70, 16.50
nd 25.86 mg ml−1 ADH in addition to the concentration of the
iluted formulation. Four Raman measurements from each solu-

ig. 1. FT-Raman spectra of (A) amiodarone powder, (B) the as-received
ngoron® from the intact ampoule, (C) ADH solution (50 mg ml−1) placed in

n emptied Angoron® ampoule and (D) Placebo of Angoron® placed in an emp-
ied Angoron® ampoule. Inset: FT-Raman spectra of ADH solutions in various
oncentrations: (E) 60.28 mg ml−1, (F) 50.40 mg ml−1, (G) 40.10 mg ml−1 and
H) 31.00 mg ml−1. All solutions were placed in emptied Angoron® ampoules.
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ion were obtained and the plot of the average I versus CAADH
as found to yield a straight line, Eq. (2):

1568
ADH = 8.88 × 10−4 + 9.60 × 10−5 CAADH (2)

here CAADH is the concentration of the ADH, in mg ml−1,
dded in the diluted formulation. The S.D. for the slope
as 4.21 × 10−7 and for the intercept 7.75 × 10−6. The con-

entration of the ADH in the diluted formulation should be
qual to intercept divided by the slope. The concentration
f the formulation, taking into account the dilution factor,
as found to be 48.25 mg ml−1 and the confidence limit at
5% confidence level was 1.63 mg ml−1. The three as-received
ngoron® formulations were also analyzed and comparison of

he results with those obtained employing the Pharmacopoeia
ethod (HPLC). The mean concentration for each of the three

esting samples calculated from six repetitions is quoted in
able 1, together with their confidence limits at 95% confidence

evel.
In order to test the variation of the FT-Raman signal with

ime and the validity of the results taken from the proposed
ethod, the ANOVA within-day and between-day variation

est was followed. Three standard solutions were chosen:
ne at approximately the same concentration as the formu-
ation (50.40 mg ml−1) and two around this value (40.10 and
0.28 mg ml−1). Four Raman spectra for each of the standard
olutions were obtained in each of three different days. An one-
ided F-test [13] was used at 0.05 significant level. Since the
alculated values of F (Fexperimental = 2.360, 3.296, 3.714 for
he three samples, respectively) were lower than the critical
Fcritical = 4.256), it was concluded that the day-means do not
iffer significantly.

.2. Pharmacopeia methodology

In order to be able to compare the results extracted by the
T-Raman method, the Pharmacopeia proposed methodology,
ased on HPLC, was also developed. The calibration line derived
rom the standard solutions is described by the following equa-
ion:
= 3.68 (±18.43) × 10−3 + 1.35 (±0.02) × 10−2 CADH

(3)

able 1
T-Raman and HPLC results obtained from three commercial formulations of
ngoron®

ormulation Mean ± conf. limit (mg/ml)a Fexperimental Fcritical

FT-Raman HPLC

1 48 ± 1 48.8 ± 0.8 5.68 7.15
2 48.9 ± 0.5 47.5 ± 0.4 3.18 7.15
3 48.4 ± 0.2 48.6 ± 0.6 3.24 7.15
verage 48.6 ± 0.6 48.3 ± 0.6

wo-tailed F-test for comparing the standard deviations for the results of the two
ethods (degrees of freedom = (n1 − 1, n2 − 1) = (5, 5), confidence level = 95%).
a 95% confidence level.
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he error of the slope and the intercept were calculated at
5% confidence level. The correlation coefficient was 0.99992.
he limit of detection (LOD) was calculated and found to be
.51 �g ml−1.

The accuracy of the HPLC method was established using the
piked formulations which were prepared for the determination
f the accuracy of Raman methodology. The samples were prop-
rly diluted and four measurements from each solution were
btained. The equation of the straight line constructed by the
bsorbances in relation to the concentration of the samples was
he following:

= 0.20 + 1.38 × 10−2 CAADH (4)

he S.D. for the slope was 4.11 × 10−4 and for the intercept 0.01.
he concentration of the formulation, taking into account the
ilution, was found to be 48.21 mg ml−1 and the 95% confidence
imit 0.71 mg ml−1.

The three as-received Angoron® formulations were also
nalyzed employing the Pharmacopoeia method. The mean con-
entration for each of the three testing samples calculated from
ix repetitions is also quoted in Table 1, together with their
onfidence limits at 95% confidence level.

.3. Comparison of Raman and HPLC

In order to compare the results and hence detect system-
tic errors between the two methods, a two-tailed F-test [13]
as employed to check whether the standard deviations for the

ame sample differ significantly (Table 1). Since the experimen-
al value of F is lower than the critical, it is concluded that

he proposed FT-Raman methodology is equally precise to the
PLC.
From the previous analysis it is apparent that both techniques

ield equally reliable results for the quantitation of ADH either in

[

[

a 73 (2007) 258–261 261

aboratory prepared samples or in pharmaceutical dosage forms.
owever, the detection limit of the HPLC methodology was

ound to be much lower than the respective yielded by the FT-
aman method.

The main advantage of FT-Raman spectroscopy over the
ell-established HPLC in liquid formulations is the time and

olvent consumption. The application of the FT-Raman method
n routine analysis (content uniformity, assay and dissolution
ests) can be accomplished directly to intact ampoules and thus
he methodology is fast and non-destructive. HPLC method for
he same analysis needs sample pretreatment and time or solvent
onsumption.
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bstract

The development of analytical methods that respond to the growing need to perform rapid ‘in situ’ analyses shows disposable screen-printed
lectrodes (SPEs) as an alternative to the traditional electrodes. This review presents recent developments in the electrochemical application
f disposable screen-printed sensors, according to the types of materials used to modify the working electrode. Therefore, unmodified SPE,
lm-modified SPE, enzyme-modified SPE and antigen/antibody-modified SPE are described. Applications are included where available.
2007 Elsevier B.V. All rights reserved.
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. Introduction

One of the main challenges facing the analytical chemist is
he development of methods that respond to the growing need
o perform rapid ‘in situ’ analyses. These methods must be sen-
itive and accurate, and able to determine various substances
ith different properties in ‘real-life’ samples. In recent years,
any of the methods developed with this end in sight have been

ased on the use of electrochemical techniques due to their high
ensitivity and selectivity, portable field-based size and low-cost.

Electroanalytical methods, particularly stripping analysis,
re the most widely used alternative methods that compete
ith atomic spectroscopy or other techniques, as far as trace

nalytes determination is concerned. Conventional laboratory-
ased stripping measurements had hitherto relied on Hg-based
lectrodes. The substitution of these electrodes for new dispos-
ble test strips is an alternative that presents many advantages
or these determinations [1]. Such strips rely on planar carbon,
old, etc. working electrodes as well as silver reference elec-
rodes which are printed on an inexpensive plastic or ceramic
upport. The strip can therefore be considered as a dispos-
ble electrochemical cell onto which the sample droplet is
laced.

Since the 1990s, screen-printing technology, adapted from
he microelectronics industry, has offered high-volume pro-
uction of extremely inexpensive, and yet highly reproducible
nd reliable single-use sensors; a technique which holds great
romise for on-site monitoring. Therefore, the use of screen-
rinting technology in the serial production of disposable
ow-cost electrodes for the electrochemical determination of a
ide range of substances is currently undergoing widespread
rowth [2].

Screen-printed electrodes (SPEs) are devices that are pro-
uced by printing different inks on various types of plastic
r ceramic substrates. Polyester screens are generally used for
rinting with patterns designed by the analyst in accordance
ith the analytical purpose in mind. The composition of the
arious inks used for printing on the electrodes determines the
electivity and sensitivity required for each analysis. Alterna-
ively, a wide variety of devices of this type are commercially
vailable.

The great versatility presented by the SPEs lies in the wide
ange of ways in which the electrodes may be modified. The

omposition of the printing inks may be altered by the addition
f very different substances such as metals, enzymes, polymers,
omplexing agents, etc. On the other hand, the possibility also
xists of modifying the manufactured electrodes by means of

c
i
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epositing various substances on the surface of the electrodes
uch as metal films, polymers, enzymes, etc. [1,3].

This work intends to review the various different applications
f SPEs. These are categorized according to the types of mate-
ials used to modify the working electrode, which are basically
nmodified SPE, film-modified SPE, enzyme-modified SPE and
ntigen/antibody-modified SPE.

. SPEs

.1. Screen-printed carbon-based electrodes (SPCEs)

There are very few works related to the use of unmodified
PCEs in the determination of interesting analytes [4]. Graphite
aterials are preferred due to their simple technological pro-

essing and low-cost.
Different graphite pastes have been compared for hydro-

en peroxide detection [5], the best case of which obtained a
etection limit of 2.28 �M.

A rapid and simple method for procaine determination was
eveloped by flow injection analysis (FIA) using a SPCE as
mperometric detector [6]. Bergamini and Boldrin Zanoni [7]
lso determine aurothiomalate, widely used for treatment of
eumatoid arthiritis, in human urine samples. Also in this kind
f ‘real-life’ samples, it has been carried out the determination
f creatinine, which is useful for evaluation of renal, muscular
nd thyroid dysfunctions [8].

The behaviour of the SPCEs towards cysteine and tyrosine
as been investigated using linear sweep and hydrodynamic
oltammetries [9] in commercial pharmaceutical samples. These
ensors operate at a lower oxidation potential (versus Ag/AgCl)
ompared with traditional carbon and platinum electrodes.

Methodologies for the determination of vitamin B2 in food
atrixes and a premix has been reported [10]. Electrochemical

nalysis based on differential pulse voltammetry (DPV) cou-
led to carbon electrodes gave a well-defined reduction peak at
0.42 V versus Ag/AgCl quasi-reference electrode.
Moreover, the derivatization of phloroglucinol by acidified

itrite has been investigated as a means through which the
atter can be quantified within freshwater and saline samples.
he resulting nitroso derivative is shown to provide a num-
er of options through which an electroanalytical signal can
e obtained [11]. Three distinct species can be electrochemi-

ally addressed and their respective sensitivities and practical
mplementations have been evaluated.

Direct cyclic voltammetric determination of chlorophyll a
Chl a) at a SPCE resulted in a single, irreversible anodic oxi-
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ation peak at +400 mV versus Ag/AgCl [12]. Electrochemical
nvestigations revealed that Chl a was adsorbing onto the SPCE
urface, which contribute to the development of a method for
hl a determination, based on medium exchange followed by
dsorptive stripping voltammetry (AdSV). The method was
pplied to the determination of Chl a in faeces from dairy
ows.

Another field of application for these types of electrodes
s found in the determination of metals. Honeychurch et
l. [13] performed the determination of Pb by differential
ulse anodic stripping voltammetry (DPASV). A detection
imit of 2.5 ng mL−1 was obtained and the coefficient of
ariation, determined on one single electrode, was at 2.4%
n = 5). The method was used in the determination of Pb in
ater samples. Similarly, trace levels of Cu(II) were deter-
ined using this procedure in samples of water and bovine

erum, which established a detection limit of 8.2 ng mL−1

14]. Ag(I) determination in photographic solutions was also
erformed using square wave anodic stripping voltamme-
ry (SWASV) for low concentrations of the metal, and
hronoamperometry for high concentrations. Both methods
ere based on the measurement of silver ammonium thiocyanate

omplexes, which are adsorbed onto the electrode surface
15].

.2. Metal-based SPEs

Although most SPEs are fabricated with graphite inks, other
aterials such as gold and silver-based inks are also used in

heir construction for the analysis and determination of various
lements. Thus, Mascini and co-workers performed the determi-
ation of Pb and other environmentally hazardous metals such
s Cu, Hg and Cd on gold-based SPEs using SWASV, which
esulted in detection limits of 0.5, 2.0, 0.9 and 1.4 �g L−1 and
SDs of 7, 12, 4 and 14%, respectively [16]. This method has
lso been applied to the determination of Pb in wastewater and
oil extracts by Noh et al. [17].

Equally, SWASV determination of Pb(II) has recently been
erformed on an Ag-SPE, without chemical modification, which
ould also be exploited as a disposable Pb(II) sensor with a
etection limit of 0.46 ppb (46 pg mL−1) [18].

. Film-coated SPCEs

.1. Hg film-modified SPCEs

In most cases, the working electrode consists of thin mer-
ury film plating applied to the graphite surface of the electrode,
hich enables electrochemical preconcentration of heavy met-

ls.
Wang pioneered the use of these electrodes by demonstrat-

ng the viability of determining Pb at ppb levels using stripping
oltammetry and potentiometric measurements in urine and

ater samples [19]. Subsequently, he went on to perform a joint
etermination of various metals such as Cd, Pb and Cu at ppb
evels on mercury-coated carbon strip electrodes [2] demon-
trating results that were as satisfactory as those obtained on

a
b

m
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lassy carbon electrodes, and on hanging mercury drop elec-
rodes (HMDEs).

Since the research conducted by Wang, other authors have
ne-tuned various methods for the determination of metals such
s Pb(II), Cu(II), Zn(II) and Cd(II) among others, which are
ased on the easy accumulation on mercury films. Likewise,
ercury-coated SPCEs form the subject of a number studies

y Ashley et al. [20–22], and Desmond et al. [23,24] obtained
etection limits of 55, 71, 64 and 123 ng mL−1 for Zn2+, Cd2+,
b2+ and Cu2+, respectively, using DPASV and a deposition time
f 300 s. Palchetti et al. [25] applied SWASV and potentiometric
tripping analysis (PSA) in order to determine Cu, Pb and Cd
n mercury-coated SPCEs. The detection limits they obtained
ere 0.4 ppb for Pb(II), 1 ppb for Cd(II), and 8 ppb for copper
y using SWASV, and 0.6 ppb for Pb(II), 0.4 ppb for Cd(II) and
.8 ppb for Cu(II) by using PSA.

The mercury-coated screen-printed sensors can be prepared
eforehand in the lab for immediate on-site use. In this way,
andling, transport and disposal of toxic mercury(II) solutions
uring decentralized measurements is avoided, as the coating
s pre-deposited on the electrode surface [26]. This method
ombined with SWASV analysis has been successfully applied
n the determination of various metals and detection limits of
.3, 1 and 0.5 �g L−1 were found for Pb(II), Cd(II) and Cu(II),
espectively.

Macca et al. [27] have also investigated the use of
ry-preservable chemicals in batch measurements with mercury-
oated SPCEs.

Modification of Hg-coated SPCEs with crown-ether based
embranes also seems to be a convenient and inexpensive tech-

ique for trace metal detection. Analytical results showed that
hese electrodes were simultaneously able to detect �g L−1 lev-
ls of Pb2+ and Cd2+ with good sensitivity and reproducibility,
t different pH values by using linear scan anodic stripping
oltammetry (LSASV) [28].

In the work conducted by Choi et al. [29], the working elec-
rode was screen-printed with phenol resin-based carbon ink
ontaining fine particles of mercury oxide as a built-in mercury
recursor. The mercuric oxide particles exposed on the surface
ere reduced to fine mercury droplets by in situ or pre-cathodic

onditioning so that they behaved as heavy metal collectors in
he anodic stripping analysis. This sensor was evaluated using
b and Cd as probe metals.

In order to make additional improvements, Wang designed a
ystem of screen-printed carbon-microdisc arrays [30]. Screen-
rinted microelectrode arrays have successfully been used for
ow-level lead exposure and blood lead level analyzes as part of a
rogramme to develop a low-cost, portable device for childhood
ead poisoning screening programmes [31]. Liu et al. [32] have
etermined blood lead levels using SWASV by means of a single
0 �m diameter carbon microdisk electrode as well as a 287-
lement carbon microelectrode array, with indium as the internal
tandard. The ratio of the anodic stripping peak currents for Pb

nd In has a linear relationship with the concentration of Pb in
lood samples that ranges between 1.2 and 30.0 �g dL−1.

As Hg is toxic, its incorporation in sensors poses environ-
ental problems, especially bearing in mind that these SPEs are
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isposable and, as a consequence, other metal films and even
nmodified SPEs are under investigation.

.2. Other film-modified SPCEs

Other metal films on SPCEs such as Au, Ag, Ni and Bi have
een used in the determination of various analytes.

.2.1. Bi-coated SPCEs
For some years, bismuth film SPCEs have offered an attrac-

ive alternative to mercury-coated electrodes. The favourable
tripping behaviour of bismuth electrodes reflects the ability of
ismuth to form fused alloys with heavy metals [33]. The use of
re-plated Bi-SPCEs have been studied in the determination of
b(II) in the presence of interferents such as Cu [34], achieving
etection limits of 0.3 ng mL−1 [35,36].

Pb(II) and Cd(II) were simultaneously detected using
tripping chronopotentiometry at the bismuth film electrode.
etection limits of 8 and 10 ppb were obtained for Cd(II) and
b(II), respectively, for a deposition time of 120 s. The proposed
ethod was applied to their determination in soil extracts and
astewaters taken from contaminated sites [37].
Co and Cd in soil extracts were also determined by using a bis-

uth film electrode operated in the anodic stripping (ASV) and
he cathodic adsorptive stripping voltammetry (CAdSV) mode.
wo types of Bi-coated SCPEs were used: the ‘in situ’ pre-
ared Bi-SCPE applied to ASV determination of Cd, and the
ex situ’ prepared Bi-SCPE that was used in CAdSV of Co with
imethylgyoxime (DMG) as the complexing agent.

.2.2. Gold-coated SPCEs
Gold has also been used to modify SPCEs thereby eliminat-

ng the use of toxic elements such as Hg. One such example is the
ork carried out in 1993 by Wang, which demonstrates the pos-

ibility of analysing Pb [38] and Hg [39] on gold-coated SPCEs
o obtain highly reproducible responses for both elements.

Pb has also been evaluated in spiked drinking and tap water
amples [40]. The recoveries of Pb2+ were 103% (R.S.D.: 2.8%)
nd 97.9% (R.S.D.: 7.1%), n = 5, respectively. Measurements in
he presence of typical interferences such as copper, cadmium,
inc, iron, chromium and mercury were reported.

SPCE, coated with a thin gold film, are used for highly
ensitive potentiometric stripping measurements of trace levels
f mercury [39]. Applicability to trace measurements of alkyl
ercury and selenium is also demonstrated. Such adaptation

f screen-printing technology for the development of reliable
ensors for trace mercury should benefit numerous field appli-
ations.

.2.3. Ni-coated SPCEs
Other elements such as Nickel have also been successfully

sed in the determination of organic materials. Slater and Dilleen
41] carried out a comparative study of the determination of

-furaldehyde at nickel-modified SPCEs and mercury-coated
ilver-modified SPCEs. This study shows the advantages of
sing the mercury-modified SPCEs rather than the nickel-
odified SPCEs in the analysis of fural derivatives.

s
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b
d
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.3. Metallic nanoparticle-modified SPEs

The design of new nanoscale materials has acquired ever-
reater importance in recent years due to their wide-ranging
pplications in various fields. Among these materials, metallic
anoparticles are of great interest due to their important proper-
ies and multiple applications. The bibliography lists numerous

ethods describing the synthesis of metallic nanoparticles in
olution as well as by deposition on solid surfaces. They include
hemical synthesis by means of reduction with different reagents
42], UV light or electron-beam irradiation [43] and electro-
hemical methods [44–50]. The latter provides an easy and rapid
lternative for the preparation of metallic nanoparticle electrodes
ithin a short period of time. The combination of electrodeposi-

ion and the screen-printing process is beginning to allow mass
roduction of electrochemical sensors that possess various cat-
lyst activities. The sensor strips fabricated by this process are
romising tools with more sensitive detection rates that are now
tarting to come on stream.

Direct construction of Au and Pt nanoparticles by electrode-
osition processes on the SPCE strips has been performed by
hikae et al. [50] and applied to the determination of H2O2.

Poly(l-lactide) stabilized gold nanoparticles were also used
o modify a disposable SPCE for the detection of As(III) by
PASV. The sensitivity was good enough to detect As(III) at
pb levels and provides a direct and selective detection method
or As(III) in natural waters [51].

Similarly, an indirect electrochemical approach in the deter-
ination of sulphide achieved a detection limit of 0.04 �M by
easuring the inhibited oxidation current of As(III) using a

oly(l-lactide) stabilized gold nanoparticle-modified SPCE.
Dominguez and Arcos [52] have fine-tuned a novel, user-

riendly and rapid method of incorporating Ag nanoparticles
nto the surface of SPCEs. This method is based on the direct
lectrodeposition of these nanoparticles. The modification of
PCEs with silver nanoparticles increases the already well-
nown performance of these kinds of disposable electrodes. In
rder to demonstrate their practical applications, they were used
o analyze Sb(III), a significant pollutant of priority interest.
he silver nanoparticle-modified SPCE developed in our work
resents an environmentally friendly method for the analysis of
ntimony. It brings with it important advantages that include a
igh degree of sensitivity and selectivity in antimony determina-
ion. Moreover, the electrochemical response is not influenced
y common interferents in ASV antimony determination, such
s bismuth.

.4. Other modified SPEs

Metal–chelate adsorptive stripping schemes have also been
oupled with SPEs and applied in the determination of a
ranium–cupferron complex [53].

In the on-going search for more friendly alternatives to Hg,

trip-type preconcentrating/voltammetric sensors, prepared by
ncorporating a cation exchange resin within screen-printed car-
ons inks, have been described by Wang and applied to the
etermination of Cu(II) [54]. The device presents good repro-
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ucibility (a relative standard deviation of 2%) and a detection
imit of 0.5 �M with a 10-min accumulation time.

Besides metals, other molecules have been determined using
odified SPCE. In this way, hydrazines can be analyzed by

ncorporating cobalt phthalocyanine (CoPC) within the car-
on inks or by covering the printed electrode surface with a
ixed valent ruthenium cyanide coating [55]. Ascorbic acid

nd hydrogen peroxide have been analyzed as well using an
lectrochemically modified SPCE by electropositing nickel hex-
cyanoferrate onto the carbon electrode surface [56]. Hydrogen
eroxide has also been amperometrically determine using a
arbon tick film electrode modified with a MnO2-film in flow
njection analysis (FIA) [57].

An interesting application of disposable SPCE is the selec-
ive detection of sulphide in cigarette smoke by modification of
he working electrode with a cinder/tetracyano nickelate hybrid
58].

. Enzyme-modified SPEs

In the construction of biosensors, enzymes are the most com-
only used biological elements, despite their high extraction,

solation and purification costs, as they rapidly and cleanly form
elective bonds with the substrate.

Enzymes are proteins (polypeptide structures) which cat-
lyze specific chemical reactions in vivo. They accelerate the
eaction rate of specific chemical reactions. Enzymes were the
rst biocatalysts used in biosensors and remain by far the most
ommonly employed. Clark and Lyons [59] were the pioneers
ho showed that an enzyme could be integrated into an elec-

rode, thus making a biosensor for the determination of glucose.
ince then, enzymes have been extensively used in biosensor
onstruction [60].

Enzyme specificity is a key property which can be exploited
n biosensor technology. Compared with chemical catalysts,
nzymes demonstrate a significantly greater level of substrate
pecificity, primarily because of the constraints placed on the
ubstrate molecule by the active site environment. This fact
nvolves factors such as molecular size, stereochemistry, polar-
ty, functional groups and relative bond energies.

Disposable biosensors based on enzyme immobilization on
PEs have been widely used for the analysis of several analytes.
n this paper, we compile an exhaustive review of the various dis-
osable enzymatic SPE applications, covering a broad spectrum
f different interests and activities.

.1. Applications in environmental analysis

Disposable biosensors offer a wide-range of applications for
nalysis in the environmental field. The detection limits that
hese systems obtain are suitable for the determination of con-
aminants such as pesticides and heavy metals, amongst others.
.1.1. Analysis of pesticides and herbicides
Enzymatic sensors constructed with SPEs present a great

umber of applications in the analysis of pollutants such as
esticides. The determination of carbamate and organophos-

s
b
e

a 73 (2007) 202–219

horous pesticides with these kinds of sensors is often based
n enzymatic inhibition processes.

Among the most commonly used enzymatic disposable
iosensors in pesticide determination are those based on enzy-
atic inhibition of acetylcholinesterase (AChE). When AChE

s immobilized on the working electrode surface, its interaction
ith the substrate (for example, with acetylthiocholine) pro-
uces an electroactive species (thiocoline) and its corresponding
arboxylic acid [61]:

cetylthiocholine + H2O + AChE

→ thiocholine (TCh) + acetic acid

The subsequent electrodic oxidation of the thiocholine gives
ise to a current intensity that constitutes a quantative measure-
ent of the enzymatic activity:

TCh (red) → TCh (ox) + 2H+ + 2e−

The presence of pesticides in the analytical sample inhibits
nzymatic activity that leads to a drop in the current intensity,
hich is then measured. The sensitivity of these types of biosen-

ors depends considerably on the chosen method of enzyme
mmobilization.

Although in practically all of the methods described for
he construction of AChE–SPEs the working electrode sur-
ace is modified with different mediators, Shi et al. [62] have
ecently developed a mediator-free screen-printed biosensor for
he screening of organophosphorus pesticides with a FIA system.
he AChE enzyme was immobilized in an Al2O3 sol–gel matrix.
his matrix not only provided a friendly microenvironment for

he immobilization of AChE that retained its activity for a long
ime, but also effectively promoted the electron transfer pro-
ess between the thiocholine and the electrode. This promoting
ffect greatly decreased the overpotential in the detection of the
hiocholine and minimized interference from other co-existing
mpurities.

Electrode modification with mediators reduces the working
otential, avoids electrochemical interferences and increases the
eversibility of electrode reactions [61,63]. One of the simplest
ethods is described by Bonnet et al. [64] for the determination

f chlorpyrifos ethyl oxon. It is based on the immobilization of
ChE through simple adsorption on the surface of the working
lectrode using 7,7,8,8-tetracyanoquinonedimethane (TCNQ)
s a mediator on the graphite paste, which enables electrochem-
cal oxidation of the thiocholine at 100 mV.

Immobilization of the enzymes on a graphite surface is diffi-
ult, as the number of active groups on the surface is insufficient
or direct immobilization. Vakurov et al. [65,66] propose two
ethods of immobilization that use electrochemical reduction

f 4-aminobenzene in derivatized SPEs. AChE was immobi-
ized either covalently onto dialdehyde-modified electrodes or
on-covalently onto polyethyleneimine (PEI) modified elec-
rodes.
Another of the most widely employed methods in the con-
truction of AChE–SPCEs is based on cross-linking using
ovine serum albumin (BSA) and glutaraldehyde (GA). Suprun
t al. [63] employed this method of immobilization to deter-
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ine aldicarb and paraoxon using Prussian Blue (PB) as the
lectrochemical mediator. This same method of enzymatic
mmobilization was employed by Solna et al. [67] in the con-
truction of a multienzyme electrochemical array sensor based
n the cross-linking immobilization of AChE, tyrosinase (TYR),
eroxidase and butyrylcholinesterase on a screen-printed plat-
num working electrode. This multi-enzymatic sensor allows
etermination of a great number of phenolic compounds such
s p-cresol, cathecol and phenol, and pesticides such as car-
aryl, heptenophos and fenitrothion. A multienzyme biosensor
rray was also constructed by cross-linking immobilization of a
ild-type AChE and three engineered variants of Nippostrongy-

us brailiensis acetylcholinesterase (NbAChE) [68] in order
o determine neurotoxic insecticides. The use of engineered
ariants of the AChE is also reported by other authors [69]
ho employed a genetically modified AChE from Drosophila
alanogaster in the determination of methamidophos pesti-

ides. The biosensor was constructed using a screen-printed
CNQ-modified working electrode. The enzyme was immobi-

ized in a polymer using photocross-linkable poly(vinyl alcohol)
earing styrylpyridinium groups (PVA-SbQ). Generally, the use
f AChE mutants contributes to the construction of more sensi-
ive biosensors.

Sol–gel immobilization of AChE has also been performed
70,71]. Sotiropoulu and Chaniotakis [70] employed this
ethod of immobilization in the determination of the pesti-

ide dichlororvos using an amperometric biosensor constructed
ith a graphite working electrode using cobalt phtalocyanine as

he mediator. Sol–gel immobilization of AChE and cytochrome
450 MB-3 on a SPCE allowed Waibel et al. [71] to elaborate a
ienzymatic sensor for sensitive determination of parathion and
araoxon.

More novel methods to perform the immobilization of AChE
ave been developed in recent years. A new immobilization tech-
ique consists of creating different bioaffinity bonds between
n activated support and a specific group present on the enzyme
urface [72]. The support can contain functional amino groups
hat can be activated through cross-linking with GA. Once the
upport is activated, the regulation of Concanavalin A (Con
) commences on the activated support. The enzyme is finally

mmobilized thanks to the strong affinity links formed between
on A and the mannose residues of the enzyme.

Dondoi et al. [73] recently proposed a method of analysing
rganophosphorus insecticides using AChE sensors with a previ-
us preconcentration on a solid-phase column. The combination
f solid-phase extraction with enzymatic biosensors offers a
olution to two principle issues of environmental monitoring:
nsufficient sensitivity, and susceptibility to multiple sources of
nterference for paraoxon and dichlorvos pesticides.

The work of Bucur et al. [74] describes the use of three
odified AChEs from D. melanogaster enzymes used in the

onstruction of biosensors for fast and ultra-sensitive detec-
ion of carbamate insecticides. The authors found that AChEs

btained from different sources presented different sensitivities
owards insecticides. The introduction of various mutations in
he enzyme structure improved the sensitivity of the biorecog-
ition molecules and consequently of the biosensors.

f

C
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.1.2. Analysis of heavy metals
Heavy metals are highly toxic and dangerous pollutants,

econd only to pesticides in terms of environmental impact.
onitoring of heavy metals at trace levels is therefore an increas-

ngly important issue [75].
It is a well-known fact that some metallic ions, especially

eavy metals, can inhibit the activity of various enzymes. Dis-
osable biosensors based on the principle of inhibition have
o date been applied for a wide range of significant analytes,
mongst which heavy metals [75–79].

The most widely employed enzyme in the inhibitive detection
f heavy metals ions using SPE is urease. The urease enzyme
atalyzes the hydrolysis of urea and the reaction produces ammo-
ium:

rea + H2O + urease → CO2 + 2NH3

As a consequence of the ammonium liberation, a variation in
he pH value takes place. This change might cause a decrease
n the potential of an internal pH-subsensor. Thus, for example,
he presence of ruthenium dioxide in the biosensing film causes
H-dependent potentiometric sensitivity [77,79]. The presence
f Ag(I) and Cu(II) causes the heavy metals to inhibit the enzyme
hich leads to a decrease in enzymatic activity and, as a result,
lower quantity of ammonium is liberated that is recorded as

n analytical signal by the sensor [77].
The analysis of Cu(II), Hg(II) and Cd (II) can be carried

ut employing a disposable screen-printed biosensor [75,78].
mperometric measurements of urease activity are possi-
le after coupling this enzyme to glutamate dehydrogenase
GLDH), which catalyzes the synthesis of l-glutamate from �-
etoglutarate. Both dihydronicotinamide adenine dinucleotide
NADH) and NH4

+ are required in equimolecular amounts for
his reaction to take place:

rea + H2O + urease → CO2 + 2NH3

H3 + �-ketoglutarate + NADH + H+ + GLDH

→ l-glutamate + NAD+

NADH consumption is monitored by measuring the decrease
n its amperometric signal. The urease enzyme is inhibited by
he presence of heavy metal ions resulting in decreased ammo-
ia production. This leads to a reduction in the oxidation rate
btained for NADH. The presence of metal ions can be deter-
ined by comparing the latter with the NADH oxidation rate in

n uninhibited reaction.

.2. Cholesterol analysis

The analysis of cholesterol using enzymatic biosensors is
requently based on the determination of hydrogen peroxide,
sing cholesterol oxidase (ChOX) [80] as the enzyme inmobi-
ized on a SPCE surface. The enzymatic reaction scheme is as

ollows:

holesterol + O2 + H2O + ChOX

→ cholest-4-en-3-one + H2O2
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Oxidation of H2O2 on conventional working electrodes
equires the use of high potentials which causes a considerable
egree of selectivity to be lost. The use of mediators such as
obalt phthalocyanine (CoPC) [80] avoids this problem.

A second method of performing the determination of choles-
erol using SPCEs consists of using peroxidase (POD) as the
econd enzyme, as well as ChOX, with potassium ferrocyanide
K4Fe(CN)6) [81,82] as the electrochemical mediator. In this
ype of sensor, cholesterol analysis is based on oxidation, cat-
lyzed by the enzyme POD, of potassium ferrocyanide by
ydrogen peroxide produced as a result of the ChOX enzymatic
eaction:

2O2 + H+ + 2K4Fe(CN)6 + POD

→ 2K3Fe(CN)6 + 2K+ + 2H2O

The resulting potassium ferricyanide is reduced at the elec-
rode and the current obtained is proportional to the amount of
holesterol originally present in the sample:

K+ + 2K3Fe(CN)6 + 2e− → 2K4Fe(CN)6

The sensitivity of these types of sensors can be improved
sing carbon nanotubes modified biosensors [81]. The modifi-
ation of the carbon nanotubes promotes electron transfer and
hereby improves the sensitivity of the cholesterol sensor and
rovides a rapid, economic and reproducible method of manu-
acturing sensor electrodes for the analysis of cholesterol levels
n blood.

Shumyantseva et al. [83] opted for a different enzyme,
ytochrome-P450scc, due to the specificities of its interac-
ion with cholesterol. This enzyme is a mono-oxygenase that
atalyzes the cholesterol side chain cleavage reaction. These
uthors constructed a sensor based on the immobilization of the
atter enzyme through GA cross-linking or by entrapment in a
atrix of agarose hydrogel on a rhodium–graphite SPE. The

nalytical signal measured, which allows analysis of the choles-
erol, is the intensity of the reduction of cytochrome-P450 heme
ron. In order to construct these types of sensors it is neces-
ary to use an electrochemical mediator such as riboflavin that
an promote this reduction reaction. Modification of these types
f sensors with gold nanoparticles integrated with cytochrome-
450scc yields a more highly sensitive amperometric biosensor
or cholesterol measurements [84].

.3. Glucose analysis

Rapid and accurate analysis of glucose is of great inter-
st in the diagnosis and treatment of diabetes. For this reason,
umerous biosensors have been developed with this objective in
ind. In fact, today’s biosensor market is dominated by glucose

iosensors [85].
Most of these biosensors are constructed using SPCEs mod-

fied with the enzyme glucose oxidase (GOx). Glucose is

xidized by the enzyme and the electrons involved in the redox
eaction may sometimes be relayed to the electrode through a
ediator, resulting in electric currents that are proportional to

he level of glucose in sample solutions [86]. One of the first

o
r

G
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nzymatic carbon screen-printed biosensors was developed by
ewman et al. [87]. GOx was immobilized by cross-linking with
A and tetrathiafulvalene (TTF) was used as a mediator. The

eactions at the electrode are as follows:

lucose + 2TTF+ → gluconic acid + 2TTF + 2H+

TTF → 2TTF+ + 2e−

The last oxidation reaction takes place on the electrode.
A great number of the disposable biosensors used in the anal-

sis of glucose are based on electrochemical determination of
nzymatic-generated hydrogen peroxide brought about in the
ollowing reaction:

lucose + O2 + GOx → gluconic acid + H2O2

Oxidation or reduction of H2O2 generally requires high
otentials at bare electrodes, which implies a very poor sensitiv-
ty. For this reason, most of the glucose sensors use mediators
hat enable the reduction of hydrogen peroxide at low poten-
ials, thereby avoiding any kind of electrochemical interferent.
here are many methods for the immobilization of GOx on
PCEs using different mediators, which may be found in the
ibliography.

Cui et al. [88] have reported that the use of SPCEs on
itrocellulose (NC) with two separate reagent zones effectively
liminates interference from both easily oxidable species and
ematocrit in the glucose determination. To exploit the advan-
ages of NC strip-based electrochemical sensors, they developed
new disposable-type of glucose sensor using hexamineruthe-
ium(III) chloride ([Ru(NH3)6]3+) as a mediator. The authors
ound that the use of this mediator eliminates the interference
rom other oxidizable species providing improved analytical
esults in the determination of glucose in blood [86].

Another mediator used in the construction of screen-printed
iosensors for the analysis of glucose is pyocyanin [89]. The
nyme GOx and the mediator are mixed which forms a solution
hat is deposited on the SPCE as a thin layer after drying at 60 ◦C
or 20 min. The constructed biosensor was successfully applied
o the analysis of glucose in soft drinks.

Mersal et al. [90] have developed screen-printed glucose
lectrodes for repetitive use in an automated FIA system. The
iosensors were constructed by entrapment of the enzyme GOx
n a screen printable paste polymerized by irradiation with UV-
ight. The resultant biosensor was used in the analysis of glucose
n juice samples. A FIA system has also been used for the analy-
is of glucose using chemically modified ferric hexacyanoferrate
Prussian Blue) SPCEs. Following the chemical modification
f the electrodes, the enzyme was immobilized using a cross-
inking method that employs GA and Nafion [91]. PB is a very
ommon mediator used in the production of enzymatic biosen-
ors for the analysis of glucose. Lupu et al. [92] have developed
biosensor using PB as a mediator which has the property
f catalyzing the hydrogen peroxide reduction. The following
eactions took place at the electrode:

lucose + O2 + GOx → gluconic acid + H2O2
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2O2 + PBred → OH− + PBox

Box + e− → PBred

The biosensor developed by Mattos et al. [93] is based in the
ame sequence of reactions. In their case, crystallized GOx was
sed instead of ordinary commercial GOx. The immobilization
f cross-linked GOx crystals in Nafion on PB-modified gold
nd platinum screen-printed electrodes gives greater stability
o the biosensor when compared with the electrodes prepared
ith ordinary GOx. Pravda et al. [94] have also employed PB

s a mediator in the preparation of screen-printed biosensors by
ixing the mediator with GOx and carbon ink microparticles in

ifferent ratios.
Ferrocene and its derivatives are also frequently used as

ediators in the production of screen-printed enzymatic biosen-
ors. Nagata et al. [95] constructed a glucose sensor employing
errocene-bound GOx imbobilized on screen-printed gold elec-
rodes. In this case, ferrocenecarboxylic acid was used as the
lectron mediator. 1,1′-Ferrocenedimethanol [96,97] is one of
he ferrocene derivatives used in the elaboration of disposable
ensitive glucose sensors. Forrow and Walters [98] demonstrated
hat only one of the cyclopentadienyl rings of ferrocenium can
nteract with the enzyme co-factor, for this reason these authors
eveloped disposable biosensors using chromium and man-
anese half-sandwich complexes as electronic mediators. These
omplexes have just one cyclopentadienyl ring and their oxi-
ized forms show great stability in an aqueous medium. Their
mall molecular size is a further advantage, which facilitates
Ox penetration at the active site.
Another method for glucose determination at low poten-

ials using GOx–SPCEs employs copper [99,100] to modify
he carbon electrode. Kumar and Zen [99] have developed a
creen-printed copper-plated glucose-biosensor using a SPCE.
he electrode was immersed in a Cu2+ solution and copper was
eposited on the SPCE surface by applying a potential of −0.7 V.
his Cu-SPCE facilitated an extremely sensitive analysis of glu-
ose. Good results were also obtained by Luque et al. [100] using
biosensor made by modifying its carbon ink with CuO and
Ox. CuO promotes excellent electrocatalytic activity towards

he oxidation and reduction of hydrogen peroxide, which leads to
significant decrease in oxidation and reduction overpotentials,
nd a significant enhancement of the corresponding currents.
ther metallic oxides used as mediators are MnO2 [101], RuO2

102] and RhO2 [103]. The analysis of glucose in beer sam-
les was carried out using a FIA system constructed using a
creen-printed amperometric biosensor. The sensor consisted of
arbon ink electrodes double bulk-modified with MnO2 as a
ediator and GOx as the biocomponent [101]. SPCEs modi-
ed with ruthenium dioxide and GOx were constructed for the
mperometic determination of glucose using FIA. In these cases,
he enzyme was immobilized with Nafion films [102]. Ruthe-
ium has also been employed in the modification of SPCEs for

he development of glucose biosensors. Ruthenium-dispersed
arbon surfaces offer a strong and preferential catalytic action
owards the oxidation of enzymatically-liberated hydrogen per-
xide [104]. Miscoria et al. [105] have also constructed a very

c
b
n
w
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ensitive glucose biosensor using rhodium as a catalyst. In this
ase, an ‘in situ’ electrogenerated polytyramine was used as an
nti-interferent barrier, which also made the electrode highly
elective.

Osmium complex mediators have also been used in the
evelopment of GOx–SPCEs. Zhang et al. [106] developed
novel disposable capillary-fill device using an Os-Tris(4,7-

mphen) complex as a mediator. A different Os-complex used
n an FIA system to determine glucose is Os-4,7-dimethyl-
,10-phenanline, which was used as the electron transfer
ediator [107]. Gao et al. [108] have constructed a glucose

iosensor through the electrodeposition of GOx and a redox
olymer, formed by poly(vinylimidazole) and complexed with
smium(4,4′-dimethyl-2,2′-bipyridine) chloride, on a SPCE sur-
ace.

More recently, three works have been published on the
onstruction of glucose sensors using hexacyanoferrate as an
lectron transfer mediator. Sato and Okuma [109] have used
his mediator in the construction of a sensor for the simultane-
us determination of glucose and lactate in lactic fermenting
everages. Lee et al. [110] have described a glucose sensor
ased on SPCEs modified with a mixture of ferrycianide and chi-
osan oligomers. An enhanced response was observed thereby
emonstrating that the presence of chitosan could increase the
nterfacial concentration of the mediator. Finally, bienzymatic
creen-printed biosensors have been fabricated for glucose anal-
sis in grape fruit. HRP and GOx have been immobilized by
rosslinking with BSA and GA on the carbon working electrode
urface showing good values of reproducibility and repeatability
111].

In order to improve the properties of the disposable glu-
ose biosensor base for GOx immobilization, new materials and
onstruction techniques have been developed over the last few
ears. Crouch et al. [112,113] demonstrated the possibility of
abricating a disposable amperometric glucose sensor using a
ater-based carbon ink. This kind of ink presents a great advan-

age: it avoids problems of enzyme denaturalization as it is not
ecessary to employ organic solvents, and the curing stage is
herefore not required, which avoids problems with high temper-
tures. In these works, cobalt phthalocyanine was successfully
sed as a mediator towards the oxidation of hydrogen perox-
de. The developed disposable biosensor was applied to the
etermination of glucose in serum.

Gao et al. [114] describe the construction of a screen-printed
lucose biosensor based on the formation of a nanoparticulate
embrane on SPCEs. The nanoparticulate membrane not only

ulfilled biosensing, but also analyte-regulating functions. Nan-
technology has also been employed by Guan et al. [115] in
he construction of a glucose biosensor using multi-wall car-
on nanotubes. This biosensor showed greater sensitivity and a
ider linear response range than a typical glucose electrochem-

cal biosensor. Other nanomaterials used in the construction of
lucose disposable biosensors are magnetic Fe3O4 nanoparti-

les. Lu and Chen [116] have developed a glucose biosensor
ased on drop-coating GOx on SPCEs modified with a ferri-
ano-Fe3O4 mixture. The sensor constructed had a fast response
ith high sensitivity and good reproducibility.
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The properties of enzymes such as GOx can be improved
hrough genetic engineering. Chen et al. [117] developed an
mproved glucose biosensor using genetically modified GOx
mmobilized on a SPCE. The modification of the enzyme was
erformed through the addition of a poly-lysine chain at the C-
erminal with a peptide linker inserted between the enzyme and
he poly-lysine chain. The use of this modified enzyme improved
he signal level, the response range and the lifetime of the glucose
ensor.

GOx is an oxygen-dependent enzyme which compli-
ates the analysis of certain samples, for this reason other
nzymes, such as glucose dehydrogenase (GDH), have also
een used in the construction of disposable glucose sen-
ors. GDH biosensors need to be used with mediators
hich facilitate NAD+ coenzyme regeneration. Razumiene

t al. [118] describe a biosensor for glucose analysis
sing GDH as the biocomponent and a ferrocene derivative
4-ferrocenylphenol) as an electron transfer mediator. Fer-
ocene derivatives are widely used as mediators with GDH
lucose biosensors. 2-Ferrocenyl-4-nitrophenol (FNP) and N-
4-hydroxybenzylidene)-4-ferrocenylaniline (HBFA) are both
requently used as mediators in GDH disposable sensors. SPCEs
odified with these bioorganometallic ferrocene derivatives

nable highly sensitive determination of glucose, the most
ensitive of which were the HBFA-modified electrodes [119].
-(4-Ferrocenephenyliminomethyl)phenol (FP1) has also been
sed to modify SPCEs. These modified electrodes may be used
n FIA systems to analyze glucose in beverages [120]. Silber
t al. [121] have also employed GDH for the elaboration of a
iosensor using the phenothiazine derivative Methylene Blue
MB) as a mediator. This mediator was deposited on the thick-
lm gold electrode surface by means of electropolymerization
rom a solution of the monomer. The enzyme was subsequently
mmobilized by two different techniques: electropolymerization
f MB in the presence of GDH and entrapment in a polymer
atrix made of poly(vinylacetate)–poly(ethylene).
A recent work describes the direct determination of glucose

sing two types of PQQ dependent glucose dehydrogenases:
he soluble s-PQQ-GDH and the membrane-bound enzyme m-
QQ-GDH. It was shown, that both enzymes are able to donate
lectrons to the carbon paste [122].

.4. Analysis of superoxide and hydrogen peroxide

The determination of hydrogen peroxide may be performed
y using SPEs with different immobilized enzymes, among
hich horse-radish peroxidase (HRP). There are various meth-
ds of immobilizing the enzyme on SPEs. Gao et al. [123]
ropose an immobilization method involving prior modification
f SPCEs with amino groups carried out by the electrochemical
xidation of thionine in a neutral phosphate buffer. The H2O2
iosensor is then constructed by covalently binding multilati-
ayer HRP enzymes on the modified electrodes. Amperometric

nalysis of hydrogen peroxide is subsequently performed.

This same enzyme is used by authors such as Ledru et al. [124]
n the construction of amperometric screen-printed biosensors
or the analysis of hydrogen peroxide in flow injection mode. In

a
f

R

a 73 (2007) 202–219

his case, the biosensor was constructed by modification of the
raphite-binder ink with HRP.

A novel method for the immobilization of HRP on SPCEs is
escribed by Morrin et al. [125] using polyaniline nanoparticles.
he best method of incorporating the HRP enzyme was by simul-

aneously drop-coating the conductive polyaniline nanoparticles
nd the enzyme onto disposable SPCEs. Polyaniline can act as an
ffective non-diffusional mediating species coupling electrons
rom the enzyme redox site directly to the electrode. This allows
or very effective direct electrical communication between the
iomolecule and the electrode surface.

Cytochrome c is another enzyme used in the preparation of
iosensors that are sensitive to hydrogen peroxide concentra-
ions. Krylov et al. [126] used a superoxide sensor based on
hick-film gold electrodes for the quantification of superoxide
adicals and hydrogen peroxide concentrations. The sensor was
onstructed through a self-assembly approach by immobilizing
ytochrome c using mixed monolayers of mercaptoundecanoic
cid and mercaptoundecanol. It is based on the reduction of
ytochrome c by hydrogen peroxide or superoxide radicals, after
hich, the application of a suitable potential allows the elec-

rode to re-oxidize the enzyme, resulting in a current that is
roportional to the H2O2 or radical concentration.

.5. Ethanol analysis

Highly selective, accurate and sensitive detection and quan-
ification of alcohols is required in many different areas. Many
nalytical methods have been developed for the analysis of
thanol, methanol and other aliphatic alcohols, among which
re found the enzymatic biosensors [127]. Two enzymes, alco-
ol oxidase (AOX) and alcohol dehydrogenase (ADH) have been
xtensively used in the construction of these biosensors.

AOX catalyzes the oxidization of low molecular weight alco-
ols into their corresponding aldehydes by using the molecular
tructure O2 as an electronic acceptor as in the following reac-
ion:

CH2OH + O2 + AOX → RCHO + H2O2

The analysis is generally performed through the electrochem-
cal response of the hydrogen peroxide generated.

This enzyme has been used in the preparation of screen-
rinted biosensors by authors such as Boujtita et al. [128], who
ave developed a biosensor for the determination of ethanol in
eer based on SPCEs modified with CoPC that acts as an elec-
rocatalyst in the oxidation of hydrogen peroxide. This same
nzyme has also been chosen for the construction of low-cost
creen-printed sensors consisting of platinum working elec-
rodes. A mixture of AOX with poly(carbamoyl)sulphonate
PCS) hydrogel was used for enzyme immobilization onto the
latinum electrodes. The sensor was successfully applied to the
nalysis of ethanol in wine samples [129].
ADH catalyzes the reversible oxidation of primary aliphatic
nd aromatic alcohols other than methanol according to the
ollowing reaction [127]:

CH2OH + NAD+ + ADH → ADHRCHO + NADH + H+
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Some multi-enzymatic biosensors manage to combine up to
three different enzymes. One such biosensor described by Solná
O.D. Renedo et al. / T

Practically, all of the disposable biosensors constructed for
he analysis of ethanol are modified with some type of media-
or. A disposable reagentless screen-printed biosensor has been
laborated by Sprules et al. [130] that consisted of a Meldola’s
lue modified SPCE coated with a mixture containing ADH
nd NAD+. Analysis of the ethanol concentration is performed
y tracking the amperometric oxidization reaction of Meldola’s
lue on the electrode surface.

Ferrocene derivatives are the other mediators used in
he preparation of disposable ethanol sensors based on the
DH enzyme. Razumiene et al. [118,120] have developed
isposable ethanol biosensors by modifying SPCEs with 4-
errocenylphenol (FP). The use of FP as an electron transfer
ediator decreases the oxidation/reduction potential of hydro-

en peroxide. Certain bioorganometallic ferrocene derivatives
ave proven to be good electron transfer mediators in the con-
truction of ethanol biosensors, amongst which are found FNP
nd HBFA [119].

Other disposable biosensors constructed for ethanol analy-
is use dispersed ruthenium particles which offer an efficient
lectrocatalytic action towards the detection of enzymatically-
iberated NADH [104]. These ADH enzyme biosensors were
btained by covering the ruthenium-containing SPCEs with a
ixture solution of ADH and NAD+.
Screen-printed ethanol biosensors were also constructed

ith quinohemoprotein alcohol dehydrogenase immobilized by
ross-linking to an Os-complex-modified poly(vinylimidazole)
edox polymer. The resulting biosensor was successfully applied
o the determination of ethanol in wine samples [131].

.6. Phenolic compounds

Phenolic compounds represent a large and environmentally
idespread group of organic pollutants as a result of their indus-

rial applications. Certain phenolic compounds are highly toxic
r carcinogenic which is the main reason for their determination
n the environment [132].

The most widely used enzymatic biosensors in the SPE anal-
sis of phenolic compounds are based on the immobilization
f the enzyme TYR. The determination is carried out through
mperometric detection according to the following sequence
133]:

henol + O2 + TYR → catechol

atechol + O2 + TYR → o-quinone + H2O

-Quinone + 2H+ + 2e− → catechol

One of the first works in the bibliography on these types of
isposable biosensors describes a methylphenazonium-zeolite-
odified TYR sensor. The enzyme was immobilized using a

ovel polyurethane hydrogel [134]. TYR immobilization using

ydrogels has been used by other authors in the preparation of a
ensor highly sensitive to concentrations of catechol. In this case,
YR was immobilized on the surface of two types of Au-screen-
rinted four-channel electrode arrays (graphite-coated-Au- and

e
a
l
a
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arbopack C-coated-Au) by entrapment in a redox hydrogel
omposition [135]. Different methods of immobilizing this
nzyme have been successfully tested for the construction of
ensors, among which the immobilization of TYR in a thin
ayer of Eastman AQ polymer on the surface of the SPCE has
een carried out [136]. Cummings et al. [137] also performed
YR immobilization on SPCEs using a polymer, in this case, an
mphiphilic substituted pyrrole.

A simple method of constructing a TYR-based biosensor
onsists of enclosing the enzyme in the graphite ink by simple
ixing, then printing the ink on the active area of the electrodes

o supply the sensitive layer of the biosensors [133].
A comparison between a TYR-based and HRP-based dis-

osable biosensor has been carried out by Busch et al. [138].
oth sensors were tested for rapid measurements of polar pheno-

ics of olive oil. The two biosensors showed different specifities
owards different groups of phenolic.

Another enzyme used in the preparation of sensors for the
nalysis of phenolic compounds is the cellobiose dehydrogenase
CDH) enzyme. In this case, the phenols are first anodically
xidized to quinonomes:

atechol → o-quinone + 2H+ + 2e−

The o-quinone is then reduced to catechol by CDH in the
resence of cellobiose:

ellobiose + CDH → cellobionolactone + 2e− + 2H+

-Quinone + 2H+ → 2e− catechol

nd finally the following oxidation reaction takes place on the
lectrode:

atechol → o-quinone + 2H + + 2e−

The analytical response obtained is more sensitive in the
resence of CDH than in its absence [139,140].

There are many authors who have used multienzymatic
ystems in the construction of biosensors for the determina-
ion of phenolic compounds using SPEs. In all of them, the
mmobilized TYR enzyme is present alongside other enzymes.
hang et al. [141] developed a phenol sensor using HRP-
odified SPCEs coupled with immobilized TYR prepared using

oly(carbamoylsulphonate) hydrogels or a poly(vinyl alcohol)
earing styrylpyridinium groups. Other bi-enzymatic biosensors
ased on the combination of HRP and TYR are described by
apelnikova et al. [142]. In this work, the authors analyze the
ompatibility of the latter biosensor with a bi-enzymatic one that
ombines TYR and cholinesterase in FIA of different phenolic
t al. [132] is constructed by the immobilization of TYR, HRP
nd laccase on gold SPEs modified with self-assembled mono-
ayers. The idea of combining different enzymes on electrode
rrays increases the recognition power of a detection system.
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. Immunosensors

Bioanalytical assays such as immunoassays (IAs), which
se specific antigen antibody complexation, are very important
n many fields, e.g. biological and medical research, diagnos-
ic medicine, genetics, forensics, drug and pesticide testing.
As with electrochemical detection can offer enhanced sensi-
ivities and reduced instrumentation costs compared to their
ptical counterparts, and an increasing effort was made dur-
ng the last decade lo link the specificity of bioaffinity assays
ith the sensitivity and low detection limits afforded by modern

lectrochemical techniques [143].
Warsinke et al. [144] already showed electrochemical IAs

s promising alternatives to existing immunochemical tests for
he development of hand-held devices which can be used for
oint of care measurements. In this way, SPE contribute to
evelop miniaturized, easy to handle, reliable and inexpen-
ive IAs devices, which produce results within a few minutes
145–149].

Electrochemical immunosensing requires labelling of either
ntigen or antibody, since their binding is accompanied by only
mall physico-chemical changes [144,150]. The use of labels
egan in 1956 when Yalow and Berson [151] developed the first
adioimmunoassay with a radioactive compound as label. Per-
xidases, phosphatases, ureases and glucose oxidases proofed to
e best-suited enzyme labels [150,152]. In the same way, fluo-
ophors, redox compounds, co-factors, fluorescence quenchers,
hemiluminescence metals, latex particles and liposomes have
een applied in IAs [144].

Here, we recount the recent publications in IAs based on
PEs, focusing on their final analytical application.

.1. Indirect electrochemical immunoassays

.1.1. Hormones
IAs based on SPEs are commonly used in the case of the

nalysis of hormones. The ability to determine estradiol lev-
ls, naturally occurring steroid hormone, in biological fluids
uch as serum and saliva is of value for various applica-
ions, including gynecological endocrinological investigations
f infertility status, post-menopausal status and estradiol status
fter fertility treatment. Investigations into the development of
prototype electrochemical immunosensor for estradiol have

een described [153]. Antibodies (rabbit anti-mouse IgG and
onoclonal mouse anti-estradiol) were immobilized by passive

dsorption onto the surface of SPCEs. A competitive IA was
hen performed using an alkaline-phosphatase (ALP)-labelled
stradiol conjugate. Electrochemical measurements were then
erformed using differential DPV following the production of
-naphthol from 1-naphthyl phosphate. The immunosensor, with
detection limit of 50 pg mL−1, was applied only to one spiked

erum sample after an extraction step with diethyl ether. Anal-
gously, Volpe et al. [154] develop a cost-effective, single-use,

lectrochemical immunosensor for a simple and fast measure-
ent of picogram amounts of 17 �-estradiol in non-extracted

ovine serum using estradiol–ALP and portable instrumenta-
ion.

b
I
t
q
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Butler and Guilbault [155] describe an amperometric
mmunosensor, based on disposable SPCE, for the determi-
ation of 17-� estradiol in water, since rivers and lakes
re the ultimate sink for steroid hormones. Both mono-
lonal and polyclonal antibodies were assessed and the use
f monoclonal antibodies resulted in a more sensitive assay.
etection was facilitated by labelling the antibody with
LP and amperometric measurements were performed at
300 mV versus Ag/AgCl using p-aminophenyl phosphate as
ubstrate.

Bagel et al. [156] developed a disposable electrochemi-
al sensor based on an ion-exchange film-coated SPE adapted
o the bottom of a polystyrene microwell for human chori-
nic gonadotropin hormone determination. In this case, the
LP label was used to hydrolyze the monoester phosphate

alt of [(4-hydroxyphenyl)aminocarbonyl]-cobaltocenium. This
nionic substrate is transformed into a cationic electroactive
roduct, which is then accumulated by ion-exchange at the elec-
rode surface to give an amplified electrochemical response.

In cattle breeding industry, where artificial insemination tech-
iques are employed, the successful prediction of oestrus onset
eads to considerably cost saving in herd management. One way
o detect the oestrus onset is to monitor progesterone levels
n milk [157]. Therefore, several progesterone immunosen-
ors have been developed. SPCEs coated with antibodies were
mployed in competitive assays involving progesterone labelled
ith ALP [157–160].
The use of natural and synthetic hormones for growth pro-

oting purposes in animals is banned in the European Union.
oldenone and methylboldenone are anabolic steroids often

llegally used to boost animal growth during the breeding of ani-
als for human consumption, thereby causing potential health

isks to consumers. Lu et al. [161] fabricated immunosen-
ors by immobilizing boldenone–BSA conjugate on the surface
f SPCEs, and followed by the competition between the free
nalyte and coating conjugate with corresponding antibodies.
he use of anti-species IgG–HRP conjugate determined the
egree of competition. The electrochemical technique chosen
n this case was chronoamperometry. This technique was also
mployed for the determination of testosterone in bovine urine
162].

In recent years, feminization of male fish has been detected
s a consequence of their exposure to female hormones and
hemicals that mimic estrogens that are present in an aquatic
nvironment. Vitellogenin (Vtg) is an egg yolk precursor pro-
ein that has been proposed as a biomarker for xenobiotics
strogen, causing endocrine disruption. A disposable amper-
metric immunosensor was studied for the rapid detection of
arp (Carassius auratus) Vtg [163]. The sensor was fabri-
ated based on SPC arrays containing eight-carbon working and
n integrated carbon counter electrode. A conducting polymer
poly-terthiophene carboxylic acid) was electropolymerized on
he surface of working electrodes. HRP and a monoclonal anti-

ody (anti-Vtg) specific to carp Vtg were covalently attached.
n order to detect the amount of Vtg, GOx-labelled Vtg bound to
he sensor surface under competition with the Vtg analyte was
uantified amperometrically using glucose as substrate.



alanta

5

a
i
t
t
b
p
a
i

s
p
s
g
c
n
D
a
i
s

5
5
b
t
c
s
i
f

a
o
R
r
m
r

m
T
3
w
b

o
i
b
d
y
T
p
B
a
b

d
s

i
i
t
a
l
a
s
l
g
c
c
i
f
c
o
c

C
a
c
i
c
i
a
o
c
h
u
a

f
I
v
a
h

t
l
t
p
(
t
i
s
m
e

m
e
a
i
b
m

O.D. Renedo et al. / T

.1.2. Genetic testing
The detection of specific base sequences in human, viral

nd bacterial nucleic acids is becoming increasingly important
n several areas, with applications ranging from the detec-
ion of disease-causing and food-contaminating organisms to
he forensic and environmental research. Mutations responsi-
le for numerous inherited human disorders are now known and
athogens responsible for disease states, bacteria and viruses, are
lso detectable via their unique nucleic acid sequence; accord-
ngly, the interest in their detection continues to grow [164].

An electrochemical genosensor for the detection of specific
equences of DNA has been reported, using disposable screen-
rinted gold electrodes [164]. An enzyme-amplified detection
cheme, based on the coupling of a streptavidin-ALP conju-
ate and biotinylated target sequences was applied. The enzyme
atalyzed the hydrolysis of alpha-naphthyl phosphate to alpha-
aphthol, which is electroactive and can be detected by means of
PV. The results showed that the genosensor enabled sensitive

nd specific detection of GMO-related sequences, thus provid-
ng a useful tool for the screening analysis of bioengineered food
amples.

.1.3. Clinical analysis

.1.3.1. Infections. The diagnosis of infections in human
eings or animals is based on the detection of either the infec-
ious agent itself, i.e. the microorganism or virus, through
lassical microbiological methods, specific proteins, or DNA
equences, or the specific antibodies produced by the host’s
mmune system [149]. In order to improve the diagnostic yield
or patients, antigen detection assays have been developed.

The above-mentioned immunosensor described by Bagel et
l. [156] was used for a DNA enzyme hybridization assay of an
ligonucleotide sequence related to the human cytomegalovirus.
apid, specific and sensitive determinations of infections are

equired because it is an important cause of morbidity and
ortality in immunocompromized individuals, like transplant

ecipients, AIDS patients and newborns.
Immunosensors for pneumococcal pneumonia [165,166] and

ycobacerium tuberculosis antigens [167] have been described.
he enzyme ALP was used in combination with the substrate
-indoxyl phosphate [168,169]. The single-use immunosensors
ere fabricated by deposition of biotinylated monoclonal anti-
odies onto SPCEs.

The detection of antibodies to Salmonella [170] in the serum
f patients deserves special attention. An indirect enzyme-linked
mmunosorbant assay (ELISA) was used for detection of anti-
odies to S. typhi. These electrodes were tested for their ability to
etect 1-naphthol, which is the product formed due to the hydrol-
sis of the substrate 1-naphthyl phosphate by the enzyme ALP.
hese electrodes were coated with recombinant flagellin fusion
rotein made by recombinant DNA technology and blocked with
SA. Further they were incubated with patient serum and goat
nti-human ALP conjugate. The immunosensing was performed

y using an amperometric method.

The analysis of theophylline, used to prevent and treat lung
iseases, has also attracted attention [171]. The immunosen-
or, based on the principles of liposome signal amplification,

d
t
E
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s composed of two major parts including a SPCE and an
mmunochromatographic nitrocellulose membrane strip. On
he membrane, anti-theophylline antibody is immobilized in
n antibody competition zone and hexacyanoferrate(II)-loaded
iposomes are immobilized in a signal generation zone. When

theophylline sample solution is applied to the immunosen-
or pre-loaded with theophylline-melittin conjugate in sample
oading zone, the theophylline and theophylline-melittin conju-
ate migrate through the antitheophylline antibody zone, where
ompetitive binding occurs. Unbound theophylline-melittin
onjugate further migrates into the signal generation zone, where
t disrupts the liposomes to release the electroactive hexacyano-
errate(II) which can be then detected amperometrically. The
urrent produced is directly proportional to the concentration
f hexacyanoferrate(II) which, in turn, can be related to the
oncentration of free analyte in the sample.

Granulocyte-macrophage colony-stimulating factor (GM-
SF) [172] is a cytokine which regulates the proliferation
nd differentiation of granulocytes, monocytemacrophages and
ertain related haematopoietic cells. Its medical applications
nclude restoration of haematopoietic dysfunction by raising cell
ounts and augmentation of host defence against infection. Thus,
t helps cancer patients to resist secondary infections. It is also
dministered to patients with suppressed bone marrow function
r those undergoing bone marrow transplantation after intense
hemotherapy. An amperometric immunosensor for GM-CSF
as been reported [172]. It was based on a competitive assay,
sing SPCEs and ALP labelled GM-CSF, which converted p-
minophenyl phosphate to p-aminophenol.

Similar immunosensor was developed by Kreuzer et al. [173]
or the determination of allergy antibody (IgE) in blood samples.
gE levels are often raised in allergic diseases and grossly ele-
ated in parasitic infestations. Therefore, a raised level of IgE
ids the diagnosis of allergic diseases, e.g. asthma, eczema and
ay fever.

Food contaminated with the bacterium Listeria monocy-
ogenes can cause serious infections. The manifestations of
isteriosis include septicemia, meningitis (or meningoencephali-
is), encephalitis and intrauterine or cervical infections in
regnant women, which may result in spontaneous abortion
2nd/3rd trimester) or stillbirth. The onset of the aforemen-
ioned disorders is usually preceded by influenza-like symptoms
ncluding persistent fever. It was reported that gastrointestinal
ymptoms such as nausea, vomiting and diarrhoea may precede
ore serious forms of listeriosis or may be the only symptoms

xpressed.
An immunosensor for the detection of this bacteria in

ilk has been described [174]. A direct sandwich assay was
mployed and the affinities of two polyclonal (goat and rabbit)
nd one monoclonal (mouse) anti-L. monocytogenes antibod-
es were compared. Owing to low sensitivity being obtained,
iotin–avidin amplification was employed. SPCEs and ampero-
etric method were used.

A disposable amperometric immunosensor has been

escribed for the rapid detection of Vibrio cholerae (V. cholerae),
he causative agent of cholera, employing an indirect sandwich
LISA principle [175]. SPCEs were employed for capturing
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ntibodies and antigen. Whole cell lysate (WCL) of V. cholerae
as used to raise antibodies in rabbits and mice. The antibod-

es raised against WCL of V. cholerae were found to be specific,
nd no cross-reactivity was observed with other enteric bacteria.
-Naphthyl phosphate was used as a substrate with the ampero-
etric detection of its enzymatic hydrolysis product 1-naphthol.
comparison between the amperometric detection technique

nd the standard ELISA was made in terms of the total assay
ime, the amount of biological materials used and the sensitivity
f detection.

The development of an amperometric immunosensor for the
iagnosis of Chagas’ disease using a specific glycoprotein of
he trypomastigote surface, which belongs to the Tc85-11 pro-
ein family of Trypanosoma cruzi (T. cruzi), has been reported
176]. An atomically flat gold surface on a silicon substrate and
old SPEs were functionalized with cystamine and later acti-
ated with GA, which was used to form covalent bonds with the
urified recombinant antigen (Tc85-11). The antigen reacts with
he antibody from the serum, and the affinity reaction was mon-
tored directly using atomic force microscopy or amperometry
hrough a secondary antibody tagged to HRP. In the amperomet-
ic immunosensor, peroxidase catalyzes the L2 formation in the
resence of hydrogen peroxide and potassium iodide, and the
eduction current intensity was measured at a given potential
ith SPEs. The immunosensor was applied to sera of chagasic
atients and patients having different systemic diseases.

.1.3.2. Seafood toxins. A large variety of poisoning arises in
eafood as with terrestrial based foods, after ingestion of certain
ow molecular weight marine toxins [177]. Examples of such
oisoning include diarrheic shellfish poisoning (DSP) result-
ng from okadaic acid ingestion [177,178], brevetoxin produced
eurotoxic shellfish poisoning (NSP) [177], amnesic shellfish
oisoning (ASP) due to domoic acid [177,179] and pufferfish
oisoning (tetrodotoxin) which is of bacterial origin. Kreuzer
t al. [177] have attempted to develop a generic immunosensor,
hich can rapidly assess, with high accuracy, trace levels of these
arine toxins. A disposable SPCE coupled with amperometric

etection of p-aminophenol produced by the label, ALP, was
sed for signal measurement. In the case of domoic acid [179],
he construction of an electrochemical immunosensor coupled
o DPV involves the use of SPCEs, based on a ‘competitive
ndirect test’. Domoic acid conjugated to BSA (BSA-DA) was
oated onto the working electrode of the SPCE, followed by
ncubation with sample (or standard toxin) and anti-DA anti-
ody. An anti-goat IgG-alkaline hosphatase (AP) conjugate was
sed for signal generation.

.1.3.3. Carcinogens: mycotoxins. The presence of mycotox-
ns, which are produced by fungi in a high amount of food, in
evels higher than the accepted ones represent a threat for the
ood harmlessness, as well as an important risk in alimentary
ealth.
Milk is usually contaminated with small amounts of aflatoxin
1 (AFM1) as a consequence of the metabolism by the cow of

flatoxin B1 (AFB1), a mycotoxin that is commonly produced
y the fungal strains Aspergillus flavus and Aspergillus parasiti-

a
i
p
c

a 73 (2007) 202–219

us and found in certain animal foodstuff. Toxicological concern
bout AFM1 arises principally from its close structural similar-
ty to AFB1, the latter having been shown to be one of the most
otent known carcinogens. European Community limits the con-
entration of AFB1 in foodstuffs for dairy cows. This limit was
hosen taking into account the quantities of feed consumed and
he fact that 1–4% of the ingested AFB1 appears as AFM1 in
he milk.

Micheli et al. [180] describe electrochemical immunosensors
ased on the direct immobilization of antibodies on the surface
f SPCEs, where the competition between free AFMI and that
onjugated with HRP is allowed to occur.

It has also been shown the development of a disposable elec-
rochemical immunosensor based on the indirect competitive
LISA, for simple and fast measurement of AFB1 in barley
sing DPV and SPCEs [181,182]. The detection of the selected
nalyte is carried out through competition between BSA–AFB1
mmobilized on the support and free antigen (standard or sam-
le) for the binding sites of the antibody. After the competition
tep, the amount of antibody that reacted with the immobilized
SA–AFB1, was evaluated using a secondary antibody labelled
ith ALP.
SPCEs bearing a surface-adsorbed antibody against AFB1

ere also used in a competitive immunoassay, based on compe-
ition of free analyte with a biotinayleted AFB1 conjugate [183].
ubsequent adition of streptavidin-ALP conjugate, followed by
1-naphtyl phosphate substrate resulted in the production of

he electrochemically active product, 1-naphtol; this was oxi-
ized using linear sweep voltammetry (LSV) and constituted the
easurement step. These immunosensors were fabricated in an

rray configuration, which represent the initial studies towards
he development of an automated instrument for multi-analyte
eterminations.

Alarcon et al. [184,185] describe a direct, competitive ELISA
or the quantitative determination of another mycotoxin, ochra-
oxin A (OTA), using polyclonal antibodies and SPCEs. The
mmunosensor appears to be suitable for OTA contamination
creening in food samples.

.1.3.4. Tumor markers. The determination of serum tumor
arkers plays an important role in clinical diagnoses for the

atients with certain tumor-associated disease. Thus, many
mall, semi-automated and portable immunosensors have been
eveloped [186]. Yu et al. [187] developed a SPCE system as
he basis of an immunosensor for fast clinical diagnosis of �-1-
etoprotein (AFP). The serum AFP concentration rises greatly in
atients with liver cancer. Thus, it is necessary to measure AFP
or the clinical diagnosis and even early detection of original
iver carcinoma. The immunosensor was prepared by entrap-
ing a HRP-labeled AFP antibody in chitosan membrane. The
ctive site of the enzyme labelled to the antibody was shielded
nd the access of substrate molecules to the enzyme was either
artially or completely blocked after the immobilized HRP-AFP

ntibody reacted with AFP to form immunocomplex during the
ncubation. The decreased percentage of peak current of the
roduct from the enzymatic reaction was proportional to AFP
oncentration. In the same way, Guan et al. [188] a rapid method
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o measure AFP in human serum by use of one-step sandwich
LISA-based immunobiosensor with disposable SPCE technol-
gy. PB was deposited using cyclic voltammetry (CV) on the
urface of electrode to catalyze H2O2 from the reaction of GOx.

A simple IA method for carcinoembryonic antigen (CEA)
etection using a disposable immunosensor coupled with

flow injection system was developed as well [189].
he immunosensor was prepared by coating CEA/colloid
u/chitosan membrane at a SPCE. Using a competitive IA

ormat, the immunosensor inserted in the flow system with
n injection of sample and HRP-labelled CEA antibody was
sed to trap the labelled antibody at room temperature for
5 min. The current response obtained from the labelled HRP
o thionine–H2O2 system decreased proportionally to the CEA
oncentration. The immunoassay system could automatically
ontrol the incubation, washing and current measurement steps
ith good stability and acceptable accuracy.

.1.3.5. Myocardial biomarkers. Clinical diagnoses, especially
hat of heart infarction, require and reliable test systems. Amper-
metric immunosensors for the rapid estimation of the heart-type
atty acid-binding protein (FABP) in human plasma samples,
hich can serve as marker for the early diagnosis of heart injury

n man, have been reported [190,191]. The electrochemical
mmunosensors was based on anti-FABP antibodies covalently
mmobilized on preactivated nylon membranes mounted onto a

odified Clark-type SPCE [190]. Upon formation of the sand-
ich with analyte FABP and second antibodies labelled with
Ox the signal was generated after addition of glucose. The

esulting oxygen consumption allows the estimation of analyte
oncentrations of clinical relevance without dilution of the sam-
le. O’Regan et al. [191] developed a one-step direct sandwich
ssay in which analyte and ALP labelled antibody were simulta-
eously added to the immobilized primary antibody, using two
istinct monoclonal mouse anti-human H-FABP antibodies. p-
minophenyl phosphate was converted to p-aminophenol by
LP and the current generated by its subsequent oxidation was
easured.
Another myocardial biomarker studied by O’Reagan et al.

192] was myoglobin. A one-step indirect sandwich assay was
mployed using a polyclonal goat anti-human cardiac myo-
lobin antibody with monoclonal mouse anti-myoglobin and
oat anti-mouse IgG conjugated to ALP, as the detecting anti-
odies.

.1.4. Drug testing
Amphetamine and its analogues are popular recreational

rugs of abuse due to the fact that they are potent stimulants
f the central nervous system. Butler et al. [193] and Luan-
aram et al. [194] describe amperometric immunosensors for
heir determination in urine and saliva, based on SPCEs and
mperometic techniques. The first one includes a competitive
ssay in which free analyte and HRP labelled species were

imultaneously added to an immobilized polyclonal antibody.
he second one is characterized by the use of a monoclonal
nti-methamphetamine antibody as the biorecognition element,
s well as ALP as enzyme label.

e
r
a
v
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.1.5. Environmental pollutants
The increasing use of pesticides, mineral fertilizers, phar-

aceuticals, surfactants, and many other biologically active
ubstances results in serious environmental problems. Immuno-
hemical methods of analysis, which are based on the binding of
n antigen (pesticide) molecule to specific antibodies, are find-
ng increasing use for determining pesticides in various samples,
uch as water, soil, food products and biological fluids [195].

Therefore, several immunosensors have been reported for the
etection of the herbicide chlorsulphuron [196], polychlorinated
iphenyls (PCB) in soil samples [197–199] and food samples
200], polycyclic aromatic hydrocarbons (PAHs) [201], 2,4,6-
richloroanisole (TCA) [202] and acetochlor [203].

Moreover, a dipstick-type electrochemical immunosensor for
he detection of the organophosphorus insecticide fenthion [204]
as been described. The assay of the biosensor involved com-
etition between the pesticide in the sample and pesticide–GOx
onjugate for binding to the antibody immobilized on the mem-
rane. This was followed by measurement of the activity of the
ound enzyme, which was inversely proportional to the concen-
ration of pesticide.

Atrazine is detected following the method developed by Keay
nd McNeil [205] and Grennan et al. [206]. The first one involves
competitive ELISA incorporating disposable screen-printed
RP-modified electrodes as the detector element in conjunc-

ion with single-use atrazine immune-membranes. Grennan uses
ecombinant single-chain antibody fragments and a conductive
olymer, which enables direct mediatorless coupling to take
lace between the redox centres of antigen-labelled HRP and
he electrode surface.

An electrochemical immunosensor combining three mono-
lonal antibodies on the same measuring element produced by
creen-printing was constructed for the semiquantitative group-
pecific detection of herbicides belonging to phenoxyalkanoic
cids [207]. The combination of different monoclonal anti-
odies covalently immobilized on three working electrodes
nd one additional electrode containing immobilized albumin
rovided a more reliable detection of phenoxyalkanoic acids.
eroxidase-2,4-dichlorophenoxyacetic acid conjugate was used
s a tracer suitable for all the antibodies employed in a competi-
ive immunoassay. Several herbicides were used to characterize
his immunosensor, which was tested on samples of surface
ater spiked with different herbicides and binary mixtures of
erbicides.

The herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) has
een widely analyzed in different samples by amperometry
208–212] and electrochemical impedance spectroscopy (EIS)
213]. Specific antibody against 2,4-D has been immobilized
nto different gold and graphite electrodes by means of several
ethods of antibody immobilization.
Alkylphenol ethoxylates and essentially nonylphenol (NP)

erivatives are widely used as non-ionic surfactants in the for-
ulations of detergents, textiles, paints, petroleum additives,

tc. They are present as plasticizers in polycarbonate and epoxy

esins, PVC and can contaminate food when released from pack-
ging. In the environment, ethoxylated NP isomers biodegrade
ia shortening the oxyethylene chain and form more lipophilic



2 alant

a
d
e
u
m
e
v
b
a
A
t
m
t
t
n
b
t
g
i
i
L

5

t
o
g
s

o
o
f
h
c
T
d
i
c
c

i
d
a
r
e
c
i
a
m
o
l
s
t
i
T
a

a
d

6

s
i
o
rate ‘in situ’ analyses as well as in the development of compact
and portable devices.

This review provides information about the application of
screen-printed technology in fields of especial interest such as

Table 1
Most important applications of SPEs

Analyte Working SPE References

Metals SPCE [4,13–15]
Metal-based SPEs [16,18]
Hg-film-modified SPCE [2,19-26,28,29,217]
Bi-coated SPCE [33–37]
Au-coated SPCE [38–40]
Ni-coated SPCE [41]
Metallic
nanoparticle-modified
SPE

[51,52]

Enzyme-modified SPE [75–79]

H2O2 SPCE [5,56,57]
Metallic
nanoparticle-modified
SPE

[50]

Enzyme-modified SPE [123–126]

Procaine SPCE [6]
Aurothiomalate SPCE [7]
Creatinine SPCE [8]
Cysteine and tyrosine SPCE [9]
Vitamin B2 SPCE [10]
Phloroglucinol derivatives SPCE [11]
Chlorophyll SPCE [12]
Dopamine and uric acid SPCE [218]

Pesticides and herbicides Enzyme-modified SPE [61–74]
SPE immunosensor [195–214]

Cholesterol Enzyme-modified SPE [80–84]
Glucose Enzyme-modified SPE [87–115,117–122]
Ethanol Enzyme-modified SPE [104,118,120,127–131]
Phenolic compounds Enzyme-modified SPE [132–137,139–142]
Hormones SPE immunosensor [153–163]
DNA SPE immunosensor [164]
Human cytomegalovirus SPE immunosensor [156]
Pneumococcal pneumonia SPE immunosensor [165,166]
Mycobacerium tuberculosis SPE immunosensor [167]
Salmonella SPE immunosensor [170]
Allergy antibody (IgE) SPE immunosensor [173]
Listeria monocytogenes SPE immunosensor [174]
Vibrio cholerae SPE immunosensor [175]
Seefood toxins SPE immunosensor [177–179]
Mycotoxins SPE immunosensor [180–185]
16 O.D. Renedo et al. / T

nd hence more toxic compounds. The final product of degra-
ation, i.e. NP, is considered as most dangerous because of its
nhanced resistance in the environment and its toxicity. The NP
sed in industry contains about 90% of the 4-NP and other iso-
ers with straight and branched side chain. Symptoms of the NP

xposure include eye and skin irritation, headaches, nausea and
omiting. Besides, the estrogen disruption effect of the NP has
een highlighted in the past decade. It mimics natural estrogens
nd causes reproductive abnormalities in natural populations.
lthough NP undergoes microbial and enzymatic degradation,

he efficiency of these processes in conventional water treat-
ent is insufficient. As a result, the NP residues were found in

he sediments formed in water. For these reasons, it is necessary
o develop fast and cost-effective methods for NP monitoring. A
ovel immunosensor for NP determination has been developed
y immobilization of specific antibodies together with HRP on
he surface of SPCEs [214]. The signal of the immunosensor is
enerated by the involvement of NP accumulated in the perox-
dase oxidation of mediator (Methylene Blue, hydroquinone or
odide). This results in the increase of the signal recorded by
SV.

.2. Direct electrochemical immunoassays

As it can be seen above, the bulk of literature detailing elec-
rochemical immunosensor development reports systems based
n the use of enzyme labels, requiring modification of anti-
en/antibody activity. Reports regarding labeless detection have
tarted to be published as well.

In the case of food pathogens, due to their large size, the use
f labels can be eliminated [215]. This immunosensor is based
n the measurement of the diffusion of a redox probe. Thus,
ollowing antibody immobilization, diffusion of a potassium
exacyanoferrate redox probe was measured and the diffusion
o-efficient (D) calculated, pre- and post-addition of analyte.
he formation of the bacteria-antibody immunocomplex intro-
uces a barrier for interfacial electron transfer and the change
n diffusion co-efficient of the redox probe was measured using
hronocoulometry. A linear relationship between D and the con-
entration of analyte introduced was observed.

The fabrication of another label-free and reagentless
mmunosensor has also been reported [216]. It is based on the
irect incorporation of antibodies into conducting polymer films
long with a subsequent ac impedimetric electrochemical inter-
ogation. Model sensors of this type have been prepared by
lectrochemically polymerizing conducting polypyrrole films
ontaining anti-BSA at the surface of SPCEs. Films contain-
ng chloride or anti-human IgG as counter-ions have been used
s controls. An ac measurement protocol has been used to deter-
ine the impedance of the electrodes when immersed in water

r analyte solutions. A selective and reversible binding of ana-
yte to the electrode could be monitored electrochemically and
tudies were reported in detail relating analyte concentrations

o bulk impedimetric measurements, the real component, the
maginary component and the phase angle of the responses.
he results of this study have showed detectable and reversible
ntibody–antigen interactions could be measured and mainly
a 73 (2007) 202–219

ffected the Faradaic behaviour of the electrode. BSA could be
etected with a linear response from 0 to 75 ppm.

. Conclusions and future trends

In the recent years, a great development in screen-printed sen-
ors for several analytical applications has been observed, taking
nto account the huge amount of references reported. This kind
f sensors fits for the growing need to perform rapid and accu-
Tumor markers SPE immunosensor [187–189]
Myocardial biomarkers SPE immunosensor [190–192]
Amphetamine SPE immunosensor [193,194]
Food pathogens SPE immunosensor [215,216]
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nvironmental science, food industry, pharmaceutical and clin-
cal assays. Table 1 summarizes the great scope applications
eported in this work.

The versatility and low-cost of this technology is responsible
or its continuous development. Their significative improve-
ents are mainly expected from two different ways. First, the

ncorporation of new printed materials, as well as new support
urfaces, will lead to enhance the reproducibility and sensi-
ivity of the screen-printed based sensors. With this aim, new
ttempts for the modification of the working electrode are also
n continuous growth, focusing on new ligands, polymers and
anostructure materials.
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bstract

Two novel artificial receptors based on diamide and bearing phenol group and copper(II) have been synthesized. Their anion-binding properties
re evaluated for F−, Cl−, Br−, I−, AcO−, H2PO4

− and OH− by UV–vis and 1H NMR titration experiments to further elucidate the impact of
henol group and copper(II) on the chemistry of anion-recognition. Results indicate that the interacted model of fluoride anion with receptor 1 is

ifferent from other anions and the 1H NMR signals of receptor 2 occur changes after the addition of fluoride anion. This may be related with the
mall radius and strong electronegative property of fluoride. The receptors should have many chemical and analytical applications and the sensing
rinciple should be widely applicable to the sensing of other receptors.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Anion recognition by artificial receptors has attracted con-
iderable attention in the field of host–guest chemistry because
f the important roles of anions in biomedicinal and chemical
rocesses [1–10]. The recognition of anionic guests by artificial
osts is an area of ever increasing research activity [11]. Artifi-
ial anion receptor has presented unique application prospects
n the synthesis of anion sensors [12,13], membrane transmit
arriers [14,15] and mimic enzyme catalysts, etc. [16,17]. The
ynthetic nitrogen-based receptors designed for the selective
inding of anions usually consist of either positively charged
mmonium salts, i.e., protonated polyamines and/or quater-
ized amines, or neutral species such as amides, sulfonamides,
yrroles, ureas, and thioureas [18,19]. Davis and co-workers
20,21] have reported that rigid steroid-based anion receptors
earing hydroxyl groups can bind anionic species in organic

olvents, such as CDCl3 and hydrocarbons. Albert and Hamil-
on [22] have reported that receptors having both urethane N-Hs
nd hydroxyl groups will exhibit considerably large affinity con-

∗ Corresponding author.
E-mail address: hklin@nankai.edu.cn (H.-K. Lin).
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tants for binding acetate anion in acetonitrile. Zhang et al. [23]
lso reported that there are hydrogen bonds formed between
mide, phenol group and anions. In general, the roles of phenol
roup on anion-recognition have been less studied correspond-
ngly. Also, the effect of copper(II) on anion recognition has not
et been reported to our knowledge. According to this infor-
ation, we synthesized two receptors 1 and 2 (Scheme 1) to

xamine the roles of the phenol group and copper(II) for F−,
l−, Br−, I−, AcO−, H2PO4

− and OH− on anion recognition.

. Experimental

Most of the starting materials were obtained commercially
nd all reagents, and solvents employed were of analytical grade.
ll anions, in the form of tetrabutylammonium salts, were pur-

hased from Sigma–Aldrich Chemical Co., stored in a desiccator
nder vacuum containing self-indicating silica, and used without
ny further purification. Dimethyl sulfoxide (DMSO) was dis-
illed in vacuo after dried with CaH2. Tetra-n-butylammonium
alts (such as (n-C4H9)4NF, (n-C4H9)4NCl, (n-C4H9)4NBr,

n-C4H9)4NI, (n-C4H9)4NAcO, (n-C4H9)4NH2PO4 and (n-
4H9)4NOH) were dried for 24 h in vacuum with P2O5 at
33 K before use. C, H, N elemental analysis was made on
anio-EL. 1H NMR spectrum was recorded on a Varian UNITY
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Scheme 1. Chemical st

lus-400 MHz Spectrometer. FAB-MS was made on VG ZAB-
S. UV–vis spectroscopy titrations were made on a Shimadzu
V2450 Spectrophotometer at 298 K. The affinity constants Ks
ere obtained by the non-linear least square calculation method

hrough data fitting. Receptor 1 was synthesized according to
he route shown in Scheme 2.

.1. Benzo-1,4-diazacycloheptane[2,3-d]-5,7-dione (3)
24]

1,2-Phenylenediamine (10.8 g, 0.1 mol), diethyl malonate
16 ml, 0.1 mol) and pyridine (200 ml) were put in a 250 ml
hree-neck flask. The mixture was refluxed with N2 for 72 h.
fter cooling, the mixture was filtrated and the colorless solid
btained. The solid was washed with ethanol and ether sequen-
ially, and dried in vacuum. Yield: 72%. 1H NMR(400 MHz,
MSO-d6, 298 K) δ = 10.38 (s, 2H), 7.11–7.18 (m, 4H), 3.17

s, 2H). Elemental analysis: Calc. for C9H8N2O2: C, 61.36; H,
.58; N, 15.90; Found: C, 61.69; H 4.59; N, 15.96. FAB-MS
m/z): 177 (M + H)+.

.2. (4′-Nitrobenzo)[1′,2′-d]-1,4-diazacycloheptane[2,3-d]

5,7-dione (4)

Benzo-1,4-diazacycloheptane[2,3-d]-5,7-dione (10 mmol,
.7 g) was dissolved in concentrated H2SO4 (43 ml). Fum-

(
2
C
2

Scheme 2. Synthes
e of receptors 1 and 2.

ng HNO3 (1.1 ml) was added dropwise with stirring at
73 K. After the addition was completed, the mixture was
tirred for 2 h and then poured into ca. 200 ml ice-water.
he solution was filtered to give a yellow solid, which was
ashed with distilled water, recrystallized from methanol

nd dried in vacuum. Yield: 85%. 1H NMR(400 MHz,
MSO-d6, 298 K) δ = 10.96 (s, 1H), 10.74 (s, 1H), 8.04, 7.3

3H), 3.3 (s, 2H), Elemental analysis: Calc. for C9H7N3O4:
, 48.88; H, 3.19; N, 19.00; Found: C, 48.76; H 3.58; N,
8.61.

.3. (4′-Aminobenzo)[1′,2′-d]-1,4-diazacycloheptane
2,3-d]-5,7-dione (5)

A slurry of compound (4′-nitrobenzo)[1′,2′-d]-1,4-
iazacycloheptane[2,3-d]-5,7-dione (221 mg) and Pd/C
10%, 70 mg) in dry ethanol (200 ml) was maintained under
ydrogen with stirring for 12 h. The mixture was filtered
hrough a bed of Celite and then washed twice with ethanol
2× 20 ml). The solvents were removed under reduced pressure
nd the yellowish solid dried in vacuum. Yield: 92%. 1H
MR (400 MHz, DMSO-d6, 298 K) δ = 10.15 (s, 1H), 9.91
s, 1H), 6.76 (d, 1H), 6.38 (m, 1H), 6.27 (d, 2H), 5.16 (s,
H) 3.08 (s, 2H). Elemental analysis: Calc. for C9H9N3O2:
, 56.54; H, 4.74; N, 21.98; Found: C, 56.41; H 4.96; N,
1.87.

is route for 1.
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Fig. 1. The crystal structure of 2 and the hydrogen atoms are shown as small
circles with arbitrary radii (ellipsoids at 50% probability).

Fig. 2. View of 2 with hydrogen bonds and coordinated bonds shown as dotted
lines.

Table 1
Crystallographic data of 2

Compound 2

Empirical formula C44H48Br4CuN10O10

Formula weight 1260.10
Temperature (K) 294(2)
System, space group Monoclinic, P2(1)/n
a (Å) 12.035(2)
b (Å) 8.9193(14)
c (Å) 23.017(4)
α (◦) 90
β (◦) 94.422(5)
γ (◦) 90
V (Å3) 2463.4(7)
Z 2
Crystal size (mm3) 0.20 × 0.14 × 0.06
Dcalcd (mg m−3) 1.699
F (000) 1262
2θ range (◦) 1.77–27.46
Reflections collected 20636
R(int) 0.0619
GOF on F2 1.020
Data/restraints/parameters 5613/0/326
Final R1 and wR2 [I > 2σ(I)] 0.0522, 0.1067
R1 and wR2 [all data] 0.0856, 0.1220
Largest diff. Peak hole (e Å−3) 0.607 and −0.657
E

2
4
5

5
(
m
p
w
N
2
2
4

2

1
m
C
C

2

×
d
d
s

xtinction coefficient 0.0022(4)

.4. N-(2′′-Hydroxyl-3′′,5′′-dibromophenyl-methylene-yl)-
′-imino-benzo[1′,2′-d]-1,4-diazacycloheptane[2,3-d]-
,7-dione [HODBrphC = NphDNHexDO] (1)

(4′-Aminobenzo)[1′,2′-d]-1,4-diazacycloheptane[2,3-d]-
,7-dione (1 mmol, 191 mg) and 3,5-dibromo-salicylaldehyde
1 mmol, 278 mg) were suspended in dry ethanol (100 ml). The
ixture was heated under reflux for 8 h and the orange-yellow

recipitate was separated by filtration. The solid was washed
ith diethyl ether and dried under vacuum. Yield: 89%. 1H
MR (400 MHz, DMSO-d6, 298 K) δ = 14.41 (s, 1H), 10.54 (s,
H), 8.97 (s, 1H), 7.9 (d, 2H), 7.3 (d, 2H), 7.2 (m, 1H) 3.24 (s,
H). Elemental analysis: Calc. for C16H11N3OBr2·2H2O: C,
2.04; H, 3.31; N, 9.19; Found: C, 42.35; H 2.88; N, 9.45.

.5. Cu(II)[HODBrphC = NphDNHexDO]2 (2)

1 (0.1 mmol) and Cu(NO3)2 (0.05 mmol) were stirred for
h in DMF (20 ml), then stood at room temperature. After a
onth, the green crystal appeared. Elemental analysis: Calc. for
32H22N6O2Br4Cu·5H2O: C, 39.33; H, 3.68; N, 9.17; Found:
, 39.22; H 3.55; N, 8.91.

.6. X-ray crystallography

A green crystal of 2 with dimensions of 0.20 mm × 0.14 mm

0.06 mm was mounted on a glass fiber. X-ray single-crystal

iffraction data were collected on a Rigaku Saturn CCD area
etector at 294(2) K with Mo-Ka radiation (λ = 0.71073 Å). The
tructure was solved by direct methods and refined on F2 by
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ig. 3. UV–vis spectral changes of receptor 1 and 2 upon the addition
TBAF] = 0–80 × 10−5 M; (c) 1, [TBAF] = 80–160 × 10−5 M; (d) 2, [TBAF] = 0

ull-matrix least squares methods with SHELXL-97 [25]. More
etails of the crystallographic determination are given in Table 1.

. Results and discussion

Receptor 1 was synthesized according to the route shown
n Scheme 2. Receptor 2 was obtained by the reaction of 1
nd Cu(NO3)2 in N,N-dimethylformamide (DMF). The crys-
al of receptor 2 suitable for X-ray crystal analysis has been
btained and the structure has been confirmed (Fig. 1). The
verall coordination environment of the Cu(II) atom involves
wo receptor 1 and two DMF molecules (Fig. 2). The bonds
f Cu1–O1, Cu1–O1A, Cu1–N1, and Cu1–N1A are relatively
onger (bond lengths 1.913 Å, 1.914 Å, 2.033 Å and 2.033 Å),
nd they constitute a plane quadrangular geometry around
he Cu(II) atom (O1–Cu1–O1A, 180◦, O1–Cu1–N1, 90.7◦,
1–Cu1–N1A, 89.3◦, O1A–Cu1–N1, 89.3◦, O1A–Cu1–N1A,
0.7◦, N1–Cu1–N1A, 180◦); while the other two contacts of
u–O4, and Cu–O4A are significantly shorter (bond lengths
.653 Å and 1.653 Å), completing a distorted octahedron as the
verall complexation geometry around the Cu(II) atom. The NH
f amide forms hydrogen bonds with oxygen atoms of DMF

olecules that are derived from two resources: one is the coor-

inated DMF; the other is the uncoordinated DMF. The overall
rystal structure features a chain type with DMF molecules
oining in through the hydrogen bonds along the b axis.

T
s
T
h

TBAF; [1] = [2] = 6.0 × 10−5 M: (a) 1, [TBAF] = 0–160 × 10−5 M; (b) 1,
× 10−5 M. Arrows indicate the direction of increasing anion concentration.

Fig. 3 shows the changes in the absorption spectra of recep-
or 1 and 2 observed upon the addition of F− (in the form of
etrabutyl ammonium, TBAF). Fig. 3a is the whole titration
pectrum of receptor 1 and shows that there are two processes
hown in the titration with TBAF. The UV–vis spectrum of
eceptor 1 exhibit a strong absorption band at about 323 nm and
broad band at about 426 nm, which are assigned to the 3,5-

ibromo-salicylaldehyde centered charge transfer (CT) and the
harge transfer of the benzo-1,4-diazacycloheptane[2,3-d]-5,7-
ione moiety, respectively [26]. The main absorption decreases
t 323 nm and increases at 426 nm, when the fluoride salt concen-
ration increases from 0 to 80 × 10−5 M (Fig. 3b). The presence
f one distinct isosbestic point at 385 nm is clear, and the molar
atio analysis based on this concentration indicates that the spec-
ral change in this concentration range can be ascribed to the
ormation of 1:1 complexation of 1 with fluoride anion (for

discussion of the complexation equilibrium, see below in
able 2). Significantly, the further addition of a large excess
f TBAF causes subsequent spectral changes with red-shift
∼25 nm). And two new isosbestic points appear at 355 and
10 nm (Fig. 3c) that indicate a stable complex with certain
toichiometric ratio forms between the receptor 1 and anion.

he additions of TBAAcO, TBAH2PO4 and TBAOH induce
imilar spectral changes. On the other hand, as exposure to
BACl, TBABr and TBAI, only minor binding to receptor 1
appens.
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Table 2
Affinity constants of receptor 1 and 2 with various anions

Anion Ks (1) Ks (2) (M−1)

F− (5.13 ± 0.68) × 104 (9.58 ± 0.07) × 103

AcO− (2.25 ± 0.87) × 105 (1.46 ± 0.11) × 104

H2PO4
− (2.73 ± 0.28) × 104 (1.15 ± 0.09) × 104

OH− (1.30 ± 0.12) × 104 (5.27 ± 0.24) × 103

Cl− <10 <10
Br− <10 <10
I− <10 <10

u
a
a
b
i
c
t
T
T

Fig. 4. Plots of 1H NMR spectrum of receptor 1 and 2 in DMSO-d6 upon the addition
73 (2007) 296–303

As shown in Fig. 3d, the spectrum of receptor 2 changes
pon the addition of TBAF. Notably, the characteristic strong
bsorption band of receptor 2 at 385 nm decreases and a new
bsorption band at 452 nm, which is the charge transfer (CT)
and [27], develops. In addition, the presence of a well-defined
sosbestic point at 412 nm indicates that a stable complex with
ertain stoichiometric ratio forms between the receptor 2 and

he fluoride anion. The additions of TBAAcO, TBAH2PO4 and
BAOH lead to similar spectral changes, but the additions of
BACl, TBABr and TBAI basically lead to no spectral changes.

of various quantities of anionic tetrabutyl ammonium salt (from 0 to amounts).
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Very recently, a number of fluorogenic and/or chromogenic
nion sensors comprising recognition moieties such as urea,
hiourea, or amide have been reported that they are to undergo
n anion-induced deprotonation [28–30]. According to these
eports, one new triplet resonance signal should appear at about
6.1 ppm, the characteristic resonance of bifluoride (F-H-F), and
he chemical shifts of the proton signals of the non-interacted
ites will occur up-field in 1H NMR spectrum. Therefore, to

ook into the anion-binding properties of receptor 1 and 2 for
arious anions and the roles of phenol group and copper(II) on
nion recognition, 1H NMR titration experiments in DMSO-
6 were performed (Fig. 4). From Fig. 4, the phenol group

i
w
w
t

Scheme 3. Proposed model of anion-binding of 1 an
73 (2007) 296–303 301

ignal (14.5 ppm) of receptor 1 becomes broadened after the
ddition of only small quantities of TBAF and completely dis-
ppears after the addition of 0.4 equiv. F−. Then a new signal
t 12.4 ppm appears, enhances and moves to the downfield till
4.5 ppm. This may be explained as follows: Firstly the signal
f phenol proton of receptor 1 (14.5 ppm), before addition of
−, is due to the formation of intramolecular H-bonding with

he imine nitrogen. And the added fluoride salt breaks up the

ntramolecular H-bonding while forms the (HNCO)2LOH· · ·F−
ith receptor 1 ((HNCO)2LOH) by intermolecular H-bonding,
hich changes the conformation of receptor 1 (Scheme 3). After

he addition of 12 equiv. of fluoride salt, the double peak signal

d 2 (©− represents AcO−, H2PO4
− and OH−).
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f amides moves to the downfield direction due to the hydro-
en bond formation between the added fluoride and the two
mides of receptor 1. Why the UV–vis spectrum titration exists
wo processes (Fig. 3)? One way to rationalize it may be the
bove results. After various amounts of acetate anion salt is
dded (the 1H NMR titrations spectrum of AcO−, H2PO4

−,
H−, Cl−, Br− and I− are in the supporting information), the
henol signal of receptor 1 (14.5 ppm) broadens gradually and
ven disappears completely, but no new peak appears at about
2.4 ppm. This probably indicates that the added acetate salt
oes not either break up the intramolecular H-bonding or form
he intermolecular H-bonding at the same time (Scheme 3). The
imilar phenomena of 1H NMR titration exist in the addition
f TBAH2PO4 and TBAOH. However, after the additions of
BACl, TBABr and TBAI, the chemical shifts in 1H NMR spec-

rum have no changes. This suggests that Cl−, Br− and I− have
o binding abilities with receptor 1.

The chemical shift of the amides (12.8 ppm) of receptor 2
Fig. 4) keeps the same even adding up to 1 equiv. of the fluoride
alt, because at the initial stage of titration the added F− inter-
cts with Cu(II) only through replacing the coordinated DMF.
ndeed, from the crystal structure of receptor 2 (Fig. 2), DMF
olecules take part in the coordination with Cu(II). Therefore,

nions may interact with Cu by replacing DMF molecules in
MSO solution, since the coordination between Cu(II) and oxy-
en atom (electron-enriched) of DMF is weaker than that of
u(II) with the anion (with one negative charge) in DMSO solu-

ion. After the addition of 1 equiv. fluoride salt: (1) the chemical
hift of the amides shifts to the downfield direction gradually
rom 12.8 ppm to 14.9 ppm, and this may ascribe to the hydro-
en bond formation between the NH of amides and F−; (2) the
henyl signal enhances gradually. The reasons may involve the
oordination of the paramagnetic copper centre with F− and the
oncentration effect of the fluoride anion around Cu(II). Further
tudies on this line are worthy of conducting. The probable inter-
cted model of receptor 2 with fluoride is shown in Scheme 3.

hy does only 1 equiv. F− interact with Cu(II)? This needs to
e researched further.

. Analytical application

In order to examine the potential application of the proposed
eceptors for analytical chemistry, the receptors are applied
n the monitoring of binding ability with various anions (F−,
l−, Br−, I−, AcO−, H2PO4

− and OH−) which exist widely
n living system, e.g., fluoride anion is being explored exten-
ively as a treatment for osteoporosis, a type of fluoride toxicity
hat generally manifests itself clinically in terms of increas-
ng bone density; naturally occurring phosphate-binding protein
electively and strongly bind hydrogen phosphate. Thus the
evelopment of sensitive detection systems for their binding-
bility is very important.

The binding ability of 1 and 2 with a variety of anions are

nvestigated through UV–vis spectral titrations in DMSO by
aking 6.0 × 10−5 M 1 and 2 solution. Additions of various
nions (F−, Cl−, Br−, I−, AcO−, H2PO4

− and OH−, in the
orm of tetrabutyl ammonium) cause the formation of anion-1

R
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r anion-2 complex. The analyses are performed by UV–vis
itration using the method of non-linear least square fitting
nd the results are summarized in Table 2 [31,32]. Obviously,
he anion affinity constants of receptor 1 are in the order:
cO− > F− > H2PO4

− > OH− � Cl− ∼ Br− ∼ I−. While, that
f receptor 2 are in the order: AcO− > H2PO4

− >
− > OH− � Cl− ∼ Br− ∼ I−. Therefore, the binding ability

s related with the electronegative property of anions and
he configuration match of the receptor with the anions. The
bove results may provide experimental analysis method for
he monitoring of AcO−, F−, H2PO4

− or OH− and receptor
and 2 are useful for the detection of the above anions. This

pproach is expected to be applicable to the detection of other
nions. Especially, if the interaction between receptor and anion
ccompanies the color change, it will be convenient and quick
pplication in the practical detection of anion. This direction
as wide application aspect.

. Conclusions

In summary, we have demonstrated that a new diamide recep-
or bearing phenol group (1) shows anion-binding ability in
MSO. After the additions of TBAF, the phenol group of recep-

or 1 acts as H-bonding donors, which forms the intermolecular
-bonding while breaks up the intramolecular H-bonding during

he anion recognition process, while, the additions of TBAAcO,
BAH2PO4 and TBAOH do not accompany with the breaking
p of the intramolecular H-bonding. The interacted model of flu-
ride anion with receptor 1 is different from other anions and this
ay be related with the small radius and strong electronegative

roperty of fluoride. When over amount of anions are added, the
nteraction with amides of 1 by H-bonding appears. In the crystal
tructure of receptor 2, DMF molecules take part in the coordina-
ion with copper atom; anions may first displace DMF and then
orm H-bonding with amides. The electron-withdrawing effect
f copper(II) may increase the affinities of amide with anions.

Receptors 1 and 2 could become the anion sensor in many
iological and analytical applications. The same sensing prin-
iple should also be widely applicable to the sensing of other
eceptors.
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bstract

Boron-doped diamond (BDD) electrodes were used to investigate the possibility of detecting aniline by linear-sweep cathodic stripping voltam-
etry. It was found that the dimeric species (p-aminodiphenylamine and benzidine) formed by anodic oxidation of aniline during the accumulation

eriod are involved in electrochemically reversible redox processes and, in acidic media, the shape of the stripping voltammetric response is suitable
or aniline detection in the micromolar concentration range. The low background current of conductive diamond is an advantage compared to

ther electrode materials and allows a detection limit of 1 �M. Weak adsorption properties and the extreme electrochemical stability are additional
dvantages of BDD and it was found that, even after long-time measurements, the electrode surface can regain its initial activity by an anodic
olarization in the potential region of water decomposition.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Aniline and some of its derivatives are used on a large scale
s raw materials for various industrial applications, including
he production of urethanes, the manufacture of intermediates
or herbicides and other pesticides, the manufacture of dyes
nd pigments, and the production of accelerators and antioxi-
ants for the rubber industry. The toxic effects resulting from
xposure to aniline seem to arise from the formation of methe-
oglobin and could result in anoxia, erythrocyte damage and

pleen effects [1]. For these reasons there have been numerous
tudies aiming to develop reliable methods for the determi-
ation of aniline, and several analytical procedures have been
roposed, including spectrophotometry [2,3], NIR spectrome-
ry [4], gas chromatography [5], capillary electrophoresis [6],

nd HPLC [7]. The use of electrochemical methods for aniline
etermination is rendered difficult by the fact that the surface
f glassy carbon and noble metals electrodes is deactivated as

∗ Corresponding author. Tel.: +40 212248895; fax: +40 213121147.
E-mail address: tspataru@chimfiz.icf.ro (T. Spătaru).
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result of irreversible adsorption of polymeric reaction prod-
cts. Nevertheless, modified carbon-paste electrodes have been
uccessfully used with both voltammetric [8] and amperometric
ethods [9] and promising results have been also obtained for

he electrochemical detection with prior derivatization [10,11].
The outstanding electrochemical features of boron-doped

iamond (BDD), such as low background current, long-term sta-
ility of the response, and inertness to adsorption [12] prompted
s to investigate the possibility of using it as electrode material
or electrochemical determination of aniline.

. Experimental

The boron-doped polycrystalline diamond coatings were
eposited on Si (1 1 1) wafers by means of microwave plasma-
ssisted chemical vapor deposition, in accordance with a
reviously described procedure [13]. Electrochemical measure-
ents were performed in a conventional three-electrode glass
ell, at room temperature. BDD electrodes with 1 cm2 surface
rea were used as working electrodes in all the experiments. A
latinum wire and a saturated calomel electrode (SCE) were used
s the counter electrode and the reference electrode, respectively.
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Fig. 2. Effect of aniline concentration on the cathodic linear-sweep voltammo-
grams in pH 1.8 buffer solution. Aniline concentration (�M): (1) 0.0, (2) 1.0,
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niline (Special Grade from Wako) was used as received. All
he other substances were analytical-reagent grade, and all the
olutions were prepared using bidistilled water. Standard 0.04 M
ritton–Robinson buffer solution (boric acid + phosphoric
cid + acetic acid) containing 0.1 M LiClO4 was used as the
upporting electrolyte. Typical cathodic stripping voltammetry
CSV) experiments were performed using linear-sweep tech-
ique (within the potential range 0.95–0.00 V) in quiescent
olutions, under the following conditions: accumulation poten-
ial 0.95 V, accumulation time 15 s, and scan rate 300 mV s−1.

. Results and discussion

The electrochemical behavior of aniline at the BDD electrode
as investigated within the potential range 0.0–1.0 V (SCE) and
ig. 1 shows characteristic voltammetric patterns recorded at a
weep rate of 50 mV s−1 in a Britton–Robinson buffer solution
pH 1.8). It was observed that during the first anodic run (curve
in Fig. 1) the voltammogram exhibits a single peak (labeled

II) located at ca. 0.95 V. After the anodic limit is reached for the
rst time, two well-defined peaks are evidenced on the cathodic
ranch of the cyclic voltammetric curve, with peak potentials
f ca. 0.55 and 0.35 V. Further cycling of the electrode poten-
ial within the same range (curve 2 in Fig. 1) will result in the
ccurrence of two redox couples evidenced by the presence
f two pairs of reversible peaks, labeled I and II. As Fig. 1
hows the shape of the voltammograms is essentially identical
ith that reported by Bacon and Adams for aniline oxidation

t the carbon-paste electrode [14]. Therefore, there are reasons
o assume that, at the BDD electrodes, the overall oxidation
eaction takes place by the same widely accepted mechanism
nvolving the formation of nitrene cations of aniline within the
ange of peak III. By rapid fallow-up reactions, nitrene cations
ive rise to the dimeric products p-aminodiphenylamine and
enzidine which are responsible for the occurrence of reversible
edox peaks I and II, respectively [15–17].

Cyclic voltammograms recorded at several aniline concen-

rations have shown that the variation of the height of peak III
s a function of aniline content is not well-suited for analyt-
cal applications. A reasonable explanation for this behavior
s provided by the observation that, within the range of this

ig. 1. Cyclic voltammograms recorded at the BDD electrode in pH 1.8 buffer
olution containing 20 �M aniline: initial potential, 0.0 V (SCE); scan rate,
0 mV s−1. (1) First run and (2) second run.
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3) 2.9, (4) 4.8, (5) 12.4, (6) 27.5. Stripping conditions: accumulation potential
.95 V, accumulation time 15 s, scan rate 300 mV s−1.

eak, the overall anodic current is due not only to aniline
xidation, but also to the oxidation of the dimeric species
ormed by head-to-tail and tail-to-tail coupling of nitrene cations
i.e. p-aminodiphenylamine and benzidine, respectively) [15].
t is noteworthy that, unlike aniline oxidation, the anodic
xidation of both p-aminodiphenylamine and benzidine are elec-
rochemically reversible processes, as illustrated by the shape
f the voltammograms in Fig. 1. These findings are impor-
ant because they suggest the possibility of using the height
f the cathodic peaks as the basis for aniline determination by
SV.

Fig. 2 shows linear-sweep voltammograms (scan rate
00 mV s−1) obtained at the BDD electrode in Britton–Robinson
uffer solution (pH 1.8) for several aniline concentrations. The
oltammograms were recorded after performing an accumula-
ion at 0.95 V for 15 s. It can be observed that, in the presence of
niline, the voltammetric curves exhibit a well-defined stripping
eak (labeled I) at ca. 0.33 V and a wave-shaped one (labeled
I) at ca. 0.50 V that can be ascribed to the presence of p-
minodiphenylamine and benzidine, respectively. It was found,
owever, that at concentrations higher than ca. 100 �M peak
I becomes less evidenced and vanishes completely for aniline
ontents higher than ca. 450 �M. This behavior is in line with the
bservation that, during anodic oxidation of aniline, benzidine
ields are maximized by operating at low parent concentrations
16].

The effect of the pH on the cathodic stripping voltammet-
ic response of aniline was also investigated. It was found that,
or analytical applications, acidic media (pH values lower than
a. 2.2) are most suitable because they allow obtaining more

eproducible stripping peaks. This was not surprising because it
as previously shown that, at the BDD electrodes, the stability
f the adsorbed blocking species (that could result from further



406 T. Spătaru et al. / Talanta

Fig. 3. The variation of the average peak current for the stripping peaks I (curve
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) and II (curve 2) as a function of aniline concentration. Stripping conditions,
ame as in Fig. 2. Inset: effect of aniline in the lower concentration range on the
eak I current.

olymerization of the dimeric species) is lower at low pH values
18].

As shown in Fig. 3 the average peak currents (seven mea-
urements at each concentration) for the stripping peaks I and
I are nonlinear functions of the aniline concentration within
he range 1–140 �M. From the standpoint of aniline determina-
ion, the most important concentration range lies below 30 �M.
hus, under typical conditions (pH 1.8, accumulation potential
.95 V, accumulation time 15 s, scan rate 300 mV s−1), the height
f the stripping peak I is linearly proportional to the aniline
oncentration (see the inset in Fig. 3). The least-squares analy-
is yielded for the calibration graph (I = aC) a sensitivity (a) of
.260 �A �M−1, with R2 = 0.9898. The sensitivity of the method
an be adjusted to some extent by changing the deposition time.
n order to illustrate this behavior, Fig. 4 shows the variation
f the height of peak I as a function of aniline concentration

or an accumulation time of 30 s. Within the same concen-
ration range (below 30 �M) the sensitivity was found to be
igher (0.310 �A �M−1), although with lower correlation factor

ig. 4. The variation of the average peak current for the stripping peak I as a
unction of aniline concentration. Stripping conditions: accumulation potential
.95 V, accumulation time 30 s, scan rate 300 mV s−1. Inset: effect of aniline at
oncentrations below 15 �M.
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R2 = 0.9550). Nevertheless, as the inset in Fig. 4 suggests, excel-
ent parameters of the calibration curves (a = 0.380 �A �M−1,
2 = 0.9902) are still available within a less wide concentration

ange (below ca. 15 �M). The fact that, for aniline concentrations
ower than ca. 30 �M, the accumulation time can be increased
p to ca. 30 s without significant fouling of the electrodes is in
ine with the observation that at the conductive diamond elec-
rode the formation of polymeric films by anodic oxidation of
niline is a slow process [18]. The relative standard deviations
R.S.D.) for seven runs at 3 and 46 �M were of 13.0% and 3.6%,
espectively.

Under the same experimental conditions, the height of the
tripping peak II is also linearly proportional (I = aC) to the
niline concentration, within the range 1–5 �M. Although the
ensitivity (0.08 �A �M−1) is lower than that available by using
eak I, the use of peak II as the basis for aniline detection at con-
entrations below 5 �M allows a better reproducibility of the
esults. For example, in this case a R.S.D. of 4.4% was found
or seven runs at 3 �M.

The long-term stability of the response was found to be sat-
sfactory. Rather small changes (<10%) in the voltammetric
esponse were observed for a given electrode over a period of at
east 1 week. It is worthy to note that, due to the excellent stabil-
ty of the conductive diamond, the activity of the electrode can
e completely restored by applying high anodic potential (3.0 V)
or a few minutes, in the supporting electrolyte solution. Addi-
ional advantages of using BDD electrodes are extremely low
ackground current and the extreme robustness of the material.
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bstract

The article is concerned with the simultaneous determination of simple and macrocyclic trichothecenes using high-performance liquid chro-
atography (LC) coupled to UV and mass spectrometric (MS) detection. Emphasis is put on the liquid–liquid extraction (LLE) and solid phase

xtraction (SPE) procedure from plant material such as wheat, comparing SPE cartridges packed with different stationary phases based on silica and
olymer sorbents. In this coherence a polymeric material on the basis of poly(glycidyl methacrylate-divinylbenzene) (GMA-DVB) is developed

ith special regard on synthesis procedures to enhance the extraction recovery of trichothecenes in a broad polarity range. Evaluation of extraction

echniques showed that the introduced material is competitive with commercially available high quality SPE materials. Percentage recovery is 82%
or polar compounds, 89% for medium polar compounds and 98% for lipophilic compounds.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Trichothecene mycotoxins are secondary metabolites pro-
uced by certain types of fungi including Fusarium,
ycothecium, Stachybotrys, and Trichothecium, which grow

n plants of agricultural importance during cultivation, harvest,
ransport and storage [1–6]. Trichothecenes are a family closely
elated to sesquiterpenoids with a common 12,13-epoxide-
richothec-9-ene ring system [6–11]. They are classified into
wo major groups, simple and macrocyclic, based on their chem-
cal structures (Fig. 1). The simple trichothecenes are divided as
ype A or B depending on the occurrence (type B) or the absence

type A) of a carbonyl group at position C-8. Macrocyclic tri-
hothecenes are the di- or triesters of simple trichothecenes,
aving large thermally labile, exocyclic ester bridges at position

Abbreviations: ACN, acetonitrile; DON, deoxynivalenol; DAS, diace-
oxyscirpenol; F-X, fusarenone-X; H2O, water; MeOH, methanol; NIV,
ivalenol; Ro-a, roridin-A; T-2, T-2 toxin; Ve-a, verrucarin-A; VOL, verrucarol;
MA-DVB, poly(glycidyl methacrylate-divinylbenzene)
∗ Corresponding author. Tel.: +43 512 5075176; fax: +43 512 5072767.
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late-divinylbenzene)

5 and 4. The diversity of trichothecenes leads to a wide range of
oxic effects in animals and humans such as skin irritation, feed-
ng refusal, nausea, vomiting, diarrhea, anemia, hemorrhage,
mmunosuppression, protein synthesis inhibition, and bone mar-
ow depletion [8,12–14]. Since they are generally considered to
e toxic compounds, their occurrence in food has been recog-
ized as potential human health hazard either caused by direct
r by “carry over” of mycotoxins in animal tissues. They are
f special concern and consequently require monitoring in plant
aterial destined for human consumption or as animal feed.
ue to their frequent occurrence and their severe toxic prop-

rties, guidelines and recommendations of these compounds
ave been set for feeding stuff and foods in several countries
1,7,13,15]. Accurate and reliable methods for the determination
f the most common trichothecenes, suitable for determination
f trichothecenes naturally contaminated samples, are therefore
equired.

Since all trichothecenes vary extremely in polarity, com-

romise has to be made for the optimal clean-up procedure
or all groups of trichothecenes. Solid-phase extraction (SPE),
specially combined polar and non-polar materials, becomes
preferred technique as a selective and time-saving sample
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ig. 1. Structures of investigated trichothecenes; VOL = verrucarol, DAS =
= fusarenone-X, Ve-A = verrucarin-A, Ro-A = roridin-A.

lean-up technique enabling almost complete removal of
ossibly interfering matrices [1–3,7–14,16–24]. Alterna-
ively, liquid–liquid partitioning, immunoaffinity chromatog-
aphy, and gel permeation chromatography were employed
4,6,15,25–31]. A variety of chromatographic methods for
etermination of trichothecenes have been published using
hin-layer chromatography (TLC) [32–34], high-resolution
as chromatography (HRGC) with electron capture (ECD)
2,3,6,7,11,19,21,26,31] or mass spectrometric (MS) detection
7,13,14,21,22,35,36] and high-performance liquid chromatog-
aphy (LC) with UV [7,15,17,20,26,29,30], fluorescence
FLD) [2,3,7,18,23,25,31], MS or tandem mass spectromet-
ic (MS/MS) [7–9,13,15,21,22,27,28,37–42] detection. New
echniques such as supercritical fluid chromatography–mass
pectrometry (SFC–MS) and enzyme-linked immunosorbent
ssay (ELISA) were also used [4,43–45]. For several TLC
nd GC based methods, derivatization is required either for
eparation or identification. Particularly, due to the lack of

UV chromophore of type A-trichothecenes, derivatization
an enable their determination by LC–FLD. On the nat-
rally co-occurrence of trichothecenes, the employment of
S brings advantages on characterization and identification

f trichothecenes and omitting the pre-derivatization step,
onsequently enhancing sensitivity of the analytical method.
esides the efficient method for simultaneous determina-

ion of all naturally occurring trichothecenes at trace level
y LC–MS, the routine method for quantification of simple
ype B and macrocyclic trichothecens by LC–UV is note-

orthy for epidemiological surveys, health and economic

amification.
The paper describes the comparison of various sample clean-

p approaches, presenting also the application of a newly

m

d

toxyscirpenol, T-2 = T-2 toxin, NIV = nivalenol, DON = deoxynivalenol, F-

ynthesized polymeric material on the basis poly(glycidyl
ethacrylate-divinylbenzene) (GMA-DVB) for the extraction

f trichothecenes in a broad range of polarity. Nivalenol,
eoxynivalenol, fusarenone-X, verrucarol, diacetoxyscirpenol,
-2 toxin, verrucarin-A, and roridin-A are considered within
his investigation.

. Experimental

.1. Materials

Trichothecene standards, including nivalenol (NIV),
eoxynivalenol (DON), fusarenone-X (F-X), verrucarol (VOL),
iacetoxyscripenol (DAS), T-2 toxin (T-2), verrucarin-A
Ve-A), and roridin-A (Ro-A) were purchased from Sigma
Vienna, Austria).

Acetonitrile (gradient grade), methanol (gradient grade),
thyl acetate (analytical reagent), diethyl ether (analytical
eagent), phosphoric acid (analytical reagent), acetic acid
analytical reagent), sodium hydroxide (p.a.) and divinyl-
enzene (65%) were from Merck (Darmstadt, Germany). �,
′-azobisisobutyronitril (98%), divinylbenzene (80.4%) and
odium sulphate were delivered from Fluka (Buchs, Switzer-
and). Glycidyl methacrylate (GMA) was from Sigma Aldrich.

ater was purified by an Infinity NanoPure Unit (Barmstead,
oston, USA).

.2. Preparation of poly(glycidyl

ethacrylate-divinylbenzene) (GMA-DVB) particles

For preparation of GMA-DVB particles the monomeric units
ivinylbenzene and glycidyl methacrylate were purified: DVB
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as washed with 10% NaOH and H2O, dried over Na2SO4
nd distilled under vacuum (p = 10 Torr) at 100 ◦C. GMA was
urified by distillation under reduced pressure (p = 10 Torr) at
20 ◦C. Both monomers were finally stored at −20 ◦C in dark
ottles. Polymerization was performed basically according to
hang et al. [46] and Aprilita et al. [47], but with several opti-
ization and evaluation steps: Synthesis was performed within a

our-neck 250 mL round-bottom flask epuipped with a mechan-
cal stirrer, a condenser, a nitrogen inlet and a thermometer
or temperature control. Depending on the molar ratio between
he two monomers different amounts of DVB and AIBN were
laced together with 120 mL ACN in the round-bottom flask.
he mixture was first purged with nitrogen for 10 min under
tirring. After heating the solution at 60 ◦C and stirring for 4 h,
MA was added and the temperature raised to 70 ◦C. After
0 h, temperature was lowered to room temperature (20 ◦C)
nd reaction product was filtered and washed with 60 mL ACN
nd 60 mL MeOH, respectively. Finally the polymeric particles
ere dried for 4–8 h under reduced pressure (p = 10 Torr) in a
esiccator.

.3. Preparation of standards and reference materials

Standards were individually dissolved in ACN at a concen-
ration of 1 mg/ml as stock solutions and stored at −20 ◦C until
se. Standard working solutions were prepared by diluting each
tock solution with the mobile phase consisting of H2O–MeOH
90:10 v/v).

For LC–UV six-point calibration curves were performed
n concentration range from 0.5 to 30 �g/mL. For LC–MS
our-point calibrations in the range of 0.5–15 �g/mL were
stablished. The resulting response data were fit using linear
egression analysis. Inter-day and intra-day precisions within
he indicated calibration range and lower limit of detection
ere evaluated. Quantification of analytes content was per-

ormed using the formula from the standard calibration curve
f trichothecene peak area versus trichothecene standard con-
entration.

.4. Sample extraction

Several solid-phase extraction cartridges with different polar-
ties were used in the trials: Supelclean LC-18 (Supelco,
ellefonte, PA, USA), Isolute C8 (International Sorbent Tech-
ology, Mid Glamorgan, UK), Mycosep 227 (Romer Labs, Inc.,
ashington, MO, USA), OASISTM HLB (Waters, Milford, MA,
SA) and GMA-DVB.
For recovery determination, 10 g of homogeneous wheat

rom a retail market were spiked with a mixture of trichothecenes
NIV, DON, F-X, Ro-A, Ve-A) in ACN (2 mg/kg) and left to
ry for 30 min at ambient temperature (20 ◦C). The spiked sam-
les were extracted with 40 mL of ACN–H2O (84:16, v/v) for

h as proposed for Mycosep 227 clean-up. For SPE and LLE

he spiked samples were extracted for 30 min with MeOH–H2O
20:80, v/v). Extracts were filtered and stored at 4 ◦C for further
teps (maximum 2 weeks).

o
t
W
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.4.1. Solid phase extraction (SPE)
Before loading cartridges with 2 mL of standard or sample

olution they were activated with 1 mL MeOH and conditioned
ith 1 mL H2O or 10% MeOH, depending on the nature of the
PE material itself. Polymeric materials like Oasis® HLB or the
roduced GMA-DVB were conditioned with H2O. In contrast,
or conditioning reversed phase silica stationary phases 10%

eOH was used, to guarantee optimal availability of carbon
hains.

After loading the cartridges with 2 mL of sample the sys-
em was washed with 1 mL H2O and finally dried for 5 min
ith nitrogen (1.5 bar). Elution of analytes was performed by

pplying 1 mL of MeOH. Then the eluate was evaporated under
itrogen stream at 40 ◦C. The residue was reconstituted in
00 �L of the mobile phase (H2O–MeOH, 90:10, v/v), filtered
hrough a membrane filter and an 20 �L aliquot was conse-
uently applied to the chromatographic system.

.4.2. Mycosep 227 clean up
The Mycosep 227 clean-up column consists of various adsor-

ents, such as charcoal, Celite®, ion-exchange resins and others,
hich are housed in a plastic tube between filter discs with a

ubber flange on the lower end containing a porous frit and one-
ay valve. When the column is inserted into the culture tube the
ange seals tight, thus forcing the extract through the packing
aterial of the column. The pure extract appears on the top of

he plastic tube.
For clean up of analytes 10 mL aliquot of the filtrate was

ransferred into a culture tube of a Mycosep 227 column. The
urification was executed by rapid pushing the flange end of the
olumn into the culture tube. 4 mL of the clean-up extract were
vaporated under nitrogen stream at 40 ◦C. Then the residue
as reconstituted in 400 �L of the mobile phase (H2O–MeOH,
0:10, v/v), filtered through a membrane filter and finally an
0 �L aliquot was consequently applied to the chromatographic
ystem.

.4.3. Liquid–liquid extraction (LLE)
For liquid–liquid extraction a 4 mL aliquot of standard or

ample solution was extracted with an equal volume of ethyl
cetate or diethyl ether. The extraction was repeated for three
imes. The organic layers were collected and evaporated under
itrogen stream at 40 ◦C. The residue was reconstituted in
00 �L of the mobile phase (H2O–MeOH, 90:10 v/v), filtered
hrough a membrane filter and an 20 �L-aliquot was conse-
uently applied to the chromatographic system. The percentage
f recovery was evaluated from peak area of spiked sample with
ndicated concentrations of each trichothecenes before and after
he clean-up procedure.

.5. High performance liquid
hromatography–UV-detection (LC–UV)
Chromatographic separation and detection was performed
n a LC Module 1+ (Waters, Milford, MA, USA). The sys-
em consisted of a low-pressure gradient pump (model 616,

aters), an autosampler (model 717, Waters) and a UV–Vis
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etector (model 486, Waters) with a 8 �L flow cell, a helium
egassing system, and a column heater (ICI, Welshpool, AUS).
ata were recorded on a PC, by use of the manufacturer’s

oftware package (Millennium32, Version 3.05.01, Waters).
eversed phase (RP) LC was performed with a Nucleosil 120-
C18 analytical column (125 mm × 2 mm i.d., 3 �m, 120 Å,
acherey-Nagel AG, Oensingen, Switzerland) connected to a
ucleosil 120-3 C18 guard column (8 mm length, 3 mm i.d.,
�m, 120 Å, Macherey-Nagel). All separations were performed
t 50 ◦C.

The LC–UV system operated with a linear binary gradient
obile phase consisting of H2O (solvent A) and MeOH (solvent
) pumped at a constant flow rate of 400 �L/min. Zero time
onditions were 90% A, changing from 4 to 5 min to 42% A.
t 18 min mobile phase composition changed back to 90% A in
min till the end of the run at 35 min.

For determination of trichothecenes detection was performed
t 220 and 260 nm, switching from 220 to 260 nm at 15 min and
ack to 220 nm at 30 min.

.6. High performance liquid chromatography coupled to
tmospheric pressure chemical ionisation mass
pectrometric detection (LC–APCI–MS)

For hyphenating the established RP–LC system to a triple
uadrupole Finnigan-MAT TSQ 7000 tandem mass spectrome-
er (Thermo Finnigan, San Jose, CA, USA) the same stationary
hase as described in the previous chapter was used. The
hromatographic separation system consisted of a low-pressure
radient micro pump (Rheos 4000, Flux Instruments, Basel,
witzerland), an in-line degasser (Brauer, Berlin, Germany) and
Rheodyne 7125 injector (Rheodyne, CA, USA) equipped with
20 �L injection loop. The LC system operated with a linear

inary gradient mobile phase consisting of H2O (A) and MeOH
B), pumped at a constant flow rate of 400 �L/min without split-
ing. The gradient system was changed as follows to guarantee
aseline separation of analytes: zero time conditions were 90%

for 10.5 min, increase to 44% A within 0.5 min and held for
6.5 min, followed by an 0.5 min-return to 90% A till the end of
he run at 35 min.

The MS was performed in the positive ion mode employing
tmospheric pressure chemical ionization (APCI+). Mass spec-
ra were carried out in full-scan mode (mass range 100–600 u).
itrogen was used as sheath gas. The capillary and APCI
aporizing temperature were maintained at 200 and 450 ◦C,
espectively. The MS was calibrated with a myoglobin MRFA
ixture as suggested by the supplier and tuned with quercetin

[m + H]+/z = 303).

. Results and discussion

.1. Analysis of trichothecenes by high performance liquid
hromatography–UV-detection
For evaluation of different extraction and purification meth-
ds for trichothecenes an LC–UV method was established in
ccordance to analytes chosen. Owing to the lack of UV chro-

T
l
i
(
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ophores of type A trichothecenes, B-type and macrocyclic
orms were of main interest. Analytes were selected accord-
ng to their polarity, i.e. very polar forms (DON), analytes of

edium polarity (F-X) and lipophilic targets like Ve-A and
o-A.

Initial LC separations were performed on a silica C18 station-
ry phase (Nucleosil 120-3 C18, 125 mm × 2 mm i.d., 3 �m,
20 Å) by applying a gradient elution of H2O in organic sol-
ent (ACN or MeOH). The mixture ACN–H2O was firstly
sed as a mobile phase due to being the solvent of choice
or trichothecenes [1], nevertheless no separation was achieved.
hosphoric acid or acetic acid were added to the mobile phase

o lower peak tailing and therefore improving chromatographic
erformance, but neither this resulted in improvement. There-
ore the mobile phase composition was changed to MeOH–H2O,
hat finally provided baseline separation with high resolution

R > 1.5). Column temperature was set at 50 ◦C, which enabled
lution with minimum peak tailing. The order of elution was
tarting with the highly polar NIV with four hydroxyl groups,
ollowed by DON with three hydroxyl groups, F-X with three
ydroxyl groups and an acetyl group and finally the two macro-
yclic trichothecenes Ve-A and Ro-A with no free hydroxyl
roup, but a further ring of hydrocarbons. Due to these dif-
erences in polarity the gradient of the mobile phase had to
e optimized, starting with high amount of H2O (90% A) to
uarantee baseline separation of NIV and DON and decreas-
ng sharply to 42% A after the elution of B-trichothecenes to
nable the elution of the macrocyclic ones. Especially the sep-
ration of macrocyclic targets was challenging and conditioned
he long separation time for fully baseline separated peaks,

fundamental criteria for evaluating extraction systems by
C–UV.

Since B-trichothecenes were very sensitive to the volumet-
ic ratio of MeOH, re-equilibrating of the column was strongly
equired to achieve reproducible separation. With the developed
C system the targeted five trichothecenes were separated within
2 min.

In order to assure robustness and reproducibility of the estab-
ished method these parameters were achieved: Reproducibility
as evaluated regarding to retention times. Twenty four repli-

ate injections of the standard mixture gave highly consistent
etention times for which coefficients of variation (CV) were
ot more than 1.2% for each mycotoxin (Table 1). The six-
oint calibration curves of each toxin were obtained by the
inear regression analysis and revealed linearity with correla-
ion coefficients r2 ≥ 0.9802. The detection limits, established
s signal-to-noise (S/N) of 3 with CV less than 6.3% of three
eplicates, were between 1.41 and 3.47 pmol (Table 1). Preci-
ion assessments were generally carried out with concentrations
eing in the linearity range of calibration curve (6 and 24 �g/ml).
ntra-day precision was determined by analysis of triplicate
njections of indicated concentrations for each trichothecene.
he intra-day CV was less than 3% for all tested trichothecenes.

he inter-day precision was assessed by measuring the ana-

ytes at indicated concentrations for three different days, and the
nter-day CV were less than 5% for all tested B-trichothecenes
Table 2).
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Table 1
Reproducibility of retention times, calibration parameters, and detection limits of type B and macrocyclic trichothecenes by LC–UV, chromatographic conditions
(see Section 2.1)

Trichothecenes Retention time [min]a Calibration parametersb Detection limitc

Types Mean value CV [%] a (×104) b (×104) Correlation coefficient Amount [pmol] CV [%]

B Nivalenol 2.35 0.85 3.98 −6.18 0.9802 2,75 0.00
B Deoxynivalenol 3.99 1.06 4.56 −2.30 0.9993 3.47 0.00
B Fusarenone-X 8.88 1.13 4.76 −2.45 0.9990 3.39 0.00

Macrocyclic Verrucarin-A 20.99 0.14 12.36 −9.54 0.9980 1.49 6.25
Macrocyclic Roridin-A 21.61 0.14 11.25 −8.72 0.9982 1.41 6.25
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Retention time of 24 replicate injections, concentration range 0.5–30 �g/mL
b Linear regression equation: Y = aX + b; Y, signal area; X, mycotoxins concen
c Detection limits, as signal-to-noise (S/N) of 3/1.

.2. Extraction of trichothecences – solid phase extraction
SPE) using commercially available materials and liquid
iquid extraction (LLE)

The clean-up procedure is a fundamental step prior analy-
is to remove co-eluting matrix components from the solution
s completely as possible, particularly regarding different types
f trichothecenes which attribute wide-ranging polarity. Among
he trichothecenes determined in the present study the polar-
ty was declined from type B and macrocyclic trichothecenes,
espectively (Fig. 1). Standard mixtures in ACN–H2O and in

eOH–H2O were investigated for facilitating further purifica-
ion approaches and subsequently reaching highest extraction
fficiency. Six different purification procedures including (a)
ycosep 227 clean-up columns, (b) SPE on C-8 cartridges, (c)

PE on C-18 cartridges, (d) SPE on OASIS® HLB cartridges,
e) LLE using ethyl acetate and (f) LLE using diethyl ether were
valuated for B and macrocyclic trichothecenes by analyzing the
urified extracts on the LC–UV system. ACN–H2O (84:16, v/v)
s normally recommended for further purification by Mycosep
27 columns as the crude extract can be concurrently followed

n the Mycosep without modification. Concerning percentage of
ecovery, this sample clean-up method conferred a satisfactory
fficiency for determination of type B (approximately 94%), but
ess for macrocyclic trichothecenes (Table 3).

V
a
M
t

able 2
eproducibility of the LC–UV method for type B and macrocyclic trichothecenes, ch

richothecenes Concentration [�g/

ypes

Nivalenol 6
24

Deoxynivalenol 6
24

Fusarenone-X 6
24

acrocyclic Verrucarin-A 6
24

acrocyclic Roridin-A 6
24
n [�g/mL]; a, slope; b, intercept on Y-axis.

Concerning SPE and LLE different volumetric ratios of
eOH–H2O were evaluated concerning the extraction effi-

iency of trichothecenes providing optimal conditions with a
eOH–H2O ratio of 20:80 (v/v). The effectiveness of the SPE

artridges was high for macrocyclic trichothecenes with all
PE cartridges, while only OASIS® HLB provided superior
ecovery for B-trichothecenes (Table 3). As the recovery for B-
richothecenes was enhanced from C-18 to C-8, the purification
y C-4 cartridge, which is less hydrophobic than C-8 and C-18
artridges, was additionally examined. However, the recovery
as inferior for both B and macrocyclic trichothecenes (data
ot shown). Both of liquid–liquid partition approaches using
thyl acetate or diethyl ether provided varying recoveries either
or B or macrocyclic trichothecenes with high CV values for
hree replicates (data not shown).

Obtained results were proved by extracting next to B type
nd macrocyclic trichothecenes also A type forms. For this
he LC–UV method was slightly modified in order to analyse
argets via LC–MS. Mycosep 227 clean-up columns and SPE
sing OASIS® HLB were evaluated for simultaneous determi-
ation of 8 trichothecenes (NIV, DON, F-X, VOL, DAS, T-2,

e-A, Ro-A). The same result as already observed with B type
nd macrocyclic trichothecenes was obtained (Table 4). By the
ycosep clean-up method, the effectiveness for type A and B

richothecenes was high with recoveries ranged from 71.95 to

romatographic conditions see (Section 2.1)

ml] Coefficient of variation [%]

Intra-day precision Inter-day precision

2.16 3.91
1.24 0.94

2.87 3.24
1.45 3.23

2.93 3.51
1.61 4.63

2.84 4.55
1.43 4.52

2.15 4.04
1.95 3.75
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Table 3
Effectiveness of the standard and new developed clean-up procedures and SPE materials for wheat sample spiked with 2 ppm of type B and macrocyclic trichothecenes
by HPLC–UV, chromatographic conditions (see Section 2.1)

Trichothecenes Percentage of recoverya

Types Solid-phase extraction (SPE) SPE with DVB-GMA

Mycosep 227 Supelclean LC-18 Isolute C-8 OASISTM HLB 60% DVB 80% DVB

B Deoxynivalenol 93.84 ND 46.45 85.81 51.49 82.38
B Fusarenone-X 94.52 ND 64.53 81.90 73.71 89.27
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acrocyclic Verrucarin-A 1.24 87.95
acrocyclic Roridin-A 8.77 90.36

a Results are expressed as mean [%] (n = 3).

7.76%, whereas those for macrocyclic trichothecenes was very
ow. On the other hand, the effectiveness of OASIS® HLB was
elatively better with recoveries ranging from 79.43 to 102.47%,
xcept the extremely polar trichothecene, NIV, with recovery of
7.93%.

.3. Preparation of poly(glycidyl
ethacrylate-divinylbenzene) (GMA-DVB) particles for the

elective SPE of trichothecenes

The combination of a polar monomer with a rather lipophilic
ross linker within the stationary phase is covering a wide range
f polarity. Therefore GMA-DVB particles were produced under
ifferent conditions in order to evaluate their effectiveness for
urification of trichothecenes. Special regard was placed on
uality of educts, molar ratio of educts and stirring velocity. First
f all the influence of DVB quality (60 and 80%) on the extrac-
ion performance of produced particles starting with a molar
atio of 2 to 1 (DVB:GMA) was investigated. Stirring velocity
as set to maximum. Resulting particles were irregular in shape,
wing to the stirring during the production process. Particles pro-
uced with 60% DVB resulted in absolute extraction recoveries
f 51–90%. In relation to Oasis® HLB, this corresponds to 60%

or the polar analyte DON and approximately 90% for the more
ipophilic analytes F-X, Ve-A and Ro-A. In contrary, particles
roduced with 80% DVB resulted with equivalent extraction
erformance as Oasis® HLB (Table 3).

able 4
ffectiveness of the clean-up procedures for wheat sample spiked with 2 ppm
f simple and macrocyclic trichothecenes by LC–APCI–MS, chromatographic
onditions (see Section 2.1)

richothecenes Percentage of recoverya

ypes Mycosep 227 OASIS® HLB

Nivalenol 71.95 17.93
Deoxynivalenol 78.01 79.43
Fusarenone-X 95.76 97.73

Verrucarol 85.90 93.45
Diacetoxyscri penol 97.76 99.99
T-2 toxin 94.04 83.97

acrocyclic Verrucarin-A 2.25 83.39
acrocyclic Roridin-A 39.90 102.47

a Results are expressed as mean [%] (n = 2).

i
l
i
s

F
p

89.97 97.35 85.67 81.77
88.56 97.76 89.94 103.63

Studying the influence of the monomeric ratio on the extrac-
ion quality of GMA-DVB particles showed clear tendencies
Fig. 2). Changing the actual composition to a higher content
f GMA (1:1 and 1:2; DVB:GMA) resulted in significant worse
xtraction efficiencies. On the other hand increasing the DVB
ontent did not further improve the extraction efficiency.

In a further approach the influence of stirring on the par-
icle size and on the extraction performance was evaluated.
ynthesis of the material without stirring during the polymer-

zation process resulted in homogenous spherical particles [46].
xtraction efficiency of these homogenous particles was sig-
ificantly lower in comparison to the irregular shaped ones
ynthezised, especially for macrocylic trichothecenes. Com-
aring the surface area of materials produced under different
onditions resulted in 1.82 m2/g for homogeneous spherical par-
icles [46] and 7.92 m2/g for irregular particles.

Summing up all optimization processes, best results could
e obtained using a DVB:GMA ratio of 2:1, using DVB with a
urity grade of 80% and producing irregular particles by stirring.

The obtained results proved the performance of the newly
ynthesized material delivering same and partially higher extrac-
ion efficiencies as commercially available material such as
asis® HLB (Table 3). The high performance of the GMA-DVB

n a wide range of polarity is in well agreement with already pub-
ished results from Mohamed et al. [48], where NSAIDS were

nvestigated and 10% higher extraction efficiencies in compari-
on to Oasis® HLB were obtained.

ig. 2. Influence of the monomeric ratio of DVB and GMA on the extraction
erformance of investigated compounds.
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[47] N.H. Aprilita, C.W. Huck, R. Bakry, I. Feuerstein, G. Stecher, S. Morandell,
G. Stecher et al. / Ta

. Conclusion

Aim of the presented study was the evaluation of extraction
echniques for trichothecenes on the basis of a chromatographic
etermination system. For this purpose an LC–UV and LC–MS
ethod was established. Afterwards different extraction sys-

ems on the basis of LLE and SPE (silica C18, silica C8, silica
4; Oasis® HLB; Mycosep 227) were evaluated and in this
oherence compared to a newly produced irregular material
poly(glycidyl methacrylate-divinylbenezene)). Results showed
learly that Oasis® HLB and the synthesized GMA-DVB
elivered highest extraction efficiencies for investigated tri-
hothecenes in comparison to other SPE materials.
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bstract

Two kinds of N-(6-alkylamido)-2-pyridine carboxylic acid with a pyridine moiety and a carboxylic acid as chelating ligands were newly
ynthesized for the selective extraction and the transport of copper(II) from aqueous solution. Liquid–liquid extraction was carried out to examine
he extraction ability of extractants with metal ions. The selectivity for the metal ions with N-6-(2-ethylhexylamido)-2-pyridine carboxylic acid
EHPA) was in the following order: Cu(II)�Zn(II) ≈ Pb(II) ≈ Ni(II) ≈ Co(II) > Cd(II) > Mn(II). All metals tested in this study were selectively
xtracted at a lower pH by 2–3 units compared with commercial available alkyl carboxylic acids such as naphthenic acid and Versatic 10. The
xtraction equilibria of copper(II) were measured by a batchwise method at 303 K with EHPA and N-6-(t-dodecylamido)-2-pyridinecarboxylic acid
t-DAPA). Copper(II) was extracted as a 1:2 complex according to the following reaction: Cu2+ + 2(HR)2 = CuR22HR + 2H+. The extraction

quilibrium constant, Kex was evaluated and the values were found to be 1.13 and 0.31 for EHPA and t-DAPA, respectively. It was demonstrated
hat t-DAPA was very stable to be incorporated into a polymer inclusion membrane (PIM) consisting of cellulose triacetate (CTA) as a base polymer
nd 2-nitrophenyl octylether (NPOE) as a plasticizer. This novel PIM containing t-DAPA as a carrier exhibited an excellent copper(II) transport
haracteristic and a high selectivity for copper(II) over cadmium(II) from aqueous solution.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Solvent extraction using chelating reagents has been widely
pplied in the fields of analytical and separation technology
1]. A large number of commercial chelating extractants are
vailable and used in solution in organic diluents such as
erosene. The large-scales of solvent extraction are successfully
tilized, but the use of high volume of volatile organic diluents
oses considerable environmental and health risks for industrial
se. An alternative approach for metal separation and concen-
ration, which offers significant advantages over conventional
olvent extraction methods and alleviates the problems men-
ioned above, is based on the use of liquid membrane (LM). The
ype of LM that has been used successfully so far is supported

iquid membrane (SLM) [2,3]. In the SLMs the organic phase
ontaining extractant and diluent is impregnated within the pores
f a solid, inert supported phase and retained there by capillary

∗ Corresponding author. Tel.: +81 985 58 7307; fax: +81 985 58 7323.
E-mail address: t0g202u@cc.miyazaki-u.ac.jp (Y. Baba).
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ves; Active transport of copper(II); Liquid–liquid extraction

orces. In previous studies, it was demonstrated that a SLM pilot
lant could be applied for recovery of copper [4,5]. However,
LMs show an inherent lack of stability caused by the loss of
xtractant and solvent from the pore of liquid membrane into
he aqueous phase [6,7]. The instability of SLMs has become
he major obstacle for industrialization of the process.

In recent years, a novel type of liquid membrane, commonly
alled polymer inclusion membrane (PIM) has been developed
o improve membrane stability [8–11]. The PIMs are formed by
asting a polymer matrix such as cellulose triacetate (CTA) and
oly vinyl chloride (PVC) containing an extractant and a plasti-
izer to form a thin and stable film. The resulting self-supporting
omogenous membranes containing extractants, which com-
lex preferentially with the metal ions of interest and act as
obile carriers, can pump these metal ions from more dilute

o more concentrated solutions. It has been shown recently
hat PIMs consisting of liquid extractants such as hydroxyary-

oximes (LIX® reagents) and di(2-ethylhexyl) phosphoric acid
D2EHPA) immobilized in the CTA polymer matrix can be used
uccessfully for extraction of copper(II) from acetic acid solu-
ions [12,13]. These types of membrane are characterized by
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ufficient mechanical strength to make them self-supporting and
lower rate of leaching of the liquid extractant from the mem-
rane into the aqueous solution. Since the efficiency of PIMs
epends mainly on the extraction capability of the carrier, the use
f an appropriate extractant as a carrier is very important factor to
abricate a PIM system. Several kinds of commercial extractants
uch as 2-hydroxy-5-nonlylacetophenone oxime (LIX® 84-I),
uinolines (Kelex 100) and D2EHPA have been used in PIMs
o date [14–16]. However, LIX® reagents with copper(II), gen-
rally, have a slow reaction rate while Kelex 100 and D2EHPA
ave a low copper(II) selectivity over the other divalent metal
ons. From the above reasons, we are interested in the design
nd synthesis of a novel extraction reagent that have high poten-
ial applications in the fields of hydrometallurgy and analytical
hemistry [17,18].

The aim of this present work is to develop a novel PIM
or the highly selective extraction and rapid transport of cop-
er(II) using new alkylated pyridinecarboxylic acid derivatives
s a carrier. The synthesis of N-(6-alkylamido)-2-pyridine car-
oxylic acid derivatives and evaluation of their extraction ability
nd transport characteristic for the separation of copper(II) over
admium(II) from aqueous solution were reported in this paper.

. Experimental

.1. Materials and analysis

Analytical-grade copper(II), zinc(II), nickel(II), cobalt(II),
ead(II), cadmium(II), manganese(II) and iron(III) nitrates
Wako Pure Chemical Ind. Ltd.) were used to prepare the test
olution of the respective metals. The Primene 81-R® (Rohm and
aas Co. Ltd.) was used as one of the raw material for the syn-

hesis of the extractant. Cellulose triacetate (CTA, acetyl content
3.6 wt.%, Mw = 72–74 kDa, Aldrich) was used as the poly-
er support for the preparation of membranes. 2-Nitrophenyl

ctylether (NPOE, >99.0% purity, Dojindo Laboratory) was
sed as plasticizer. Analytical TLC was performed using Merck
repared plates (silica gel 60 F254 on aluminium). Flash chro-
atography separations were performed on Merck Silica Gel

0 (70–230 Mesh). Nuclear magnetic resonance spectra were
ecorded on a Bruker AC250P for 1H NMR (250 MHz) and for
3C NMR (62.8 MHz) in CDC13 with TMS as internal standard
or the identification of products.

.2. Synthesis of N-6-(2-ethylhexylamido)-2-
yridinecarboxylic acid ester (EHPE)

A mixture of 2,6-pyridinecarboxylic acid di methyl ester
9.50 g, 0.048 mol), 2-ethylhexyl amine (6.5 g, 0.05 mol) and tri-
thylamine (4.0 g, 0.05 mol) in chloroform (200 ml) was refluxed
or 48 h at 342 K in Scheme 1. The reaction mixture was then
dded to chloroform and neutralized with aqueous sodium bicar-
onate solution, followed by washing with 1.0 M HC1 for the

emoval of unreacted amine. The organic phase was washed with
ater several times and then dried over anhydrous MgSO4. After
ecantation, the chloroform was evaporated in vacuo. The crude
roduct was purified by chromatography on silica gel with n-

i
b
w
l

cheme 1. Synthesis route for N-6-(2-ethylhexylamido)-2-pyridinecarboxylic
cid (EHPA).

exane/ethyl acetate (5:1) as eluent to afford a white liquid with
9% yield. 1H NMR (250 MHz, CDC13) δ 8.41 (dd, J = 7.7,
.2 Hz, 1H), 8.23 (dd, J = 7.7, 1.2 Hz, 1H), 8.18 (t, 1H, NH),
.03 (t, J = 7.7 Hz, 1H), 4.01 (s, 3H, OMe), 3.49 (t, 2H), 1.89 (m,
), 1.61 (m, 8H), 0.97 (m, 6H). 13C NMR (62.8 MHz, CDC13) δ

65.0, 163.4, 150.3, 146.4, 138.4, 127.0, 125.3, 52.8, 42.5, 39.5,
1.0, 28.8, 24.3, 22.9, 14.0, 10.8.

.3. Synthesis of N-6-(2-ethylhexylamido)-2-
yridinecarboxylic acid (EHPA)

A mixture of EHPE (7.8 g, 0.024 mol) and 0.5 M KOH
50 ml) was refluxed in THF (150 ml) for 3 h at 332 K in
cheme 1. The reaction mixture was filtered and the solvent
as evaporated in vacuo. The residue was dissolved in chloro-

orm, washed with distilled water several times and then dried
ver anhydrous MgSO4. After decantation, the chloroform was
vaporated in vacuo to produce a white solid. The resulting solid
as recrystallized from n-hexane to afford a white crystal with
8% yield.1H NMR (250 MHz, CDC13) δ 8.59 (t, 1H, NH), 8.49
dd, J = 7.8, 1.2 Hz, 1H), 8.38 (dd, J = 7.8, 1.2 Hz, 1H), 8.13 (t,
= 7.8 Hz, 1H), 7.27 (br, 1H, OH), 3.43 (t, 2H), 1.60 (m, 1H),
.43 (m, 8H), 0.89 (m, 6H). 13C NMR (62.8 MHz, CDC13) δ

65.3, 163.6, 149.6, 145.0, 139.9, 126.9, 126.3, 43.0, 39.4, 30.9,
8.7, 24.1, 22.9, 24.1, 22.9, 13.9, 10.7.

.4. Synthesis of N-6-(t-dodecylamido)-2-
yridinecarboxylic acid (t-DAPA)

In the first step, a mixture of 2,6-pyridinecarboxylic acid
ster (4.0 g, 0.02 mol), Primene 81-R® (4.0 g 0.02 mol) and
odium methoxide (1.0 g, 0.02 mol) in toluene (200 ml) was
efluxed for 12 h at 342 K in Scheme 2. The reaction mixture
as filtered and then added to chloroform. The solution was
eutralized with aqueous sodium bicarbonate solution, followed
y washing with 1.0 M HCl. The crude product was purified
y chromatography on silica gel with n-hexane/ethyl acetate
6:1) as an eluent to afford a yellow liquid. In the second step,

mixture of N-6-(t-dodecylamido)-2-pyridinecarboxylic acid
ster (3.8 g, 0.024 mol) and 0.5 M KOH (50 ml) was refluxed

n THF (150 ml) for 3 h at 332 K. The crude product was treated
y the same method as for EHPA. The fine product was washed
ith cold n-hexane and dried in vacuo to provide viscous yel-

ow oil with 70% yield.1H NMR (250 MHz, CDC13) δ 8.37 (dd,
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cheme 2. Synthesis route for N-6-(t-dodecylamido)-2-pyridinecarboxylic acid
t-DAPA).

= 7.8, 1.2 Hz, 1H), 8.21 (d, J = 7.7 Hz, 1H), 8.18-8.00 (br, 1H,
H), 8.01 (t, J = 7.7 Hz, 1H), 7.25 (br, 1H, OH), 2.04 (m, 2H),
.51 (m, 11H), 0.94 (m, 12H). 13C NMR (62.8 MHz, CDC13) δ

65.0, 162.2, 150.9, 146.2, 139.4, 126.6, 124.7, 52.7, 29.3, 26.4,
4.1-22.5, 14.2, 8.1.

.5. Liquid–liquid extraction

To evaluate extraction ability of synthesized extractants,
iquid–liquid extraction was carried out with various metal
ons. A 1.0 mM aqueous metal ions solution in 1.0 M ammo-
ium nitrate solution with pH adjusted with concentrated HNO3
r NH3 was prepared. In a 30 ml L-form tube, equal volume
10 ml) of the aqueous metal solution and extractant (0.01, 0.05
nd 0.1 M) in toluene were shaken mechanically for 24 h at
03 ± 0.1 K. After phase separation, the pH of the aqueous solu-
ion was measured with pH meter (HM-30S, DKK-TOA Co.
td., Japan). The metal ion concentration in the aqueous solu-

ion was determined by atomic absorption spectrophotometry
AAS, Perkin-Elmer Annalyst 100, Japan). The metal ion con-
entration in organic phase was calculated from the mass balance
etween aqueous and organic phases. A percentage extraction
% extraction) and metal distribution ratio (D) were calculated
ccording to Eqs. (1) and (2), respectively.

extraction = [M]org

[M]aq,init
× 100 (1)

= [M]org

[M]aq
(2)

here [M]aq,init represents the initial concentration of metal ion
n the aqueous phase. [M]aq and [M]org are the total concen-
rations of metal ion in the aqueous and organic phases after
quilibrium, respectively.

.6. Membrane preparation

The polymer inclusion membrane (PIM) was prepared
ccording to the reported procedure [19]. Solution of cellulose
riacetate was prepared by dissolving CTA (0.08 g) in chloro-
orm (10 ml). Another solution in chloroform (10 ml) containing

POE (0.15 g) and t-DAPA (0.08 g) was prepared. A casting

olution was prepared by mixing the two solutions, and then
omogenizing for 30 min, and casting onto a leveled 8-cm diam-
ter Petri dish. Chloroform was allowed to evaporate slowly over

t
o
2

3 (2007) 387–393 389

4 h as to obtain a polymer membrane with a smooth surface.
fter the evaporation of chloroform, the obtained membrane was

arefully peeled off the dish. The resulting membrane was com-
letely transparent and exhibited a good mechanical strength.
he identification of NPOE and t-DAPA contained in the mem-
rane was preformed by FT-IR (Perkin-Elmer FT-IR 300, Japan)
nd TG-DTA (SSC-5200, Seiko Instruments Inc., Japan) anal-
sis. Measurement on the membrane containing NPOE and
-DAPA shows additional peaks at 1608, 1671 and 2902 cm−1

orresponding to NO2, C O and CH2 bonds, respectively. The
verage membrane thickness measured by optical microscope
LH50A, Olympus, Japan) with calibrated lens (Carton Optical
nd. Ltd., Japan) was 60.2 × 10−6 m.

.7. Copper(II) transport study with PIM containing
-DAPA

Membrane transport studies were conducted in a two com-
artment cell that was thermostated at 303 ± 0.1 K in a water
ath. Each compartment had a volume capacity of 100 ml.
he effective membrane surface area was 1.25 × 10−3 m2.
he membrane was sandwiched between the two compart-
ent cells. The stirring rates in both the feed and receiving

olutions were measured with digital tachometer (HT-4100,
no Sokki Co., Ltd., Japan) and each solution was stirred at
constant rate throughout each experiment. The initial con-

itions used were a feed solution of 0.3 mM copper(II) in
.1 M 2-[4-(2-hydroxyethyl)-l-piperazinyl]ethanesulfonic acid
HEPES) buffer solution adjusted to pH 3.20 with concentrated
NO3 solution and a receiving solution of 1.0 M HC1. The

xtraction of copper(II) was monitored by taking 1.0 ml aliquots
rom each compartment at preselected time intervals and deter-
ining the metal concentration by AAS.

.8. Separation of copper-(II) from cadmium(II) with PIM
ontaining t-DAPA

Transport experiment involving the separation of copper(II)
rom cadmium(II) was conducted to examine the separation
haracteristics of PIM containing t-DAPA as a carrier. This
xperiment was carried out similarly to the copper(II) transport
xperiment outlined above. The feed solution of 0.3 mM cop-
er(II) and 1.0 mM cadmium(II) in 0.1 M HEPES buffer solution
djusted to pH 3.20 with concentrated HNO3 and a receiving
olution of 1.0 M HCl were used in this study. The concentra-
ion of each metal ion in the feed and the receiving solution was
etermined by AAS.

. Results and discussion

.1. Liquid–liquid extraction of copper-(II) with EHPE and
HPA
In order to evaluate the extraction ability of the extrac-
ants, liquid–liquid extraction of copper(II) was carried
ut with both intermediate product N-6-(2-ethylhexylamido)-
-pyridinecarboxylic acid ester and final product N-6-(2-
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ig. 1. Effect of pH on the percentage extraction of Cu(II) with EHPA and
HPE.

thylhexylamido)-2-pyridinecarboxylic acid. Fig. 1 shows the
ffect of pH on the percentage extraction of copper(II) with
HPA and EHPE. It can be seen that copper(II) was extracted
ith EHPA from pH 2.0 in 1.0 M ammonium nitrate solution.
owever, copper(II) was not extracted with EHPE in all pH

egions tested in this study. These results suggest that EHPA with
yridine moiety and carboxylic acid as chelating ligands plays
n important role in complex formation with copper(II). Based
n the experimental results, it is likely that the alkylamide group
f EHPA has no direct participation for the complex formation
ith copper(II). This observation agrees with those reported on

he N-alkyl-pyridinecarboxamides in the solvent extraction stud-
es, i.e., copper(II) in chloride media was not extracted with
-octyl-3-pyridinecarboxamide [20,21]. From the experimental

esult obtained in Fig. 1, it is assumed that EHPA complexes
ith copper(II) so as to form five-membered ring with pyridine
oiety and carboxylic acid of EHPA.

.2. Liquid–liquid extraction of various metal ions with
HPA

Based on the result of Fig. 1, EHPA was further investigated
or the extraction with various divalent metal ions and iron(III).
ig. 2 shows the effect of pH on the percentage extraction of
arious metal ions with EHPA. A 10 vol.% 2-ethyl-l-hexanol
as added to the organic phase as a modifier to avoid a

ormation of the third phase between aqueous and organic
hase. As seen in Fig. 2, copper(II) was extracted with EHPA
t lower pH by 2–4 units compared with other divalent metal
ons such as nickel(II), zinc(II), lead(II), cadmium(II) and
anganese(II). There was 95.5% extraction of copper(II) with
HPA at equilibrium pH 2.90 while there was no extraction
f other divalent metal ions and Fe(III) with EHPA. These
esults suggest that the separation of copper(II) over other metal
ons could be established at a low pH in acidic leach solution.

urthermore, it was found that all metals tested in this study
ere selectively extracted with EHPA at a lower pH by 2–3
nits compared with commercial available alkyl carboxylic
cids such as naphthenic acid and Versatic 10 [22–24]. The

s
p
t
t

ig. 2. Effect of pH on the percentage extraction of metal ions with EHPA.
M] = 1 mM, [HR] = 0.01 M.

nding of this result appears to reflect the electron-withdrawing
ffect of pyridine, causing lower the pKa of carboxylic acid on
HPA. It was observed that iron(III) was not extracted by EHPA
t all pH region tested in this study. This is very promising result
rom the viewpoint of copper hydrometallurgical application.
xtraction order for divalent metal ions with EHPA was
u(II)�Zn(II) ≈ Pb(II) ≈ Ni(II) ≈ Co(II) > Cd(II) > Mn(II).
his selectivity can be attributed to the high affinity of car-
oxylic group and pyridine nitrogen atom with divalent metal
ons such as copper(II), zinc(II) and nickel(II) as evidence
rom Pearson’s HSAB (hard, soft, acid, base) concept [25,26].

oreover, the high selectivity of EHPA toward copper(II) over
ther divalent metal ions can be explained by the formation
f a neutral complex in the organic phase where copper(II)
hould be present in tetra-coordinate geometry. It is known that
opper(II) can form these complexes, where other metal ions,
uch as zinc(II), cobalt(II) and manganese(II) preferably form
ctahedral-coordinate complexes [27,28].

.3. Extraction equilibrium of copper(II) with EHPA

The extraction data of copper(II) presented in Fig. 2 was fur-
her analyzed as a function of equilibrium pH variations at fixed
oncentration of EHPA (0.01, 0.05, 0.1 M in toluene) to exam-
ne an extraction equilibrium of copper(II) with EHPA. Fig. 3
hows the effect of pH on the distribution ratio of copper(II) with
HPA. The plots of log D versus pH were liner with slope of 2.0,

ndicating that the release of 2 mol of hydrogen ions from the
xtractant into the aqueous phase during the Cu(II)-EHPA com-
lex formation and metal transfer to the organic phase. Similarly,
he extraction data as a function of extractant variation at fixed
H was analyzed to draw the plots of log D versus log [HR].
ig. 4 shows the effect of dimmer concentration of extractant on

he distribution ratio of copper(II) with EHPA (HR). It can be
een that that 2 mol of extractant were involved in metal com-

lex formation with copper(II). Based on the above results and
aking into consideration that EHPA exists in dimeric form in
oluene, the extraction equilibrium of copper(II) with EHPA can
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Fig. 3. Effect of pH on the distribution ratio of Cu(II) with EHPA.
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ig. 4. Effect of dimmer concentration of extractant on the distribution ratio of
u(II) with EHPA at pH = 2.0.

e expressed as follows:

u2+ + 2(HR)2 � CuR22HR + 2H+ (3)

here the bar denotes species in organic phase.
he extraction equilibrium constant Kex is given by Eq. (4):

ex = [CuR22HR][H+]2

[(HR)2]
2
[Cu2+]

(4)

he mass balance equation for (HR)2 is given by following
xpression:

(HR)2]T = [(HR)2] + 2[CuR22HR] (5)

lso, distribution ratio of copper(II) between organic and aque-

us phase is defined according to

= [CuR22HR]

[Cu]total
(6)

f
c
t
r

Fig. 5. log([(HR)2])/[H+]) vs. distribution ratio of Cu(II) with EHPA.

ence, by combining Eqs. (4) and (6), we obtained the following
quation in its logarithmic form:

og D = 2 log [(HR)2] + 2 pH + log Kex (7)

o determine Kex, the experimental results are plotted in Fig. 5
ccording to Eq. (7). The Kex was obtained from the intercept of
he straight line with the ordinate in Fig. 5. The extraction equi-
ibrium constant was determined to be Kex = 1.13. The solid line
n Fig. 5 is the theoretical line based on Eq. (7). The theoretical
ine is good agreement with the experimental results.

.4. Synthesis of t-DAPA from Primene 81-R® for the
reparation of PIM

N-6-(t-dodecylamido)-2-pyridinecarboxylic acid (t-DAPA)
as synthesized from commercially available Primene 81-R®

o increase the hydrophobicity of the extractant for a PIM sys-
em. The Primene 81-R® is a primary aliphatic amine with
ighly branched alkyl chains and consists of mixtures of iso-
eric amines in the C12–14 range. We expected that solubility of

he extractant into organic solvents was enhanced by introducing
ighly branched alkyl chains on the amide group of the extrac-
ant. Liquid–liquid extraction of copper(II) was carried out with
-DAPA using only toluene as a diluent to compare the extraction
bility with EHPA which has 2-ethylhexyl as a branched alkyl
hain. Fig. 6 shows the effect of pH on the percentage extrac-
ion of copper(II) with EHPA and t-DAPA. As seen in Fig. 6,
opper(II) extraction with t-DAPA was very similar to that with
HPA even though no modifier was added to t-DAPA. The values
f log Pcta/w for extractants which indicate n-octanol/water par-
ition coefficients were calculated from CS ChemDraw Ultra® to
etermine solubility characteristics [29]. The values of log Pcta/w
ere found to be 4.46 and 3.14 for t-DAPA and EHPA, respec-

ively. The value of log Pcta/w for t-DAPA was higher than that

or EHPA, suggesting that the introducing highly branched alkyl
hains on amide group improved the solubility of extractant into
he organic solvent. This finding agrees with the experimental
esults showing improved solubility of t-DAPA into plasticizers
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Fig. 6. Effect of pH on the percentage extraction of Cu(II) with EHPA and
t-DAPA.

Table 1
Properties of EHPA and t-DAPA

Type of
extractants

Diluent Extraction
stoichiometry

log Poct/w Kex Solubility test
into NPOE

EHPA Toluenea CuR22HR2 3.14 1.13 Insoluble
t
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Fig. 7. Results of Cu(II) transport across PIM. Feed solution: [Cu(II)] = 0.3 mM
in 0.1 M HEPES buffer at pH 3.20. Receiving solution: 1.0 M HC1. PIM con-
taining 25 wt.% t-DAPA and 50 wt.% NPOE.
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-DAPA Toluene CuR22HR2 4.46 0.31 Soluble

a 10 vol.% 2-ethyl-l-hexanol was added as modifier.

uch as 2-nitrophenyl octylether (NPOE). Table 1 summarizes
he extraction stoichiometry, extraction equilibrium constants
nd solubility test into plasticizer for extractants. Taking account
f these results, t-DAPA was used as a carrier to be incorporated
nto CTA membrane for making a PIM for the transport and
eparate copper(II) over cadmium(II).

.5. Copper(II) transport with PIM containing t-DAPA

In the transport experiment, the system was constructed that
he membrane extraction of the species of interest was accom-
anied by its simultaneous stripping from the other side of the
embrane into a receiving phase [30,31]. The transport of cop-

er(II) through PIM containing t-DAPA as carrier from feed
olution of [Cu(II)] = 0.3 mM to receiving solution of 1.0 M HCl
as carried out. Fig. 7 shows the transport result for copper(II)
ith PIM containing 25 wt.% t-DAPA and 50 wt.% NPOE. As

vident from Fig. 7, the concentration of copper(II) in the feed
olution was started to decrease continuously and reach a con-
entration lower than the detection limit after 24 h. On the other
and, the concentration of copper(II) in the receiving solution
as increased with transport time. Therefore, the present investi-
ation shows that there is active transport of copper(II) through

IM in the membrane extraction system. The rapid transport
f copper(II) was a promising result from the standpoint of its
ndustrial application. It should be the case that the driving force
or the fast transport is the pH gradient between the feed and
eceiving solutions as expected from Eq. (3).

t
t
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b
f

ig. 8. Competitive transport of Cu(II) and Cd(II) across PIM. Feed:
Cu(II)] = 0.3 mM, [Cd(II)] = 1.0 mM in 0.1 M HEPES buffer at pH 3.20. Receiv-
ng solution: 1.0 M HCl. PIM containing 25 wt.% t-DAPA and 50 wt.% NPOE.

.6. Selective transport study between copper(II) and
admium(II) with PIM containing t-DAPA

Based on the results of liquid–liquid extraction experiments,
he selective transport of copper(II) over cadmium(II) was car-
ied out with PIM containing 25 wt.% t-DAPA and 50 wt.%
POE. The selective transport study was conducted in feed solu-

ion of [Cu(II)] = 0.3 mM, [Cd(II)] = 1.0 mM in 0.1 M HEPES
uffer at pH 3.20 and receiving solution of 1.0 M HCl. Fig. 8
hows the competitive transport of copper(II) and cadmium(II)
hrough PIM. It was established that copper(II) was selectively
ransported from the feed to the receiving solution and the trans-
ort of copper(II) was achieved almost completely after 12 h
xperiment. On the other hand, the transport of cadmium(II)
ppears to be only just beginning when the transport of cop-
er(II) has almost reached completion. These findings suggest
hat copper(II) was selectively transported through the PIM due

o the excellent extraction ability of carrier toward copper(II)
ver cadmium(II). Under the experimental condition, it is possi-
le after 12 h to obtain a separation factor (SF) of 933, calculated
rom Eq. (8) [32]. The high value of separation factor obtained
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n this study demonstrates that the novel PIM is very effective
o transport and separate copper(II) over cadmium(II) from the
eed solution to the receiving solution.

F = [Cu2+]r[Cd2+]f

[Cu2+]f[Cd2+]r
(8)

. Conclusion

It was noted that new alkylated pyridinecarboxylic acid
erivatives extracts copper(II) over other divalent metal ions
nd iron(III) at low pH in 1.0 M ammonium nitrate solution.
he finding of this study suggests that the pyridine moiety and
arboxylic acid of EHPA plays an important role in selectively
xtracting copper(II) over other metal ions. It was demonstrated
hat alkylated pyridinecarboxylic acid derivatives as a novel
xtraction reagent offer attractive possibilities in the fields of
ot only the separation chemistry but the hydrometallurgy as
ell. The transport of copper(II) from the feed solution to the

eceiving solution through PIM consisted of CTA as a base
olymer, NPOE as a plasticizer and t-DAPA as a carrier was
ound to be rapid and quantitative. It was found that PIM devel-
ped in this study is very effective to transport and separate
opper(II) from a high concentration of cadmium(II) solution.
n the basis of results obtained from this study, it can be con-

luded that PIM containing t-DAPA as novel carrier provides an
ttractive alternative to conventional solvent extraction methods
or the separation of copper(II) over cadmium(II) from aqueous
olution.

eferences

[1] Y. Nagaosa, Y. Binghua, Talanta 44 (1997) 327.
[2] J.D. Gyves, E.R.D.S. Miguel, Ind. Eng. Chem. Res. 38 (1999) 2182.
[3] A. Kumar, A.M. Sastre, Ind. Eng. Chem. Res. 39 (2000) 146.

[4] J.V. Linden, R.F.D. Ketelaere, J. Membr. Sci. 42 (1998) 125.
[5] J.A. Riddick, W.B. Bunger, T.K. Sakano, Organic Solvents: Physical Prop-

erties and Methods of Purifications, II, fouth ed., John Wiley & Sons, New
York, 1986.

[6] T.M. Dreher, G.W. Steven, Sep. Sci. Technol. 33 (1998) 835.

[

[

3 (2007) 387–393 393

[7] X.J. Yang, A.G. Fane, K. Soldenhoff, Ind. Eng. Chem. Res. 42 (2003)
392.

[8] M. Sugiura, M. Kikkawa, S. Urita, J. Membr. Sci. 42 (1989) 47.
[9] J.D. Lamb, A.Y. Nazarenko, J.C. Uenshi, H. Tsukube, Anal. Chim. Acta.

373 (1998) 167.
10] S.D. Kolev, L. Wang, R. Paimin, R.W. Cattrall, W. Shen, J. Membr. Sci.

176 (2000) 105.
11] A.H. Blitz-Raith, R. Paimin, R.W. Cattrall, S.D. Kolev, Talanta 71 (2007)

419.
12] G. Salazar-Alvarez, A.N. Bautisata-Flores, E.R.D.S. Miguel, M.

Muhammed, J.D. Gyves, J. Membr. Sci. 250 (2005) 247.
13] J.D. Gyves, A.M. Hernandez-Andaluz, E.R.D.S. Miguel, J. Membr. Sci.

268 (2006) 142.
14] E.R.D.S. Miguel, A.M. Hernandez-Andaluz, J.G. Banuelos, J.M. Saniger,

J.C. Aguilar, J.D. Gyves, Mater. Sci. Eng. A. 434 (2006) 30.
15] J.C. Aguilar, M. Sanchez-Castellanos, E.R.D.S. Miguel, J.D. Gyves, J.

Membr. Sci. 190 (2001) 107.
16] A. Gherrou, H. Kerdjoudj, R. Molinari, P. Seta, E. Drioli, J. Membr. Sci.

228 (2004) 149.
17] Y. Baba, M. Iwakuma, H. Nagami, Ind. Eng. Chem. Res. 41 (2002) 5835.
18] Y. Baba, T. Oshima, T. Tasaki, Proceedings of the 37th annual Australasian

Chemical Engineering Conference, Aukland, New Zealand, 2006 (Confer-
ence Media CD).

19] T. Hayashita, M. Kumazawa, J.C. Lee, R.A. Bartsch, Chem. Lett. (1995)
711.

20] A. Borowiak-Resterna, Solv. Extr. Ion. Exch. 12 (3) (1994) 557.
21] M. Regel-Rosocka, M. Winiewski, A. Borowiak-Resterna, A. Cieszynska,

A. Sastre, Sep. Purif Technol. 53 (2007) 337.
22] C.Y. Cheng, Hydrometallurgy 84 (2006) 109.
23] J.S. Preston, A.C. Preez, Hydrometallurgy 58 (2000) 239.
24] J.S. Preston, Hydrometallurgy 14 (1985) 171.
25] D. Min, S.S. Yoon, D.Y. Jung, C.Y. Lee, Y. Kim, W.S. Han, S.W. Lee, Inorg.

Chim. Acta. 324 (2001) 293.
26] R.C. Pearson, J. Amer. Chem. Soc. 85 (1963) 3533.
27] J. Pons, R. March, J. Rius, J. Roa, Inorg. Chim. Acta 357 (2004) 3789.
28] R. March, W. Clegg, R.A. Coxall, L. Cucurull-Sanchez, Inorg. Chim. Acta

353 (2003) 129.
29] I. Szczepanska, A. Borowiak-Resterna, M. Wisniewiski, Hydrometallurgy

68 (2003) 159.
30] G. Argiropoulos, R.W. Cattrall, I.C. Hamilton, S.D. Kolev, R. Paimin, J.

Membr. Sci. 138 (1998) 279.

31] Y. Baba, K. Hoaki, J.M. Perera, G.W. Stevens, T.J. Cardwell, R.W. Catrall,

S.D. Kolev, Proceedings of the 6th World Congress of Chemical Engineer-
ing, Melbourne, Australia, 2001 (Conference Media CD).

32] M.E. Nunez, E.R.D.S. Miguel, F. Mercader-Trejo, J.C. Aguilar, J.D. Gyves,
Sep. Purif. Technol. 51 (2006) 57.



A

f
c
r
a

a
a
c
w
p
©

K

1

i
a
w
i
t
E
o
d
r
t
m
m

0
d

Talanta 73 (2007) 237–245

Experimental design approach for the solid-phase extraction of residual
aluminium coagulants in treated waters

P. Vanloot a, J.-L. Boudenne a,∗, Laurent Vassalo a, M. Sergent b, B. Coulomb a
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bstract

Solid-phase extraction (SPE) of trace elements before their analysis has become a conventional pretreatment step of analytes because of their
requent low concentrations in numerous samples. Additionally, interfering compounds often accompagny analytes of interest, thus requiring a
lean-up step. The preconcentration step and/or matrix removal can be efficiently improved by chemometric approaches allowing obtention of
eliable results. Single variable approach is often used but is time and cost consuming, and may be the source of mistakes; multivariable approach
llows to overcome these problems and increases the probability of global optimum finding.

In order to obtain a set of experimental conditions for the selective extraction of Al(III) in water samples, onto a modified organic support (salicylic
cid grafted on XAD-4), a multicriteria approach (response surface methodology) has been applied. The extraction method was optimized by the

id of a factorial design and a uniform shell Doehlert design for six variables: sample percolation flow rate, trace metal amount, sample volume,
oncentration and volume of HCl used for elution of aluminium. Results demonstrate the synergic effects of four factors and allow us to define
orking ranges for each parameter tested. The designed SPE procedure was then sucessfully applied to synthetic and real samples, issued from a
otable water treatment unit.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Aluminium determination at low level is of particular interest
n potable water units because this metallic ion is commonly used
s reactant for coagulation–floculation in the treatment of raw
aters to remove colloidal or suspended particles or to elim-

nate organic matter. At the outlet of these units, maximum
olerable level of this cation has been fixed to 200 �g l−1 by
uropean Legislation [1]. This cation is associated with vari-
us health problems in numerous studies, from gastrointestinal
amage and phosphate deficiency to dialysis encephalopathy,
enal oestrodistrophy and Alzheimer’s disease [2,3]. In order

o optimise coagulation process in drinking water plants and to

inimise aluminium levels in finished water, monitoring of this
etal contents during and after raw water treatment is there-

∗ Corresponding author. Tel.: +33 4 91106140; fax: +33 4 91106378.
E-mail address: jean-luc.boudenne@univ-provence.fr (J.-L. Boudenne).
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039-9140/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2007.03.030
ce methodology; Desirability indice

ore needed. Up to now, the coagulant quantities are generally
etermined by the empiric Jar-test technique [4], that induces
roblems of excess (or insufficient) reagent, particularly dur-
ng period of fast variation in water quality [5]. Moreover, an
uropean Directive has recently introduced the principle of self-
onitoring, i.e. that producers must constantly ensure that the
ater distributed to consumers meets the minimum requirements

et out. In response to any failure to meet a standard for drink-
ng water quality, the water company must establish the cause
nd the nature of the failure [6]. These more and more stringent
egulations have induced during last years many advances in the
utomation of analytical procedures, and in the development
f coupled methods associating solid-phase extraction (SPE) or
olid-phase microextraction (SPME) – to reach required low
evels of metallic trace elements – with, in most cases, spec-

rophotometric methods [7–10].

These last ones are actually the easiest detection methods
uitable for automation and miniaturization, and have thus direct
pplication for on site and/or on-line micropollutant determina-
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ion [11–13]. Commonly used SPE sorbents consist of specific
unctional groups immobilized on a solid support, improving the
fficiency of metal extraction by providing better contact area
ith the samples [14]. Sorbents may be in the form of extrac-

ion disks [15–17] or in the form of resins [18,19]. Recently,
ur research group has developped a new sorbent intended for
he selective determination of aluminum in water samples. This
upport is a modified commercial resin (Amberlite® XAD-4)
nto which we have chemically bond a chelating function (sal-
cylic acid). Its synthesis scheme has already been published in
previous paper [20].

In this paper, our purpose is to determine factors affecting the
xtraction–elution steps of aluminum onto this support, in order
o spectrophotometrically detect this cation in future studies.
evels of aluminum at the outlet of potable water treatment unit
re relatively low and lay down this extraction–preconcentration
tep. Factors influencing accuracy of the spectrophotometric
ethod will be directly linked to the step of elution, and this

ast one will be strongly correlated to the factors linked to the
equestration step onto the support. This paper will at first deter-
ine the relative influence of three factors affecting the elution

ield (elution rate, concentration and volume of hydrochloric
cid) thanks to a new experimental design approach and to
he use of a desirability function (95% of aluminum recovery
uring the elution step. Next, a desirability function will be
pplied to the global procedure (extraction + elution) and will
llow us to determine optimal conditions to reach a minimum of
5% yield.

. Experimental

.1. Reagents

All solutions were prepared with ultra-high quality deionised
ater (Millipore, resistivity >18 M� cm).
Amberlite XAD-4 resin was obtained from Acros Organics

Noisy-le-Grand, France). It was suspended under agitation in
ethanol for 24 h after which the washed resin was filtered off,

insed with methanol and dried at 60 ◦C for 48 h before use.
All chemicals used in this work were of analytical grade and
urchased from Acros Oragnics and used without further purifi-
ation, except for thionyl chloride, which was purified before
se by distillation under argon at atmospheric pressure (76 ◦C
raction) and was used immediately.

t
t

Fig. 1. Design of the microcolumn used
73 (2007) 237–245

A commercial stock solutions of 1 g l−1 of Al3+ was pur-
hased from Merck (Darmstadt, Germany). Further dilutions
ere prepared daily as required. Synthetic multielement sam-
les were prepared as required from dilution of a stock solution
sed for ICP–AES calibration. This PlasmaTEST® solution,
urchased from SCP Sciences (Canada) was constituted of 18
lements (As, Be, Ca, Cd, Co, Cr, Cu, Fe, Mg, Mo, Ni, Pb,
b, Se, Ti, Tl, V, Zn) at 10 mg l−1 (±0.08 mg l−1). Before each
xtraction, samples were acidified to pH 2.5 with nitric acid.
or on-line detection of Al(III) ions, a chromazurol-S (CAS)
olution was used at a concentration of 1.5 × 10−4 mol l−1,
ith cetyltrimethylammonium bromide at 4.5 × 10−4 mol l−1.
-Phenanthroline (4 × 10−4 mol l−1) and hydroxylammonium
ydrochloride (1 × 10−3 mol l−1) were added to mask interfer-
ng species (Fe3+ and Cu2+). Acetate buffer was used to adjust
olorimetric reagent solution pH at 5.1

.2. Synthesis of SA-XAD resin

The sorbent SA-XAD was prepared by a procedure already
escribed in a previous paper [20] and described briefly herein.
mberlite XAD-4 resin (5 g) was treated with 2.7 ml acetyl

hloride and 5.62 g anhydrous aluminium chloride in 1,2-
ichloroethane. The system was refluxed for 16 h at 40 ◦C. The
olid was washed with hydrochloric acid, water and methanol
efore repeated treatments with KMnO4 (2.5 g) and sodium
ydroxide (5.75 g). The carboxylated resin was refluxed with
hionyl chloride (30 ml) at 70 ◦C for 2.5 h and then stirred with 2-
ethylanisole (15 ml) and anhydrous aluminium chloride (3.6 g)

uring 12 h at 60 ◦C. Methyl groups were then oxidized into
arboxylic groups by a mixture of sodium hydroxide (0.16 g)
nd KMnO4 (3.76 g) in water at 60 ◦C. Finally, methoxy groups
ere converted into hydroxy groups by mixing previous resin
ith anhydrous aluminum chloride (5.76 g) and toluene (30 ml)

t 60 ◦C for 8 h. The final resin (SA-XAD) was collected by
ltration, washed with water and methanol, and dried under
acuum.

.3. MSFIA aluminium determination: apparatus and
rocedure
The manifold used for aluminium extraction and determina-
ion is depicted Fig. 1. It is mainly composed of three modules:
he new resin (40 mg) packaged into a methyl polymetacry-

for Al(III) solid-phase extraction.
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ate micro-column of 6 mm i.d. and 10 mm length, affording
hus flow-through percolation of samples, an automatic multi-
urette CRISON Microbur BU4S (Crison Instruments, Alella,
pain) equipped with three 5 ml syringes (Hamilton, Interchim,
rance), each of them being connected to a three-way selection
alve CRISON 2045. The fourth selection valve of multibu-
ette was only used for sampling. Tubings, 0.8 mm i.d., are
ade of Teflon. A Secomam S1000 UV–vis spectrophotome-

er (Secomam, Alès, France) was used to perform absorbance
easurements. SPE system was adapted to a flow-through quartz

uprasil cell (2 cm optical pathlength) of the UV–vis spectropho-
ometer.

The whole modules of the MSFIA system (automatic
urettes, valves, spectrophotometer) were connected to a com-
uter via a RS-232C interface and controlled by the Autoanalysis
tation 3.0 software (SCIware, Palma, Spain) [21].

The operation of the on-line aluminium extraction and deter-
ination was as follows: during extraction step, sample was

spired in an holding coil, whereas the three other syringes were
lled with water used as carrier, with hydrochloric acid (HCl)
nd with the reagent (R). Then the four modules pushed each of
heir liquids upwards: sample and water were percolated through
he microcolumn that retained the metal, while HCl and reagent
ame back to their own tanks. Thus, Al(III) ions were retained on
he SA-XAD sorbent and the remaining solution was discharged.

During the elution step, HCl and the spectrophotometric
eagent are pushed together, the first one to the inlet of col-
mn to elute Al3+, the second one to the outlet of the column to
e mixed with eluate in a mixing loop. Complexes thus formed
ere then determined by spectrophotometry at λ = 546 nm.

.4. Metal analysis and resin characterization

Graphite furnace–atomic absorption spectrometry
GF–AAS) was used to determine recovery rates after the
luminium extraction–elution procedure. GF–AAS measure-
ents are carried out on a Perkin-Elmer 1100B spectrometer

quipped with an HGA700 graphite furnace. A Perkin-Elmer
luminium hollow-cathode lamp was operated at 25 mA.
rgon flow was 300 ml min−1 except during atomisation.
yrolytically-coated graphite furnace tubes were used.

Furnace settings were: drying at 160 ◦C, ramp for 20 s, hold
or 35 s; cracking at 1200 ◦C for Al; no ramp; hold for 5 s; atom-
sing at 2400 ◦C, no ramp and 2 s hold; and cleaning at 2800 ◦C,
o ramp and 2 s hold.

Inductively coupled plasma–atomic emission spectrometry
ICP–AES) measurements were carried out with a Jobin YVON
Y2000 Ultratrace spectrometer, equipped with a CMA spray
hamber and a Meinhard TR50-C1 glass nebuliser, when con-
idering interfering cations. Determinations were performed
ith the following parameters: power 1000 W, pump speed
0 ml min−1, plasma flow rate 12 l min−1, coating gas flow rate
.2 l min−1, nebuliser flow rate 0.83 l min−1 and nebuliser pres-

ure 3.1 bar.

Infrared (IR) spectra were recorded on a Nicolet Impact 410
pectrometer (Montigny-le-Bretonneux, France). Samples were
ressed into KBr pellets.
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.5. Experimental design

.5.1. Experimental factors
Preliminary studies have shown that six parameters – noted

s factors X afterwards – have to be considered during SPE
ptimization in order to obtain three experimental responses –
oted as factors Y later on – that are extraction (Y1), elution (Y2)
nd aluminium recovery (Y3) rates: flow-through sample volume
X1), sample percolation rate (X2), sample metal concentration
X3), (all three directly linked to extraction step), eluent volume
X4), elution flow-rate (X5) and concentration of eluent (X6), (all
hree directly linked to elution step). The domains of variation
or each factor was determined based on knowledges of the sys-
em (mainly volume of syringes and piston speed available with
RISON Instruments) and acquired from initial experimental

rials:

X1: 0.5–5 ml
X2: 0.5–9 ml min−1

X3: 20–200 �g l−1

X4: 0.2–5 ml
X5: 0.5–9 ml min−1

X6: 0.1–0.5 mol l−1

For calculation, the factors were transformed in coded fac-
ors, varying from −1 to + 1, and the experimental domain of
he coded factors (Xi) is represented by a six-dimensional hyper-
phere (radius 1).

.5.2. Experimental design methodology
The aim of this study was to determine the best conditions

or extraction and elution, and for that, the value of extraction
ields over the whole experimental domain is desired. To get
his information, an empirical mathematical model was used,
hich establishes the relationship between the variation of the

esponses, η, and the variation of the factors X. This model is a
uadratic model of the form:

= β0 + β1X1 + β2X2 + · · · + βkXk + β11X
2
1 + β22X

2
2

+ · · · + βkkX
2
k + β12X1X2 + · · · + βk−1,kXk−1Xk

here η represents the variation of the responses; k is the number
f factors; β0 is the constant factor; βi, βii and βij are coefficients
f the linear, quadratic and cross-product terms, respectively.

To estimate the coefficients of this model, we need a set of
xperiments well spread in the domain, that is a design of exper-
ments optimal for a second order polynomial model. Indeed,
he quality of the coefficient estimation and the quality of the
revision only depend on the choice of the experimental points.
mong the set of designs, we chose a uniform shell Doehlert
esign, which is an optimal design for the spherical domain
efined by the factors [22]. For a studied response (η), the esti-
ates (βi, βii, βij) were calculated using a multilinear regression.

ome experiments were replicated in order to estimate the vari-
nce of the experimental results. Then, to minimize the effect of
ystemic errors, experiments were carried out in a random fash-
on. The calculations have been performed with the Nemrod-W
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ig. 2. FTIR spectra of Amberlite XAD-4, modified resin (SA-XAD) and treated
ith an aluminium solution.

oftware (LPRAI, Marseille, France), which was developed for
uilding and processing designs of experiments [23].

The isoresponse curves and the desirability function [24]
ere used to determine the best compromise in the experimental
omain.

Table 2 shows ANOVA results for aluminium recovery rate
Y3). The F-ratio shown is used to determine the statistical sig-
ificance of the extraction–elution process. The F-value is a ratio
f two independent estimates of experimental error. Associated
ith this ratio is a P-value wich quantifies the probability of
aking an error by associating an effect with a given factor. The
-value also provides the exact level of significance of a hypoth-
sis test. The R-square values indicate the percentage of variation
f the response that is explained by the deliberate variation of
he factors in the case of experiment [25].

. Results and discussion

.1. Resin characterization

Each step of the grafting procedure was characterized by
TIR (Fig. 2). FTIR spectra of original Amberlite XAD-4
evealed the presence of pendant ethylbenzene groups; 2955
nd 2871 cm−1 valence vibrations of CH3 were observed. The
roups originate from the presence of ethylvinylbenzene in the
ommercial divinylbenzene used for preparation of the resin.
resence of pendant vinylbenzene groups was assessed as well
y the valence vibration of the C–H bonds at 3083 cm−1 (vinylic
H2) and 3017 cm−1 (vinylic CH) and of C C vinylic bond
t 1628 cm−1. After the first acylation, those three vibration
ands disappeared which showed that pendant vinylbenzene
roups reacted with aluminum chloride and acetyl chloride.
ddition of acetyl groups on the phenyl rings of poly(styrene-co-

ivinylbenzene) was evidenced by bands at 1266 and 1196 cm−1

aryl ketones), 1359 cm−1 (deformation vibration of CO–CH3)
nd 1685 cm−1 (vibration band of C O fixed on a aromatic
ing). Oxidation of these acetyl groups by KMnO4 in basic

Y

73 (2007) 237–245

edium leads to a small modification of the C O vibration band
1668 cm−1) and an emergence of an O–H band at 2624 cm−1.
rafting of 2-methylanisole was assessed by the FTIR bands:
262 cm−1, aryl ether and aryl ketone; 1122 cm−1, C–O vibra-
ion band of ethoxy group; and 1025 cm−1, deformation band
f trisubstituted phenyl. Oxidation induced the presence of a
alence vibration of the C O bond of the carboxy group at
720 cm−1 and of the C–O bond of this group at 1231 cm−1.
eprotection of the methoxy group caused the disappearance of

he aryl ether band at 1122 cm−1.
The comparison of FTIR spectra for grafted complexed and

ncomplexed resin shows a modification of intensity of the band
reviously assigned to carboxylic group. A band of medium
ntensity, in the region near 1380 cm−1 appeared. This band
ould be attributed to the formation of a carboxylate moiety
esulting from complexation with aluminium. This phenomenon
as been reported for several metallic complexes of salicylic acid
26].

.2. Doehlert design

Two factors have been prefixed according to previous batch
xperiments [27].

Mass of sorbent used during extraction–elution optimization
as been fixed to 40 mg which is a large excess when considering
xtraction capacity of the modified resin (4.4 ± 0.3 mg g−1 for
l3+). pH aluminium extraction has been fixed to 2.5 according

o chelating properties of modified resin towards Al3+.
The six other factors affecting solid-phase extraction of alu-

inium have been optimized by use of a Doehlert design. This
ne was devoted to the extraction step optimization as a exper-
mental design within six factors: flow-through sample volume
X1), sample percolation rate (X2), sample metal concentration
X3), HCl volume (X4), elution flow-rate (X5) and concentration
f eluent (X6).

This design consists of a set of 43 distinct experiments and the
entral point of the experimental domain – represented by exper-
ment #43 – was repeated three times to evaluate the repeatability
f the measurements (Experiments 43, 44 and 45). Experiments
equired for this design are described in Table 1. This design
ncludes the possibility of adding additional factors without any
dverse effects on the quality of the design.

From these results, coefficients estimation were calculated
sing multilinear regression from NEMROD-W [24] for alu-
inium extraction yield Y1 (Eq. (1)) – which depends only on

actors X1, X2 and X3 – for aluminium elution Y2 (Eq. (2)) and
luminium recovery rates Y3 (Eq. (3)):

1 = 85.93 − 0.48X1 − 8.55X2 + 0.39X3 + 2.82X2
1

+ 3.15X2
2 + 0.43X2

3 − 1.96X1X2 − 3.23X1X3

− 1.23X2X3 (1)
2 = 90.967 − 2.771X1 + 0.544X2 − 0.980X3 + 4.391X4

− 13.410X5−2.411X6−1.167X2
1 − 0.333X2

2

− 1.425X2
3 − 2.802X2

4 − 6.540X2
5 − 1.148X2

6
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Table 1
Doehlert design and experimental results

Experiment X1 (ml) X2 (ml min−1) X3 (�g l−1) X4 (ml) X5 (ml min−1) X6 (mol l−1) Y1 (%) Y2 (%) Y3 (%)

1 5.00 4.75 110.00 2.60 4.75 0.30 88.20 86.60 76.40
2 0.50 4.75 110.00 2.60 4.75 0.30 89.30 93.00 83.00
3 3.88 8.45 110.00 2.60 4.75 0.30 79.80 87.60 69.90
4 1.63 1.05 110.00 2.60 4.75 0.30 96.50 91.50 88.30
5 3.88 1.05 110.00 2.60 4.75 0.30 96.00 89.20 85.60
6 1.63 8.45 110.00 2.60 4.75 0.30 83.70 93.40 78.10
7 3.88 6.00 185.00 2.60 4.75 0.30 83.70 89.10 74.60
8 1.63 3.50 35.00 2.60 4.75 0.30 86.90 87.50 76.10
9 3.88 3.50 35.00 2.60 4.75 0.30 91.50 89.50 81.90
10 2.75 7.20 35.00 2.60 4.75 0.30 82.30 92.50 76.10
11 1.63 6.00 185.00 2.60 4.75 0.30 85.50 91.50 78.20
12 2.75 2.30 185.00 2.60 4.75 0.30 93.40 88.50 82.70
13 3.88 6.0 128.75 4.50 4.75 0.30 85.90 90.50 77.70
14 1.63 3.50 91.25 0.70 4.75 0.30 87.90 86.40 75.90
15 3.88 3.50 91.25 0.70 4.75 0.30 88.40 83.70 74.00
16 2.75 7.20 91.25 0.70 4.75 0.30 81.70 85.90 70.20
17 2.75 4.75 166.25 0.70 4.75 0.30 87.60 84.90 74.30
18 1.63 6.00 128.75 4.50 4.75 0.30 86.50 93.80 81.20
19 2.75 2.30 128.75 4.50 4.75 0.30 92.20 92.80 85.60
20 2.75 4.75 53.75 4.50 4.75 0.30 88.20 92.80 81.80
21 3.88 6.00 128.75 2.98 8.10 0.30 86.70 74.50 64.60
22 1.63 3.50 91.25 2.22 1.40 0.30 86.50 97.40 84.30
23 3.88 3.50 91.25 2.22 1.40 0.30 88.40 94.90 83.80
24 2.75 7.20 91.25 2.22 1.40 0.30 81.70 96.10 78.50
25 2.75 4.75 166.25 2.22 1.40 0.30 87.60 94.80 83.00
26 2.75 4.75 110.00 4.12 1.40 0.30 86.30 97.40 84.00
27 1.63 6.00 128.75 2.98 8.10 0.30 86.50 78.00 67.50
28 2.75 2.30 128.75 2.98 8.10 0.30 93.00 76.00 70.70
29 2.75 4.75 53.75 2.98 8.10 0.30 86.20 78.30 67.50
30 2.75 4.75 110.00 1.08 8.10 0.30 86.30 77.30 66.70
31 3.88 6.00 128.75 2.98 5.3 0.45 86.70 85.20 73.90
32 1.63 3.50 91.25 2.22 4.2 0.15 87.90 95.90 84.30
33 3.88 3.50 91.25 2.22 4.2 0.15 88.40 93.20 82.40
34 2.75 7.20 91.25 2.22 4.2 0.15 82.90 94.70 78.50
35 2.75 4.75 166.25 2.22 4.2 0.15 86.10 92.10 79.40
36 2.75 4.75 110.00 4.12 4.2 0.15 85.20 95.00 81.00
37 2.75 4.75 110.00 2.60 7.55 0.15 86.30 75.80 65.40
38 1.63 6.00 128.75 2.98 5.3 0.45 85.60 88.00 75.40
39 2.75 2.30 128.75 2.98 5.3 0.45 92.20 86.80 80.00
40 2.75 4.75 53.75 2.98 5.3 0.45 86.20 90.50 78.00
41 2.75 4.75 110.00 1.08 5.3 0.45 86.30 77.30 66.70
42 2.75 4.75 110.00 2.60 1.95 0.45 85.20 96.80 82.50
43 2.75 4.75 110.00 2.60 4.75 0.30 86.30 91.00 78.50
44 2.75 4.75 110.00 2.60 4.75 0.30 86.30 91.00 78.50
45 2.75 4.75 110.00 2.60 4.75 0.30 85.20 90.90 77.50

X etal
e

Y

T
p
p

1: flow-through sample volume; X2 = Sample percolation rate; X3 = Sample m
xtraction rate; Y2 = Al3+ elution rate; Y3 = Al3+ recovery rates.

− 2.021X1X2−1.980X1X3−1.261X2X3 + 0.870X1X4

− 0.466X2X4 − 0.349X3X4+0.452X1X5+0.961X2X5

− 0.917X3X5 − 2.915X4X5+0.971X1X6+0.321X2X6

− 1.203X3X6 + 7.0559X4X6 + 2.581X5X6 (2)

3 = 78.167 − 2.436X1 − 6.545X2 − 0.044X3 + 4.728X4
−10.636X5−1.582X6 + 1.533X2
1+2.567X2

2−0.875X2
3

−1.572X2
4 − 5.453X2

5 − 0.957X2
6 − 3.175X1X2

−4.634X1X3−2.039X2X3+1.344X1X4 − 0.119X2X4

t
u
w
n

concentration; X4 = Volume of HCl; X5 = HCl flow-rate; X6 = [HCl]; Y1 = Al3+

−2.466X3X4 + 0.581X1X5+1.617X2X5−1.592X3X5

−2.213X4X5 + 2.324X1X6 + 0.309X2X6

−0.169X3X6 + 7.239X4X6 + 2.812X5X6 (3)

he experimental results and the predicted values could be com-
ared – from three last columns in Table 1 – and they match
roperly (S.D. = 3.454 for Y1, 2.316 for Y2, 2.070 for Y3).

The statistical significance of the ratio of mean square varia-

ion due to regression and mean square residual error was tested
sing analysis of variance. ANOVA is a statistical technique
hich subdivides the total variation in a set of data into compo-
ent parts associated with specific sources of variation for the
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Table 2
ANOVA of the regression for aluminium recovery rates (Y3)

Source Sum of square Degrees of freedom Mean square F-ratio P-value (significance)

Regression 1523.87 27 56.4398 13.1700 <0.01
Residual 72.8531 17 4.28548
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ack of fit 72.1864 15
ure error 0.6666 2
otal 1596.73 44

urpose of testing hypotheses on the parameters of the model.
nly results obtained for aluminium recovery rates (Y3) are pre-

ented herein for clarity of purpose. According to the ANOVA
Table 2), the regression mean squares (56.4398) and the resid-
al mean square (4.81243) allowed the calculation of the Fisher
atios (F-value) for assessing the statistical significance. The
odel F-value of 56.44 implies that most of the variation in the

esponse can be explained by the regression equation. The asso-
iated P-value is used to judge whether F-ratio is large enough to
ndicate statistical significance. A P-value lesser than 0.01 (i.e.
= 0.01 or 99% confidence) indicates that the model is consid-

red to be statistically significant. The P-value for the regression
btained (r2 = 0.954) was less than 0.01 and means consequently
hat at least one of the term in the regression equation has a
ignificant correlation with the response variable. The ANOVA
able also shows a term for residual error, which measures the
mount of variation in the response data left unexplained by the
odel. The form of the model chosen to explain the relationship

etween the factors and the response is correct.

.3. Response surface regression analysis

After validation, these equations were used to represent the
esponses in the whole domain and to determine, in a first time,
hat step of solid-phase extraction is most influencial on alu-
inium recovery rates.
In Fig. 3, Y3 has been plotted versus aluminium extraction

ate Y1 and versus aluminium elution rate Y2. This representa-
ion allows one to see at the first glance that the elution step is
reponderant upon the extraction step.

In order to determine what parameters are significant during

luminium elution step, response surfaces have been represented
raphically. Aluminium recovery rates (Y3) were plotted versus
evels of X4, X5 and X6 (respectively, HCl volume, elution flow-
ate and HCl concentration) with the three factors linked to the

t
v
i
o

Fig. 3. Correlation between aluminium extraction rate Y1, alu
4.81243 14.4373 6.7
0.3333

lution step fixed. Flow-through sample volume (X1) was fixed at
.75 ml, sample percolation rate (X2) was fixed at 4.75 ml min−1

nd sample metal concentration (X3) was fixed at 110 �g l−1.
In the first contour plot (Fig. 4a), we see that for a Y3 superior

o 95%, HCl volume has to be at least equal to 1.77 ml with
lution flow-rate below 3.9 ml min−1; the second one (Fig. 4b)
onfirms this 95% yield is obtained when working with elution
ow-rate below 3.9 ml min−1 and with HCl at a concentration
elow 0.40 mol l−1.

These primary results show a preponderant effect of elution
ow-rate upon aluminium recovery rate. In order to confirm
reponderance of elution step and to assess the suitability
f the micro-column used for Al3+ extraction in the range
–200 �g l−1, supplementary contour plots have been drawn
Fig. 5).

Y3 has been plotted versus levels of elution flow-rate (X5) and
i) flow-through sample volume (Fig. 5a), (ii) sample percola-
ion rate (Fig. 5b) and (iii) sample metal concentration (Fig. 5c).
hese contour plots confirm when working below 3.9 ml min−1,
95% aluminium recovery rate may be reached whatever sam-
le percolation rate (X2) – in the range 0.45–9.05 ml min−1 –
nd whatever sample metal concentration (X3) – in the range
0–200 �g l−1.

.4. Desirability function

The maximization of each response was not obtained at the
ame conditions. One way to overcome this difficulty was to
efine an acceptable range for response Y3. The satisfactory zone
as that part of domain for which the value of the response was

cceptable. To determine this acceptable zone, we use a multicri-

eria optimization procedure based on desirability function. This
aried from 0 to 1, according to the closeness of the response to
ts target value. For Y3, we have chosen to reach a target value
f 95% and the desirability D at this point was equal to 1. An

minium elution rate Y2 and aluminium recovery rate Y3.
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Fig. 4. Study of elution parameters (a) variation of the response-Y in the plane: X (HCl volume), X (elution flow-rate) and fixed factors, flow-through
s tal co
o on) a
r = 2.6
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ample volume = 2.75 ml, sample percolation rate = 4.75 ml min−1, sample me
f the response-Y3 in the plane: X5 (elution flow-rate), X6 (HCl concentrati
ate = 4.75 ml min−1, sample metal concentration = 110 �g l−1 and HCl volume

luminium recovery rate between 90 and 95% was acceptable,
ut the desirability was equal to 0 if Y3 was lower than 90%.
his function was physically mapped over the domain for X1,
2, X3, X4, X5 and X6 (Fig. 6), giving a reliable general picture
f the acceptable region. From these desirability functions and
y combining each response, it has been possible to establish an
pplication domain of each factor for at least 95% aluminium
ecovery rate.

In order to determine analytical features and study application
f the optimized extraction procedure, factors were then fixed
ith following values: a flow-through sample volume of 1.5 ml,
sample percolation (or extraction) flow-rate of 2 ml min−1, a
Cl volume of 2 ml, an elution flow-rate of 3 ml min−1 and a
Cl concentration of 0.10 mol l−1.

.5. Analytical features
The calibration graph under the conditions previously quoted
s given as A = 3.38 × 10−1 + 4.6 × 10−3 C in the range of
.2–200 �g l−1 (A is aborbance of complex, C is aluminium con-

F
i
a
c

ig. 5. Study of extraction parameters (a) variation of the response-Y3 in the plane: X1

ercolation rate = 4.75 ml min−1, sample metal concentration = 110 �g l−1, HCl volum

3 in the plane: X2 (sample percolation rate), X5 (elution flow-rate) and fixed factors, fl
Cl volume = 2.60 ml and HCl concentration = 0.30 mol l−1. (c) Variation of the resp

nd fixed factors, flow-through sample volume = 2.75 ml, sample percolation rate = 4.
4 5

ncentration = 110 �g l−1 and HCl concentration = 0.30 mol l−1. (b) Variation
nd fixed factors, flow-through sample volume = 2.75 ml, sample percolation
0 ml.

entration in solution, �g l−1). The precision of the procedure,
etermined as the relative standard deviation in sample solu-
ions containing between 10 and 150 �g l−1 of aluminium is in
he range of 9.3–2.8%, respectively, calculated by 10 measure-

ents. The limit of detection (LOD), defined as the aluminium
oncentration that gives a response equivalent to three times
he standard deviation (s) of the blank (n = 11) was found to be
.1 �g l−1 in 1.5 ml of sample solution.

.6. Effect of foreign ions

The effect of potential interfering species in the determina-
ion of 100 �g l−1 Al(III) was studied. Amounts of each species
ere considered tolerable, when the signal in the presence of

he species resulted in a deviation of the absorbance less than
%, compared with the signal for aluminium alone. Cations

e3+ (3 mg l−1) and Fe2+ (5 mg l−1) are potential interfering

ons, but these concentrations are not allowed in finished waters,
ccording European legislation for waters intended for human
onsumption [1]. It is the same for all the other cations (Mn2+,

(flow-through sample volume), X5 (elution flow-rate) and fixed factors, sample
e = 2.60 ml and HCl concentration = 0.30 mol l−1. (b) Variation of the response-

ow-through sample volume = 2.75 ml, sample metal concentration = 110 �g l−1,
onse-Y3 in the plane: X3 (sample metal concentration), X5 (elution flow-rate)
75 ml min−1, HCl volume = 2.60 ml and HCl concentration = 0.30 mol l−1.
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Fig. 6. Study of the desirability (a) variation of the desirability in the plane X1, X2 (sample volume, sample percolation rate) with fixed factors: X3 (sample
metal concentration) = 121.05 �g l−1; X4 (HCl volume) = 3.05 ml; X5 (elution flow-rate) = 3.32 ml min−1; X6 (HCl concentration) = 0.30 mol l−1. (b) Variation of the
desirability in the plane X4, X2 (HCl volume, sample percolation rate) with fixed factors: X1 = 2.94 ml; X3 = 121.05 �g l−1; X5 = 3.32 ml min−1; X6 = 0.30 mol l−1.
(c) Variation of the desirability in the plane X , X (elution flow-rate, sample percolation rate) with fixed factors: X1 = 2.94 ml; X3 = 121.05 �g l−1; X4 = 3.05 ml;
X ntration, sample percolation rate) with fixed factors: X1 = 2.94 ml; X3 = 121.05 �g l−1;
X
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Table 4
Results obtained for aluminium determination at the outlet of a potable water
treatment unit

Sample Reference method
(�g l−1)

Proposed method
(�g l−1)

Recovery (%)

1 44.1 ± 0.3 44.8 ± 0.2 −1.59
2 43.3 ± 0.1 44.6 ± 0.1 −3.00
3 48.1 ± 0.2 48.7 ± 0.4 −1.25
4 41.2 ± 0.1 41.9 ± 0.3 −1.70
5 47.5 ± 0.1 48.6 ± 0.1 −2.32
6 64.6 ± 0.1 64.8 ± 0.1 −3,19
7 67.5 ± 0.2 67.7 ± 0.1 −0.31
8 65.7 ± 0.3 65.1 ± 0.2 0.91
9 68.2 ± 0.3 68.4 ± 0.3 −0.30
1

C

4

m
a
b

5 2

6 = 0.30 mol l−1. (d) Variation of the desirability in the plane X6, X2 (HCl conce

4 = 3.05 ml; X5 = 3.32 ml min−1.

u2+, Ni2+, Zn2+, K+, Na+) tested during these experiments.
ethod is nevertheless sensitive to waters containing Mg2+

bove 100 mg l−1 and Ca2+ above 250 mg l−1. Method is not
ensitive to the presence of PO4

3− but presence of fluoride ions
ay have an impact by the formation of Al–F complexes [28].
he whole results of system selectivity are given Table 3.

.7. Application

In order to evaluate the accuracy of the developed proce-
ure, aluminium was determined at the outlet of a potable water
reatment unit operating with aluminium polychloride as a floc-
lating reagent (Vallon Dol Water Treatement Unit, Société des
aux de Marseille, Marseille, France – 170 000 m3 raw water

reated each day).
During these procedures, aluminium amounts were deter-

ined successively determined by our developped procedure –
owing through microcolumn, acid desorption and spectropho-

ometric determination – and by GF–AAS. Aluminium amounts
ound by both procedures varied between 41 and 68 �g l−1

Table 4).
The results from GF–AAS and the proposed method are in
ood agreement, and the statistical comparison applied showed
o significant difference between the two methods (r2 = 0.9979).
hese results proved that the procedure could be applied satis-

actorily for aluminium determination in finished waters.

able 3
aximum tolerable amounts of foreign ions in on-line system using SA-XAD
icrocolumn (aluminium concentration = 100 �g l−1)

ubstance Maximum tolerable amount (mg l−1)

e3+ 0.5
n2+, F−, Fe2+ 1
u2+, PO4

3- 5
i2+, Zn2+ 10
g2+ 100
a2+, SO4

2−, Cl− 250
+, Na+ 1000

O
f
t
c
t
t
s
a
o

a
i
f
t

t

0 67.4 ± 0.1 67.9 ± 0.1 −0.74

onfidence interval: 95%.

. Conclusion

The use of an experimental design to determine global opti-
um to retain at least 95% of initial amount of aluminium has

llowed us to obtain this result in only 43 experiments, while
eing sure not to privilege one parameter against another one.
n-site validations have allowed us to assess the relevance of

actors tested during the exprimental design approach: flow-
hrough sample volume, sample percolation rate, sample metal
oncentration, eluent volume, elution flow-rate and concentra-
ion of eluent. However, results obtained from this study show
hat the elution step is largely predominant upon the extraction
tep. Moreover, it has been proved that it is HCl concentration
nd/or HCl volume which is the most influential parameter when
perating with this modified chelating resin.

The fact that extraction yield value as a function of metal
mount in the range 20–200 �g l−1 is quasi-independent is an
mportant result, and shows that the modified resin is well suited
or the extraction of aluminium at the outlet of potable water

reatment units.

This work has also demonstrated the potentialities of func-
ionalized SA-XAD resin combined with spectrophotometry and
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bstract

The electrochemical behavior of nuciferine has been studied for the first time. Nuciferine is irreversibly oxidized at high potentials, resulting in
he formation of orthoquinone. The amount of the obtained orthoquinone is pH-dependent, and it demonstrates quasi-reversible electrochemical
ehavior at less positive potential. The concentration of nuciferine was successfully determined by using the redox character of the electrochemically

btained orthoquinone. A linear range between 8.7 × 10−9 and 5.6 × 10−7 mol/L and a detection limit of 5.0 × 10−9 mol/L were obtained. The
ethod has also been used to quantify nuciferine concentration in lotus leaves that obtained from the Slim West Lake, and the average result was

.29% (w/w).
2007 Published by Elsevier B.V.
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. Introduction

The fundamental electron-transfer properties of quinones
ave been extensively examined in both aqueous and non-
queous environments [1,2]. They represent one of the oldest
nd most basic redox processes [3], and they have stimu-
ated widespread effort related to their electrochemical analysis,
articularly for monitoring neurotransmitters in vivo [4,5]. In
iew of the widespread study of the quinone entity in natu-
ally occurring systems, we were somewhat surprised that few
ork reported the electrochemistry of quinone that obtained by

lectrochemical oxidation, though it has been reported that the
lectrochemical oxidation of aromatic ethers can result two types
f generally useful quinones [6].

Nuciferine, an aromatic ether containing compound
Scheme 1), is the constituent of lotus leaves. It has been known
o relax smooth muscle tissue and to have vasodilating, hypoten-
ive, and anti-arrhythmic properties, to possess an inhibitory

ction toward acetylcholine in rat Renshaw cells [7], to lower
yperlipemia [8], to level off cholesterol [9], to resist karyoki-
esis and to exhibit antimicrobial activity [10]. Recently, it

∗ Corresponding author. Tel.: +86 514 7971690; fax: +86 514 7975587.
E-mail address: xyhu@yzu.edu.cn (X.-Y. Hu).

t
e
T
q
t
[
e

039-9140/$ – see front matter © 2007 Published by Elsevier B.V.
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s newly reported to show anti-HIV activity [11]. Detecting
uciferine’s concentration is very important. Gas chromatog-
aphy [12], high-performance liquid chromatography–mass
pectrometry (HPLC–MS) [13,14] and thin-layer chromatog-
aphy (TLC) [15] methods have been used, however none
f them was based on the electrochemical character of
uciferine.

In this article, we tried to oxidize nuciferine into orthoquinone
ontaining compound by electrochemical method firstly, and
hen determine its concentration by using the redox character
f the obtained orthoquinone. To realize this purpose, an active
nd reproducible electrode surface is very important. Glassy
arbon electrodes (GC electrodes) have gained great interest
wing to their physical and chemical properties. However the
lectrodes that had been freshly polished by alumina showed
elatively poor activity toward the oxidations of several elec-
roactive species. In most cases, the electrode behavior degrades
ith time due to the adsorption of impurities from the solu-

ion or chemical changes to the electrode surface, and the solid
lectrode becomes unsuitable for quantitative measurements.
herefore the GC electrode should be activated and renewed

uickly and reproducibly. Different methods have been applied
o obtain the purpose, including electrochemical pretreatments
16], laser irradiation [17], vacuum heat treatment [18], and
xposure to UV-generated ozone [19]. Though these methods
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s
trode in 1.0 × 10−3 mol/L K3Fe(CN)6. The �Ep of the alumina
slurry freshly polished GC electrode is about 75 mV. After acti-
vation, this value decreases to 65 mV. On the other hand, the
current of the activated GC electrode increases. These indicate
Scheme 1. The structure of nuciferine.

ave large beneficial effects on electrode performance, none of
hem mentioned so far can be carried out quickly.

Here we reported an easy and facile way to activate the GC
lectrode by dipping it in chromatic acid for a few minutes.
yclic voltammetry and atomic forced microscopy (AFM) were
sed to study the surface properties of the activated electrode.
he activated electrode was used to determine the concentra-

ion of nuciferine. The performances of the electrode, i.e. linear
ange, sensitivity, selectivity, stability and reproducibility were
escribed. The nuciferine concentrations in lotus leaves that
btained from the Slim West Lake have been quantified success-
ully, and the result obtained was in good accordance with that
btained by high-performance liquid chromatography (HPLC).

. Experimental

.1. Instruments and reagents

All the electrochemical experiments were performed with
HI 660A electrochemical workstation (Shanghai Chenhua,
hina). A three-electrode system was selected, with a GC
lectrode (diameter 3 mm, Shanghai Chenghua, China) (GC
lectrode) as the working electrode, a saturated calomel elec-
rode (SCE) as the reference electrode and a platinum spiral
sed as the counter electrode. Atomic force microscopy (AFM)
mages were obtained using a Nanoscope IIIa controller operates
n tapping mode (VEECO, USA).

Ultra-pure water was obtained with a Milli-Q plus water
urification system (Millipore Co. Ltd., USA) (18 M�).
uciferine standard solution (obtained from National Insti-

ute for the control of Pharmaceutical and Biological Products,
hina) was prepared by dissolving it in 0.01 mol/L HCl solu-

ion. Chromic acid was prepared according to Ref. [19]. One
undred milliliters pH 3 B–R (Britton–Robinson) buffer solu-
ion was prepared by dissolving 0.46 mL acetic acid, 0.54 mL
hosphoric acid and 0.5 g boric acid in 100 mL pure water, and

hen adjusted pH by 1 mol/L NaOH. Before experiments, all the
lassware were cleaned with H2O2–nitric acid (1:1, v/v) solution
nd rinsed with deionized water.

F
s
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.2. Preparing of nuciferine sample solution

The lotus leaves were picked from the Slim West Lake
Yang Zhou, Jiangsu, China), and then pulverized after dry-
ng. 0.1 g sample of the pulverized leaves was extracted with
ethanol–1.0% hydrochloric acid aqueous solutions (50:50,

/v; 20 mL) by sonicating for 15 min, and then centrifuging for
min. Extraction was repeated once. The supernatant was placed

n a 50 mL volumetric flask, diluted to volume [12]. The solution
as filtered through a 0.45 �m filter before use, and 0.1 mL of it
as added to 10 mL pH 3 B–R buffer solution for determination.

.3. Procedures

The GC electrode was polished by 0.3 �m alumina aque-
us slurry, and then thoroughly washed with purified water. The
rocedure for the activation of the electrode was as follows.
irstly, it was activated in chromatic acid for some minutes.
fter thoroughly washed with purified water, it was immersed

n the supporting electrolyte and then cycled from −0.2 to 1.2 V
t the scan rate of 100 mV/s until the cyclic voltammograms
ecame stable. After adding nuciferine, the solution was stirred
or about 5 s to ensure thorough mixing of nuciferine within
he solution. For repeated use, the electrodes were renewed in
hromatic acid and cycled from −0.2 to 1.2 V in the supporting
lectrolyte to ensure that no product remained on the electrode.

. Results and discussion

.1. Characterization of the slurry polished and activated
C electrode

Fig. 1 compares the cyclic voltammograms of a alumina
lurry freshly polished GC electrode and an activated GC elec-
ig. 1. Cyclic voltammetry of 1.0 × 10−3 mol/L K3Fe(CN)6 on the alumina
lurry polished GC (a) and the activated GC (b) with a scan rate of 100 mV/s.
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he quick charge transfer kinetics of the electrons on the activated
lectrode, which are in agreement with the previously studies
21].

The enhancement of the current and the decrease of �Ep of
he activated electrode may be caused by the following reasons:
1) surface cleanliness or lack of impurities to adsorb on the
urface blocking active sites; (2) surface roughness causing the
ffective area for electron transfer than the geometric area; (3)
he presence of surface functional groups that mediate electron
ransfer. To prove those assumptions, atomic forced microscopy
AFM) and electrochemical method were applied.

It is well known that chromatic acid can be used to clean the
xperiment apparatus. In our experiment, it was used not only
or the activation of the electrode but also for the cleaning of
he electrode. By AFM, we could observe that there were many
mpurities in the alumina slurry polished GC electrode, while
ew were observed in the activated GC electrode. It implied that
he activation process removed impurities from the polished GC
lectrode surface. AFM images also revealed that the activation

rocess increased the roughness of the electrode. Fig. 2 shows
he morphology of the GC electrode before and after activation.
ig. 2A is an ordinary polished surface, showing the small dots

ig. 2. AFM images of the alumina slurry polished GC electrode (A) and the
ctivated GC electrode (B).
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uffer solution on the alumina slurry polished GC electrode at the scan range of
0.2 to 0.8 V (a); at the scan range of −0.2 to 1.2 V (b); and on the activated
C electrode at the scan range of −0.2 to 1.2 V (c). Scan rate 100 mV/s.

ommon to glassy carbon. After activation, the surface became
ougher (Fig. 2B). The roughness of the electrode surface could
rovide more sites for the accumulation of nuciferine, and could
mprove the sensitivity of the electrode.

After dipping in chromatic acid for different time, the acti-
ated GC electrode cycled in bare pH 3 B–R buffer solution
ould show a couple of redox peaks at ca. 200 mV, and the back-
round charging current would increase too. The redox peaks
as due to the formation of functional groups, such as quinine

nd surface oxide [21]. The presence of these functional groups
ould mediate electron transfer and increase the sensitivity of
he electrode. With the increase of the dipping time, the charge
urrent increased, and became stable after 5 min.

.2. Electrochemical behavior of nuciferine

Fig. 3 shows the cyclic voltammograms of 8.7 × 10−6 mol/L
uciferine at the alumina slurry polished GC (Fig. 3a and b)
nd the activate GC electrode (Fig. 3c) in pH 3 B–R solutions.
s it can be observed, an anodic oxidation peak is obtained at

bout 1000 mV versus SCE on the positive scan at the first cycle
oth on the alumina slurry polished GC electrode and the acti-
ated electrode (Fig. 3a and c). It decreases in size at the second
can. The return scan of the first cycle shows a wave at 0 mV.
he second voltammetric cycle shows an oxidation at a lower
otential (20 mV) and again a reduction at 0 mV on the return
can. Therefore nuciferine at the GC electrode undergoes an
CE process, as defined by Kissinger and Heineman [22]. This
echanism involves the electrochemical generation of a prod-

ct at high positive potentials with a chemical follow up reaction
ccurring, give rise to a product which exhibit a quasi-reversible
ouple at lower positive potentials. It was proven by scanning

with a new slurry polished electrode) to a potential lower than
he oxidation potential (Fig. 3a). The absence of the reduction
aves on the reverse scan and the subsequent reoxidation waves
n the forward scan indicates that the quasi-reversible couple is
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ue to a product formed at higher potentials. It has been reported
hat anodic oxidation of appropriate aromatic ethers serves as a
easonably general method for the preparation of benzoquinone
nd naphthoquinone bisketals [23,24], and a catechol orthofor-
ate group can undergoes an irreversible two-electron oxidation

o produce the orthoquinone, with simultaneous release of the
rthoformate substituent [25]. Until now, several observations
ave support these interpretations [26]. Compared with the elec-
rochemical response of nuciferine at the polished electrode, the
ctivation process made the electrode sensitive to the presence
f nuficerine (Fig. 3c). On the other hand, the apparent capaci-
ance of the activated GC electrode increased. It could be caused
y the increase in microscopic surface area or by an increase in
he capacitance per unit of microscopic area or both [27], and
FM image has verified it.
Oxidations of nuciferine at the activated electrode were

tudied in detail by using cyclic voltammetry in the solution
ontaining 8.7 × 10−6 mol/L nuciferine. With respect to the first
ircle, EIpa at ca. 1000 mV shifted negatively with the increase
f the logarithm of the scan rate according to the equation:
p(Ipa) = 1.09 + 0.08 log v(R = 0.998). On the other hand, the
urrent of peak I increased linearly with the square root of scan
ate. It indicated that nuciferine was irreversibly oxidized at high
otential [28]. However, the potentials of peaks II at about 0 mV
emain constant for a scan rate from 10 to 300 mV/s. On the
ther hand, the separation of the redox peaks II (�Ep) remains
onstant at 10 mV. It is well known that �Ep can be used as a
easure of the apparent electrochemical rate constant. The small

eak separation is close to the theoretical value for an immobi-
ized redox couple in equilibrium with the electrode potential
29], which has been studied in detail [30]. The peak currents of
Ipa and IIpc have linear relationships with the scan rated from
0 to 300 mV/s, as expected for the thin-layer electrochemical
ehavior.

By comparing the potentials of the peaks at different pH
alues, some information on the mechanism of nuciferine oxi-
ation was provided. The peak potential of the first anodic peak
hifted towards more negative potentials as the pH increased.

hen pH was over 6, peak Ipa changed into two peaks,
nd disappeared gradually. It is the reason that nuciferine
annot dissolve in neutral or alkaline solution and it even
an change into other substances. For peaks II, their poten-
ial shifted negatively with the increase of pH according to
he following equation: Ep(IIpa) = 0.17–0.058pH(R = 0.999) and
p(IIpc) = 0.18–0.056pH(R = 0.999). The values are reasonably
lose to the theoretical value of −58 mV/pH for equal electron
nd proton transportation. On the other hand, the width at half-
eak height of peak II is about 55 mV at different scan rate and
ifferent pH, which is close to the theoretical value 90/n for a
wo electron, two proton electrochemical reaction involving an
dsorbed species [31,33]. When pH was above 6, the reduction
eak of IIpc disappeared too. The same was found during the
xidation of luteolin [33]. From this, it was concluded that the

eaction at higher pH follows a different pathway from that at
ower pH and the quinones generated at high pH are unstable.

According to the evidences mentioned above, the mechanism
f nuciferine at the GC electrode may be expressed as follows:
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i
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During the anodic oxidation process, quinone was formed
II). The quinone was particularly useful for the appearance of
he redox peaks at about 0 mV. The redox activity of the quinone
as an advantage because it permits the use of cyclic voltamme-

ry (CV) or differential pulse voltammetry (DPV) to characterize
he products and to quantify nuciferine. More experiments would
e performed to verify the mechanism in the forthcoming study.

.3. Detect nuciferine by the activated GCE

After some preliminary experiments, the activated GC elec-
rode was applied for the detection of nuciferine, and the
nfluences were studied.

.3.1. Influence of pH
The effects of pH on the current of peak Ipa and II of nuciferine

ere investigated in the range of pH values from 2.0 to 7.0. The
esult was shown in Fig. 4. It was found that the peak currents
eached the maximum when the pH was 3. Further increasing
he solution pH yielded a gradual decrease in the nuciferine peak
urrents. As a result, solutions of pH 3 was used in the following
xperiments.

.3.2. Influence of the accumulation potential and
ccumulation time

It has been observed that the adsorption of quinone on the
lectrode is essential for the rapid electron transfer to the ortho
ydroquinone/quinone redox center for quinone, DA and several
ther catechols [30,31]. Therefore we studied the accumulation
otential and time for the sensitivity of nuciferine detection.

The effect of the accumulation potential on the peak IIa cur-
ent was examined in the range of 0.2–0.6 V. The slurry polished

C electrode showed no accumulation of the peak IIa of nucifer-

ne. For the activated electrode, however, the peak IIa current
ncreased when the applied potential shifted negatively from
.2 V. The functional groups on the activated electrode would
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Fig. 5. Electrochemical behavior of 5.0 × 10−7 mol/L nuciferine on the alumina
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c
is strongly recommended by IUPAC, based on the confidence
interval). Using a least-squares regression program (for a linear
fit, and not forcing zero), the slopes for the data of nucifer-
ine from differential pulsed voltammetric analysis (Fig. 6) were
ig. 4. Effects of pH on the currents of peak II and Ipa (insert of the figure) in
he presence of 8.7 × 10−6 mol/L nuciferine.

ontribute to the adsorption of nuciferine on the electrode. On the
ther hand, nuciferine was positively charged in pH 3 solution, so
t would be preconcentrated on the activated electrode at 0 mV or
egative potentials. However, the background current increased
oo at negative potentials, which would decrease the sensitiv-
ty of the electrode. So, we chose 0 mV as the accumulation
otential.

Another important parameter influencing the sensitivity of
he detection is the accumulation time of nuciferine. The peak II
urrents increased with the increase of the accumulation time,
hich indicated an enhancement of nuciferine at the modified

lectrode. Before adsorptive equilibrium reached, the longer the
ccumulation time, the more the nuciferine adsorbed was and
hus the larger the peak currents became. For higher nucifer-
ne concentration such as 4.0 × 10−7 mol/L, the peak currents
ended to level off even after accumulating 70 s, illustrating that
dsorptive equilibrium was achieved. To increase the sensitivity
or lower concentrations, the accumulation time was set at 100 s.
ig. 5 shows the cyclic voltammograms of 5.0 × 10−7 mol/L
uciferine at the alumina slurry polished GC electrode (a) and the
ctivated (b–d) in pH 3 B–R solutions. Such low concentration
uciferine did not yield any signal at the conventional polished
C electrode even after accumulating at 0 mV for about 100 s

Fig. 5a). However, on the activated electrode, the peak currents
ncreased with the increase of the accumulation time due to the
igh surface and the accumulation process (Fig. 5a–c). It was 15
imes higher than that obtained without pre-concentrating pro-
edure, which indicated that the accumulation process would
ncrease the sensitivity of the detection.

.3.3. Linear range and detection limits
To verify the linear relationship between peak cur-

ents and nuciferine concentrations, six calibration graphs

ere constructed under optimum conditions and after
00 s accumulation time (Fig. 6). The results of this
tudy indicated that in all cases the current–concentration
elationships were linear in the concentration range of

F
t
(
p

lurry polished GC electrode (a) after accumulation at 0 V for 100 s and the
ctivated GC electrode after accumulation at 0 V for 0 s (b), 5 s (c) and 100 s (d)
n pH 3 B–R buffer.

.7 × 10−9 to 5.6 × 10−7 mol/L with the correlation coefficients

.998(iIIpc )(10−6 A) = 0.016 + 0.97C(10−7 mol/L) (R = 0.998).
According to the IUPAC definition [34], the detection limit

DL) is related to the smallest response that can be detected with
easonable certainty. For a given analytical method, the detection
imit is given as follows:

L = kSB

b

here SB is the standard deviation of the blank measurement,
the sensitivity of the method (determined as the slope of the

alibration curve), and k is a statistical constant (a value of k = 3
ig. 6. DPV of nuciferine on the activated GCE at different concentrations (bot-
om to up): 8.7 × 10−9, 2.6 × 10−8, 1.2 × 10−7, 3.8 × 10−7, 5.6 × 10−7 mol/L
insert fig.: calibration plot between nuciferine concentration and the current of
eak IIpc).
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Table 1
Influence of the interferents on the peak current of 5.0 × 10−8 mol/L nuciferine under optimal conditions

Interferents Concentration (mol/L) Error (%)

N 0.005 <5
C 5.0 × 10−5 <5
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Table 2
Result of recovery test

Added (mol/L) Measured
(mol/L)

Recovery
(%)

R.S.D.
(%)

Average recovery
(%)

8.70 × 10−8 9.60 × 10−8 110.3 2.7 102.4
1.74 × 10−7 1.77 × 10−7 101.7 3.8
2.61 × 10−7 2.61 × 10−7 100.0 2.9
3.48 × 10−7 3.54 × 10−7 101.7 4.0
5.22 × 10−7 5.12 × 10−7 98.1 3.5

Table 3
Quantity analysis of nuciferine in lotus leaves obtained from the Slim West
Lakes

Real sample Electrochemical method
(g/g) n = 3

HPLC
(g/g)

R.S.D.
(%)

A 0.271 0.276 2.7
B 0.260 0.286
C 0.330 0.326
D 0.300 0.310
E 0.29 0.293

Average 0.2902 0.298

S

l
A
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w
m
r
i
o
u
T
m

4

w
c
s
I
l
s

a+, K+, Ca2+, Cl−, SO4
2−, CH3COO−

itric acid, glucose, tartaric acid, vitamin B2, vitamin C

etermined as 0.97. Thus, the detection limit of nuciferine is
.0 × 10−9 mol/L. At high concentrations, deviation from lin-
arity occurred due to the saturation of the electrode surface.

.3.4. Interference
The influence of other ions in the analyte solution on the

urrent response was investigated, as shown in Table 1. So all of
hem have negligible effect on the determination of nuciferine.

.3.5. Repeatability of the activated electrode
In further study, it was found that nuciferine could adsorb on

he slurry polished GC electrode strongly. Even after 50 scan in
lank buffer solution, the peak II of nuciferine was still observed.
uch strong adsorption would influence the results of the next
etection, so the electrode should be renewed each time. Some
ethods have been used to remove the adsorbed substances, such

s polishing, ultrasonic washing and nitric acid oxidation. How-
ver, each of them has disadvantages. Polishing would change
he surface circumstance of electrode, while ultrasonic and nitric
cid could not remove the substances completely. In conclusion,
he slurry polished GC electrode cannot be directly used to detect
uciferine, not only because nuciferine and its oxidation prod-
ct can adsorb on the electrode strongly, but also because the
ensitivity of the bare electrode is not good enough.

The activated electrode can be renewed without of polishing,
nd it can obtain good reproducibility and stability. The response
f 5.0 × 10−7 mol/L nuciferine at the activated electrode was
xamined after re-modify the electrode. Ten successive mea-
urements yield a R.S.D. of 3.0%. In fact, only if the electrode
urfaces were properly cleaned, they could exhibit good elec-
rocatalytic behavior and reproducibility. In our experiment the
imply activation process circumvents the problem of slow elec-
rode deactivation by adsorbed solution species. The excellent
erformance of activation process was obtained repeatedly if
esired. Such process is renewability and reproducibility.

.3.6. Determination of nuciferine in standard samples and
otus leaves

In order to verify the reliability of the activated electrode,
t was applied to determine nuciferine in standard samples and
otus leaves obtained from the Slim West Lake with different
ocations. The values were determined with the activated GC
lectrode using the standard addition method and direct inter-
olation in the linear regression. After the current responses
ere determined in 10.0 mL of pH 3 solutions containing differ-

nt concentration samples of nuciferine, different concentration

f nuciferine samples were successively added to the system
or standard addition determination. All the concentrations of
uciferine in detection solutions were in the linear response
ange (Table 2). The nuciferine samples obtained from the lotus

b
H
f
o

tandard deviation (s) 0.027 0.019

eaves of the Slim West Lake were analyzed by the same method.
previous extraction procedure of the lotus leaves was carried

ut, as described in Section 2.2. Table 3 shows that the results
ere satisfactory. The precision of the two sets of the experi-
ents was compared by F-test. The quantity F is defined as the

atio of the variances of the two measurements. In our exper-
ment, F is 2.02, which is less than 6.39 [35]. So the results
btained by our method were in good agreement with the val-
es obtained by HPLC method at the 95% probability level.
hey were in good agreement with the values obtained by HPLC
ethod.

. Conclusions

In this paper, the electroanalytical chemistry of nuciferine
as studied in detail. The mechanism of the electrochemical pro-

ess was assumed. The electrode activated by chromatic acid was
uccessfully fabricated and used for the detection of nuciferine.
t increased the sensitivity of the electrode, and the detection
imit was down to 5.0 × 10−9 mol/L. The improved stability,
ensitivity and reproducibility of the activated electrode should
enefit routine measurements of nuciferine in connection to

PLC or FIA analyses. Additional studies would be performed

or gaining further insights into the mechanism of the nuciferine
xidation reaction at the activated electrodes.
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bstract

Determination of nucleosides and their metabolic compounds is important for physiological and pharmacological studies. Herein, a rapid
ltra-performance liquid chromatography (UPLC) method was developed for the simultaneous determination of 14 nucleosides and nucleobases,
amely adenine, adenosine, cytosine, cytidine, uracil, uridine, guanine, guanosine, hypoxanthin, inosine, thymine, thymidine, 2′-deoxyuridine and
ordycepin. The separation was performed on Waters Acquity UPLC system with Acquity UPLC BEH C18 column and gradient elution of 0.5 mM

cetic acid and acetonitrile in 5 min. The correlation coefficients of 14 analytes were high (R2 > 0.9995) within the test ranges. The LOD and LOQ
ere lower to 11.9 and 47.0 ng/ml with 1 �l of injection volume, respectively. The overall R.S.D. for intra- and inter-day of 14 analytes were less

han 1.8%. The developed method was applied for the analysis of nucleosides and nucleobases in cultured Cordyceps, which also could be used
or the fast determination of the analytes in pharmaceutical products and biological fluids.
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eywords: Ultra-performance liquid chromatography (UPLC); Nucleosides; N

. Introduction

Nucleosides and their metabolic compounds play the impor-
ant roles in biochemical processes which relate to several
iseases and metabolic disorders. The levels of nucleosides and
heir metabolic compounds have been proposed as markers for
iagnosis of cancers, AIDS, myocardial cellular energy sta-
us, diseases progress and therapy responses [1–4]. Therefore,
etermination of nucleosides and their metabolic compounds is
mportant for physiological and pharmacological studies.

To date, a series of methods, including thin layer
hromatography (TLC) [5,6], gas chromatography (GC)
7,8], high performance liquid chromatography (HPLC)
9–11], ion-pair reverse-phase chromatography (IP-RPC)
12,13], liquid chromatography–mass spectrometry (LC–MS)
14,15], capillary zone electrophoresis (CZE) [16,17], micel-
ar electrokinetic chromatography (MEKC) [18,19], capillary

lectrophoresis–mass spectrometry (CE–MS) [20], capillary
lectrochromatography (CEC) [21] and immunoassays [22,23],
ave been developed for the simultaneous determination of

∗ Corresponding author. Tel.: +853 397 4692; fax: +853 2884 1358.
E-mail address: lishaoping@hotmail.com (S.P. Li).

2

2

n

039-9140/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2007.03.034
bases; Pressurized liquid extraction; Cordyceps

ucleosides in biological fluids and herbal materials. Unfor-
unately, these methods mentioned above have disadvantages
uch as limit of analytes [5–9,14,16–18,20,21], long analysis
ime [10,12,13,15,19], low sensitivity [5,6,22,23] and/or envi-
onmental unfriendly solvents [9,10,12–15,20] or expensive
nstrumentation [14,15,20]. Ultra-performance liquid chro-
atography (UPLC) makes it possible to perform very

igh-resolution separations in short periods of time with lit-
le organic solvent consumption [24], which has attracted wide
ttention of pharmaceutical and biochemical analysts [25,26].

In this paper, an UPLC method for fast simultaneous
etermination of 14 nucleosides and nucleobases, namely
denine, adenosine, cytosine, cytidine, uracil, uridine, gua-
ine, guanosine, hypoxanthin, inosine, thymine, thymidine,
′-deoxyuridine and cordycepin was developed. The validated
ethod was also applied for the determination of the analytes

n cultured Cordyceps.

. Experimental
.1. Materials and chemicals

Adenine, adenosine, cytosine, cytidine, uracil, uridine, gua-
ine, guanosine, hypoxanthin, inosine, thymine, thymidine,
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Fig. 1. UPLC chromatograms of mixed standards eluted by different mobile
phases. (A) ACN–water; (B) ACN–1 mM TEA; (C) ACN–1 mM ammonium
acetate; (D) ACN–1 mM acetic acid. 1: cytosine; 2: uracil; 3: cytidine; 4: gua-
n
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′-deoxyuridine and cordycepin were purchased from Sigma (St.
ouis, MO, USA). Ammonium acetate was from Fluka (Buchs,
rance). Acetic acid, triethylamine (TEA) and acetonitrile were
urchased from Merck (Darmstadt, Germany). Deionized water
as prepared using a Millipore Milli-Q Plus system (Millipore,
edford, MA, USA). Reagents not mentioned here were from

tandard sources. The materials of cultured C. sinensis mycelia
ere obtained from Hebei, HongKong (HK), Anhui, Jiangxi,
uadong and Wanfeng. Cultured C. militaris, one of the substi-

utes of C. sinensis, was obtained from Guobao, HK, Quanxin,
oli and Xiankang. The species of the cultured Cordyceps were

ertified by State Food and Drug Administration of China or
he corresponding author. The voucher specimens of Cordy-
eps are deposited at the Institute of Chinese Medical Sciences,
niversity of Macau, Macao, China.

.2. UPLC analysis

All analysis were performed on a Waters Acquity UPLC
ystem (Waters, MA, USA), including binary solvent manager,
ampler manager, column compartment and PDA detector, con-
ected to a Waters Empower 2 software. An Acquity UPLC
EH C18 column (50 mm × 2.1 mm i.d. particle size, 1.7 �m)
lso from Waters was used. The column temperature was main-
ained at 25 ◦C. The standards and samples were separated using

gradient mobile phase consisting of 0.5 mM acetic acid (A)
nd acetonitrile (B). The gradient condition is: 0–3 min, 0–3%
; 3–10 min, 3–20% B; and finally, reconditioning the column
ith 100% A isocratic for 3 min after washing column with 50%
for 3 min. The flow rate was set at 0.25 ml/min and the injec-

ion volume was 1 �l. The sample manager temperature was set
t 10 ◦C. The peaks were detected at 254 nm.

.3. Sample preparation

Sample preparation was performed on a Dionex ASE 200
ystem (Dionex Corp., Sunnyvale, CA, USA) under the opti-
ized conditions reported before [10]. In brief, the powder of
ordyceps (0.2 g) was mixed with diatomaceous earth in a pro-
ortion (1:1) and placed into an 11 ml stainless steel extraction
ell, and extracted with methanol under optimum conditions:
emperature, 160 ◦C; static extraction time, 5 min; pressure,
.034 × 104 kPa and one static cycle and one for the number
f extraction. The methanol PLE extract was dried at 40 ◦C
sing a rotary evaporator (BÜCHI, Switzerland), and the residue
as vortaxed with 10 ml deionized water, then filtered through
0.22 �m MILLEX GV syringe filter (Millipore, MA, USA)

rior to inject into the UPLC system.

. Results and discussion

.1. Optimization of UPLC conditions
Acetonitrile and water with different modifiers, including
CN–water, ACN–1 mM TEA, ACN–1 mM ammonium acetate
nd ACN–1 mM acetic acid, were used as mobile phase for opti-

e
e
w
u

ine; 5: hypoxanthin; 6: adenine; 7: uridine; 8: thymine; 9: 2′-deoxyuridine; 10:
nosine; 11: guanosine; 12: thymidine; 13: adenosine; 14: cordycepin.

ization of the separation. The results show that mobile phase
ontains acetic acid is beneficial for the separation (Fig. 1). Fur-
hermore, it was found that lower concentration of acetic acid
1–0.25 mM) could improve the resolution of compounds 2 and
but decrease that of compounds 6 and 7. Especially, the sepa-

ation of adenine (6) and uridine (7) could not be achieved when
.25 mM acetic acid was used. Finally, gradient elution of ACN
nd 0.5 mM acetic acid aqueous solution was chosen for the
eparation.

.2. Stability test

For high throughput analysis, samples usually have to be
tayed in auto-sampler for a long time, which should be consid-

red carefully for the unstable analytes. Actually, nucleosides
asily degrade [27]. In this study, the stabilities of 14 analytes
ere tested by inject standard solution at 0, 1, 2, 4, 8, 12 and 18 h
nder 10 and 25 ◦C of auto-sampler temperature, respectively.
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Table 1
Linear regression data, LOD and LOQ of the investigated compounds

Analytes Resolutiona Linear regression data LOD (ng/ml) LOQ (ng/ml)

Regressive equationb Test range (�g/ml) r2

Cytosine – y = (9891.3 ± 9.8)x + (18.2 ± 5.5) 0.17–4.19 0.9999 11.9 47.0
Cytidine 5.3 y = (5169.7 ± 15.7)x − (756.9 ± 8.3) 0.56–17.94 0.9999 71.8 239.3
Uracil 1.4 y = (17664.3 ± 25.5)x + (573.6 ± 62.7) 0.24–61.50 1.0000 40.0 135.9
Uridine 2.4 y = (8843.9 ± 22.2)x − (877.1 ± 112.8) 0.75–144.00 0.9998 39.5 135.0
Hypoxanthine 1.6 y = (18188 ± 4.6)x − (264.8 ± 13.0) 0.23–7.22 1.0000 16.9 56.4
2′-Deoxyuridine 4.5 y = (9699.1 ± 15.4)x − (73.8 ± 15.8) 0.24–5.66 1.0000 50.2 190.8
Inosine 2.9 y = (9215.7 ± 21.1)x − (12.3 ± 9.9) 0.16–10.36 1.0000 32.0 106.7
Guanine 3.9 y = (26679.3 ± 24.8)x − (2550.6 ± 127.1) 0.40–12.75 0.9999 25.3 85.4
Guanosine 6.9 y = (9202.6 ± 24.9)x − (455.7 ± 116.0) 0.35–89.82 0.9998 30.3 98.1
Thymine 10.6 y = (12623.7 ± 34.0)x − (242.6 ± 30.8) 0.26–4.09 1.0000 32.2 119.9
Thymidine 2.2 y = (7363.3 ± 11.5)x + (3.4 ± 29.7) 0.19–11.86 1.0000 35.7 125.1
Adenine 12.5 y = (19744.3 ± 21.5)x + (735.3 ± 123.4) 0.37–47.82 0.9995 18.3 60.5
Adenosine 6.0 y = (12760.7 ± 15.5)x − (781.3 ± 42.8) 0.32–120.82 0.9995 20.4 78.7
Cordycepin 7.1 y = (12248.0 ± 2.0)x + (82.6 ± 237.4) 5.52–486.00 0.9997 20.9 72.5

ulate
sented

T
d
a
a
c

3

w
c
o
t
t
T

3

w
s
i
a
c
a
a

T
S

A

C
C
U
U
H
2
I
G
G
T
T
A
A
C

a Resolutions of the peaks in HPLC profile of reference compounds were calc
b The regressive equations were determined triplicates, and the data were pre

he results show that the analytes are stable at both conditions
uring the test time period except guanine significantly degrades
t 25 ◦C (Table 2). Thus, the sample manager was controlled
t 10 ◦C of temperature and the quantification of investigated
ompounds was preformed in 18 h.

.3. Calibration curves

Water stock solutions containing 14 reference compounds
ere prepared and diluted to appropriate concentrations for the
onstruction of calibration curves. At least six concentrations
f the solution were analyzed in triplicate, and then the calibra-
ion curves were constructed by plotting the peak areas versus
he concentration of each analyte. The results were shown in
able 1.

3

p

able 2
tability, intra- and inter-day precision of the investigated compounds

nalytes Stability (R.S.D., %) Intra-day (

10 ◦C 25 ◦C Accuracy (

ytosine 1.0 0.6 99.6c

ytidine 0.7 1.9 101.3
racil 0.8 0.9 99.6
ridine 0.8 0.6 96.0
ypoxanthine 0.8 1.8 100.1
′-Deoxyuridine 1.2 0.8 99.4
nosine 0.8 0.7 97.6
uanine 1.9 7.3 103.3
uanosine 1.8 3.1 100.0
hymine 0.7 1.7 96.7
hymidine 0.7 1.1 97.7
denine 0.9 0.8 99.0
denosine 0.9 1.1 96.5
ordycepin 0.8 0.8 98.0

a Accuracy (%) = 100 × (mean of measured concentration/nominal concentration).
b Mean and relative standard deviation (R.S.D.s).
c Mean value for three different concentrations.
d using Waters Empower 2 software.
as y = (mean ± S.D.)x ± (mean ± S.D.).

.4. Limits of detection and quantification

The water stock solution containing 14 reference compounds
as diluted to a series of appropriate concentrations with the

ame solvent, and an aliquot of the diluted solutions was injected
nto UPLC-PDA for analysis. The limits of detection (LOD)
nd quantification (LOQ) under the present chromatographic
onditions were determined at a signal-to-noise ratio (S/N) of
bout 3 and 10, respectively. Table 1 showed the data of LOD
nd LOQ for each investigated compounds.
.5. Precision and accuracy

Intra- and inter-day variations were chosen to determine the
recision of the developed method. For intra-day variability test,

n = 6) Inter-day (n = 6)

%)a R.S.D. (%)b Accuracy (%) R.S.D. (%)

1.7 99.7 1.6
0.8 100.9 1.8
0.7 100.1 1.0
0.6 95.9 0.5
0.4 100.2 0.5
1.5 98.6 1.2
0.2 97.8 0.3
0.6 104.2 1.3
0.1 99.7 0.2
1.2 96.7 0.9
0.3 97.8 0.2
0.2 99.0 0.3
1.0 96.3 0.9
0.3 98.0 0.3
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Table 3
Recoveries for the assay of 14 compounds in Cordyceps

Analyte Original (�g) Spiked (�g) Founda (�g) Recoveryb (%) R.S.D.c (%)

Cytosine 38.1 34.9 72.9 99.7 0.2
Uracil 349.8 384.4 733.6 99.9 0.2
Cytidine 299.1 224.2 523.8 100.2 1.2
Guanine 69.3 79.7 145.3 95.4 0.8
Hypoxanthin 37.4 45.1 81. 9 98.7 0.1
Adenine 144.1 149.4 294.1 100.4 0.4
Uridine 898.0 900.0 1812.7 101.6 0.3
Thymine 10.3 12.8 22.9 98.4 1.6
2′-Deoxyuridine 42.0 47.2 88.4 98.4 3.2
Inosine 164.9 129.5 293.9 99.7 0.2
Guanosine 1227.7 1122.7 2375.1 102.2 0.4
Thymidine +d 37.1 37.5 101.1 0.8
Adenosine 1320.6 1006.8 2331.8 100.4 0.2
Cordycepin + 276.1 273.7 99.1 0.1

a The data were present as average of three determinations.
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in cultured C. militaris, is only found in a few samples of cul-
tured C. sinensis (Hebei and HKUST). Therefore, it is possible
to identify cultured C. sinensis and C. militaris based on their
UPLC chromatograms in a short time.
b Recovery (%) = 100 × ((amount found − original amount)/amount spiked).
c R.S.D. (%) = 100 × (S.D./mean).
d Under the limit of quantitation.

he mixed standards solution was analyzed for six replicates
ithin 1 day, while for inter-day variability test, the solution was

xamined in duplicates for consecutive 3 days. Variations were
xpressed by the relative standard deviations (R.S.D.) for intra-
nd inter-day, which were less than 1.7 and 1.8%, respectively.
or every calibration curve, the calibration concentrations were
ack-calculated from the peak area of the analytes. The deviation
rom the nominal concentration defined as accuracy (Table 2).

The recovery was preformed by adding a known amount of
ndividual standards into a certain amount (0.10 g) of Cordyceps

aterial (cultured C. sinensis from Hebei). Three replicates were
erformed for the test. The mixture was extracted and analyzed
sing the method mentioned above. Table 3 shows the recoveries
f 14 investigated compounds.

.6. Application for analysis of real sample—cultured
ordyceps

Cordyceps sinensis (Berk.) Sacc., also called as Winter
orm Summer grass, is one of the well-known traditional Chi-
ese medicines, which has multiple pharmacological activities
28,29]. Natural Cordyceps (wild C. sinensis) is rare and expen-
ive. Therefore, cultured C. sinensis and other species such as
. militaris of Cordyceps genus have been developed and used
s medicine and/or health food supplements in China and Asia
30]. In addition, nucleosides are believed to be the active com-
onents in Cordyceps, and more than 10 nucleosides and its
elated compounds have been isolated from it [30]. Herein, the
alidated UPLC method was applied for the determination of
he nucleoside and nucleobases in cultured Cordyceps.

Typical chromatograms of the PLE extract from cultured C.
inensis and C. militaris were shown in Fig. 2. The identification

f investigated compounds was carried out by comparison of
heir retention time and their UV spectra with those obtained
njecting standards in the same conditions, as well as by spiking
ordyceps samples with stock standard solutions.

F
s

By using the calibration curves of the analytes, cultured C.
inensis and C. militaris were analyzed. Table 4 shows the sum-
ary results. Uridine, guanosine and adenosine, which are main

ompounds in cultured Cordyceps, are much higher than those
n cultured C. militaris. However, cordycepin, which is abundant
ig. 2. Typical UPLC chromatograms of (A) mixed standards, (B) cultured C.
inensis and (C) cultured C. militaris. Labels 1–14 are the same as Fig. 1.
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Table 4
Contents (�g/g) of investigated compounds in cultured Cordyceps

Analyte Cultured C. militaris Cultured C. sinensis

Guobao Aoli Quanxin Xiankang HKUST Hebei Huadong Wanfeng Jiangxi Anhui HKUST

Cytosine −a − ±b ± − 76.1c 53.3 +d 98.9 + +
Uracil + − − − + 699.5 ± ± 301.3 1999.8 ±
Cytidine + ± ± ± ± 598.1 ± ± 832.8 + ±
Guanine + + 34.2 61.3 34.7 138.5 81.6 316.4 237.0 427.5 +
Hypoxanthin − − + + − 74.8 − + 63.2 236.0 +
Adenine 472.4 237.3 62.2 95.0 461.6 288.1 229.7 353.7 566.2 1228.1 +
Uridine 654.5 280.7 591.1 1468.0 848.6 1798.3 1285.9 7519.8 3214.4 1265.4 545.3
Thymine − 61.8 − + − 20.6 − + 31.2 148.2 15.8
2′-Deoxyuridine 28.9 − − + 69.8 83.9 15.5 157.0 92.2 86.9 +
Inosine 29.3 − 33.9 70.0 + 329.7 16.3 28.2 62.5 68.2 +
Guanosine 211.4 93.8 286.4 370.3 175.2 2455.4 1710.3 4223.8 2939.1 1761.8 211.8
Thymidine − − − − − + + 143.9 118.1 83.7 +
Adenosine 602.8 562.4 918.4 1527.3 667.3 2641.2 1781.5 5108.1 2747.1 956.5 258.5
Cordycepin 22964.5 4709.2 1984.0 2256.0 22673.9 + − − − − +

a Undetectable.
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b Resolution and content were not available for quantitation.
c Average of triplicates.
d Under the limits of quantitation.

. Conclusion

This work first developed an UPLC method for fast simulta-
eous determination of 14 nucleosides and nucleobases, which
ay be applied for fast determination of the analytes in herbal
aterials, pharmaceutical products and biological fluids.
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bstract

A novel sol–gel 3-mercaptopropyltrimethoxysilane (MPTS) modified silica coating was developed for capillary microextraction (CME) of trace
u, Hg and Pb prior to their on line determination by inductively coupled plasma–atomic emission spectrometry (ICP–AES). This organic–inorganic
ybrid coating was in situ created on the inner walls of fused silica capillary using a sol solution containing TMOS (tetramethoxysilane) as a
recursor, MPTS as a co-precursor, ethanol as the solvent and hydrochloric acid as a catalyst. The structure of the capillary coating was characterized
y FT-IR spectroscopy, Raman spectroscopy, SEM and TEM. The factors affecting on the capillary microextraction of analytes such as pH, sample
ow rate and volume, elution solution and interfering ions had been investigated, and the optimized experimental parameters were obtained. Under

he optimized conditions, the absorption capacity of MPTS-silica coated capillary was found to be 1.17, 1.96 and 1.19 �g m−1 for Cu, Hg and Pb,
nd the limits of detection were as low as 0.17 0.22 and 0.52 ng mL−1, respectively. With a sampling frequency of 12 h−1, the relative standard

−1
eviations (R.S.D.s) were 4.2, 2.6 and 3.8% (C=4 ng mL , n = 7, sample volume = 1 mL) for Cu, Hg and Pb, respectively. The proposed method
ad been successfully applied to the determination of Cu, Hg and Pb in human urine, human serum and preserved egg. To validate the proposed
ethod, certified reference materials of BCR151 milk powder, GBW07601 (GSH-1) human hair, GSBZ 50016-90 and GSB 07-1183-2000 water

amples were analyzed and the determined values were in a good agreement with the certified values.
2007 Elsevier B.V. All rights reserved.

and P

P
u
m

M
e
s
M
t
t
I

eywords: MPTS-silica coating; Capillary microextraction; ICP–AES; Cu; Hg

. Introduction

Copper is a kind of essential trace elements, which are
equired to implement multiple functions in the organism but
an be harmful when at high concentration. Both mercury and
ead are extremely toxic elements. When exposed to mercury
or a long time, people may easily get hydrargyrism, which is
common kind of occupational diseases. Lead has been used

t least since biblical times in a variety of products in inorganic
orm, its impact as a major environmental pollutant was recog-
ized until the last century. Children are the main victim of lead

ecause the damnification is an irreversible process and mod-
rately increased lead accumulated in human body may cause
hronic poisoning. Therefore, the determination of Cu, Hg and

∗ Corresponding author. Tel.: +86 27 87218764; fax: +86 27 68754067.
E-mail address: binhu@whu.edu.cn (B. Hu).
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039-9140/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2007.03.060
b; Biological samples

b in various biological samples, in particular human serum and
rine, is recommended as a mean of estimating the degree of
etal contamination at the workplace and in the environment.
Though inductively coupled plasma mass spectrometry (ICP-

S) is suitable for trace heavy metal determination due to its
xcellent ability of detection and multi-elements, the cost of
uch instrumentation may be prohibitive to many laboratories.

eanwhile, inductively coupled plasma–atomic emission spec-
rometry (ICP–AES) is an ideal one at present, which has better
olerance to salt and organic solvent compared to ICP–MS.
CP–AES had been applied to directly analyze trace metals in
iological and environmental samples, such as Pb [1,2], Cu and
b in pumpkin seed oil and pumpkin seeds [3], Cu in beer
4] and Hg in soil and plant [5], in which the best detection

imit of Cu, Hg and Pb were 1.1, 10 and 20 ng mL−1, respec-
ively. The results were much higher than the content of analytes
usually Hg < 10 ng mL−1) in many biological and environmen-
al samples. Though the low-powered microwave thermospray
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2.2. Standard solutions and reagents

The stock standard solutions (1 g L−1) of metal ions (Cu,
Hg and Pb) were obtained by dissolving appropriate amounts

Table 1
Operation parameters of Intrepid XSP Rasial ICP–AES

RF generator power (W) 1200
Frequency of RF generator (MHz) 27.12
Carrier gas flow rate (L min−1) 0.6
F. Zheng, B. Hu / Ta

ebulizer [6] could improve the detection limit of the method,
he precision would be decreased at the same time and the cost is
oo much. So it is necessary to develop a fast, miniaturized and
ighly selective preconcentration and separation technique prior
o analysis to improve the sensitivity and decrease the matrix
nterference.

Compared to other separation and preconcentration technolo-
ies such as coprecipitation [7], liquid–liquid extraction [8],
iquid chromatography [9], solid phase extraction [10], capil-
ary electrophoresis [11], and solid phase microextraction [12],
apillary microextraction (CME) is one of the most suitable pre-
oncentration and separation techniques due to its advantages of
ow cost, simple operation, fast speed, high selectivity, low con-
umption of sample and solvent and easy automation. Up to now,
ME has been widely used for analysis of trace organic analytes
y on-line coupling with different detection instrumentations
uch as GC [13], HPLC [14], CE [15] and ES–MS [16].

Sol–gel capillary microextraction (sol–gel CME) was first
ntroduced by Bigham [17] as a viable solvent free extrac-
ion technique for the preconcentration of trace analytes, in
hich the coating technology used to prepare the capillaries

nvolved a single-step procedure and allowed for the in situ
reation of chemically bonded coatings that are characterized
y high thermal and solvent stabilities. Sol–gel coated capil-
aries were employed for the extraction and preconcentration
f a wide variety of polar and nonpolar analytes. The coat-
ng material plays a fundamentally important role in CME
hich determines its selectivity; however, the capillaries used at
resent are mainly commercial GC capillary columns [18]. So
t is essential for CME to develop highly selective, stable and
fficient coating material. Besides the PDMS and PEG coat-
ngs [19] lots of new capillary coatings have been developed.
im [20] described sol–gel titania–poly (dimethylsiloxane)

TiO2–PDMS) coating for CME to perform on-line preconcen-
ration of trace polycyclic aromatic hydrocarbons, ketones and
lkylbenzenes in aqueous samples. Sol–gel polytetrahydrofuran
poly THF) [13] coated capillaries were found to be effective in
arrying out simultaneous extraction of both polar and nonpolar
nalytes. In-tube SPME with PPY-coated capillary was coupled
ith LC–ESI–MS for organoarsenic compounds studies [21].
esides, monolithic capillary column [14] had also extended

he applications of CME.
Among various coatings, silica gel [22] especially mod-

fied by various organic compounds with metal chelating
bility has received great attention due to its rapid sorption,
ow-swelling, high mass-exchange and good selectivity. 3-

ercaptopropytrimethoxysilane (MPTS) is a kind of silylating
nd coupling reagent that has often been used to modify the sur-
ace of inorganic materials [23], owing to the good affinity of
ts terminal –SH group for heavy metal ions. However, to our
nowledge, there is no report on the use of sol–gel MPTS-silica
oated capillary up to now.

In this work, a novel coating of sol–gel MPTS-silica with

functional group of –SH was prepared, and was applied

o capillary microextraction (CME) for on line preconcentra-
ion/separation of trace Cu, Hg and Pb in biological and food
amples followed by ICP–AES detection. Different experi-

C
A
M
A

73 (2007) 372–379 373

ental parameters affecting the capillary microextraction were
tudied in detail and the optimized conditions were established.

ith a sampling frequency of 12 h−1, the limits of detection were
.17, 0.22 and 0.52 ng mL−1, and the relative standard deviations
R.S.D.s) were 4.2, 2.6 and 3.8% (C = 4 ng mL−1, n = 7, sample
olume = 1 mL) for Cu, Hg and Pb, respectively. The accuracy
f the method was validated by the analysis of four certified ref-
rence materials of BCR151 milk powder, GBW07601 (GSH-1)
uman hair, GSBZ 50016-90 and GSB 07-1183-2000 environ-
ental water, and the determined values are found to be in good

greement with the certified values. The MPTS-silica coated
apillary was easy to regenerate and could be used for more
han 40 times under the optimized conditions without decreasing
bsorption efficiency. The developed method is simple, rapid,
elective, sensitive and little solvent and sample required, and it
s especially suitable for analysis of various biological samples
ith limited volume (≤1 mL) and complicated matrix.

. Experimental

.1. Apparatus

Intrepid XSP Rasial ICP-OES (Thermo, USA) with a con-
entric model nebulizer and a cinnabar model spray chamber
as used for the determination, and the optimum operation

onditions were summarized in Table 1. The pH values were con-
rolled with a Mettler Toledo 320-S pH meter (Mettler Toledo
nstruments Co. Ltd., Shanghai, China) supplied with a com-
ined electrode. A WX-3000 microwave accelerated digestion
ystem (EU Chemical Instruments Co. Ltd., Shanghai, China)
as used for sample digesting. An IFIS-C flow injection sys-

em (Ruimai Tech. Co. Ltd., Xi’an, China) was used for online
oupled CME with ICP–AES. A minimum length of PTFE tub-
ng (i.d. 0.5 mm) was used for on-line connection. Fused silica
apillary (320 �m i.d. × 450 �m o.d.) was obtained from Hebei
ongnian Optical Fiber Factory, China. The structure of MPTS-
ilica was characterized by 170SX FI-IR (NICOL ET, USA).
he scanning electron micrograph and the transmission electron
icrograph of the coating was obtained using an X-650 scanning

lectron microscope (Hitachi, Tokyo, Japan) at an acceleration
oltage of 25 kV and a JEOL EM2010 electron microscope
Tokyo, Japan).
oolant gas flow rate (L min−1) 14
uxiliary gas flow rate (L min−1) 0.5
ax integration times (s) 30
nalytical wavelength (nm) Cu 224.700, Hg 184.950, Pb 220.353
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f CuSO4·5H2O, HgCl2 and Pb (NO3)2 (A.R. The First
eagent Factory, Shanghai, China) in high purity deionized
ater, respectively. The standard stock solutions (1 g L−1)
f other elements were prepared from their salts by a con-
entional method. TMOS (tetramethoxysilane) and MPTS
3-mercaptopropyltrimethoxysilane) were of analytical reagent
rade and were purchased from Organic Silicon Material Com-
any of Wuhan University. HCl was of a highly pure grade
nd all the other reagents used were of analytical reagent
rade. High purity deionized water was used throughout this
ork.
All stock standard solutions were stored in polyethylene bot-

les in a refrigerator held at 4 ◦C. All glassware was kept in 10%
itric acid for at least 24 h and washed three times with high
urity de-ionized water before use.

.3. Preparation of MPTS-silica sol

2 mL TMOS was dissolved in 5 mL mixture of ethanol–HCl
C = 0.01 mol L−1) (4:1, v/v), the solution was stirred at ambient
emperature for 30 min, allowing for the complete hydrolysis of
MOS. After adding 0.5 mL MPTS (dissolved in 1 mL ethanol)
ropwise, the solution was stirred for another 30 min, leading to
he formation of MPTS-silica sol. The sol was stored to age for
day at ambient temperature before use.

.4. Preparation of MPTS-silica coated capillary

The fused-silica capillary was activated at ambient temper-
ture by rinsing sequentially with 1 mol L−1 sodium hydroxide
or 2 h, water for 30 min, 1 mol L−1 hydrochloric acid for 2 h
nd water for 30 min, the capillary was then dried at 433 K while
urged with nitrogen for 5 h. This left the capillary surface sat-
rated with silanol groups to allow a reproducible conjunction
ith silane reagents.
The MPTS-silica coated capillary was prepared by first pass-

ng the prepared sol through the fused-silica capillary for 1 h,
hen the residual sol was removed by passing nitrogen through
he capillary under 1 bar for 10 min and then under 0.2 bar for
0 min. This process was repeated for three times. Afterwards,
he capillary was heated at 393 K for 8 h in a muffle furnace,
eading to the formation of mercapto coating.

.5. General procedure

A 10 mL portion of aqueous sample solution containing
g2+, Cu2+ and Pb2+ was prepared, and the pH value was

djusted to 6.0 with 0.01 mol L−1 NaAc and 0.1 mol L−1 HCl.
he solution was passed through MPTS-silica coated capillary
t a flow rate of 0.25 mL min−1 by using a peristaltic pump.
fterwards, the analytes retained on the capillary were on line
luted with 0.2 mL 0.1 mol L−1 HCl–4% thiourea for the deter-
ination of ICP–AES. The blank solution and the series of

tandard solution were prepared with the same procedure of
ME–ICP–AES.

a
o
i
c
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.6. Sample preparation

Portions (0.1000 g) of BCR151 milk powder and GBW07601
GSH-1) human hair were weighed into PTFE vessel, and 1.5 mL
f concentrated HNO3 was added, respectively. The microwave
igestion was performed according to the following heating pro-
rams: 3 atm for 1 min, 8 atm for 2 min and then 10 atm for 3 min.
fter digestion, clear solution could be observed. Then heated it

o very small volume by a plate heater to remove the superfluous
cid, the residue was dissolved with high purity deionized water.
fter adjustment of the pH to 6.0, the solution was made up with
igh purity deionized water to 10 mL. The blank sample with
he same amount of acid was prepared with the same procedure
xcept for adding no analytes.

1 mL of GSB 07-1183-2000 and 6 mL of GSBZ 50016-90
ertified water samples were transferred into two clean plastic
ubes and diluted to 10 mL with high purity deionized water after
djustment of the pH to 6.0, respectively.

1 mL of human serum (devoted by hospital patients), 4 mL of
uman urine (devoted by Hg-exposed researchers) and 0.1000 g
f preserved egg (purchased from local supermarket) were trans-
erred into different PTFE vessels and 1.5, 0.5 and 2.5 mL
oncentrated HNO3 were added, respectively. The three sam-
les were digested and prepared according to the procedure as
bove. After adjustment of the pH to 6.0, the solution was made
p with water to 10 mL. Still, the blank sample with the same
mount of acid was prepared with the same procedure except
or adding no analytes.

. Results and discussions

.1. Characterization of MPTS-silica coating

The sol–gel MPTS-silica coating was characterized by IR
pectroscopy, Raman spectroscopy, SEM and TEM. Fig. 1 gives
lear evidence of modification as shown by absorption bands at
565.7 cm−1 and in the region 2900–2850 cm−1, which were
ttributed to the S–H stretching vibration of MPTS and the
liphatic C–H stretching of the attached propyl groups, respec-
ively. No characteristic peak of –S–S– could be observed in
aman spectra of the coating as shown in Fig. 2, indicating no
xidization of –SH at the temperature of 393 K in the muffle
urnace.

For preparation of the coating for SEM and TEM measure-
ents, a certain MPTS-silica coated capillary was crushed into

ots of small pieces, one piece of which was gilt for the scanning
lectron micrograph; the MPTS-silica coating scraped off the
nner surface of the pieces of capillary was dispersed in 25 mL
thanol (A.R.) for transmission electron micrograph.

The SEM results shown in Fig. 3 indicated that sol–gel
PTS-silica coating was a layer of well-proportioned and com-

act particles. The micro-structure of the coating was further
emonstrated by the TEM result in Fig. 4, a cluster of ordered

nd spherical particles with a pore size of about 100 nm was
bserved. As a nanometer-sized and porous material, the coat-
ng should possess a high chemical activity and high absorption
apacity consequently.
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Fig. 1. Infrared spectra of MPTS-silica.

Fig. 2. Raman spectra of MPTS-silica.

Fig. 3. (A) SEM of MPTS-silica coating × 5000; (B) SEM of MPTS-silica coating × 10000.
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Fig. 4. TEM of MPTS-silica coating.

.2. Effect of pH

The pH value plays an important role with respect to the
bsorption of different ions on MPTS-silica coated capillary. The
bsorption behaviors of a number of metal ions, such as Hg2+,
u2+, Pb2+ Cd2+, Co2+ and Ni2+ on sol–gel MPTS-silica coated
apillary were studied, and the results were showed in Fig. 5. It
an be seen that the absorption percentage was increased with the
ncrease of pH from 1.0 to 6.0 for Cu2+and Pb2+, a quantitative
bsorption (>90%) for Hg2+, Cu2+ and Pb2+ could be obtained in
he pH range of 6.0–8.0. For some other analytes, such as Cd2+,
o2+ and Ni2+, the quantitative absorption just occurred at pH
igher than 8. Obviously, the MPTS-coated capillary exhibited
xcellent absorption selectivity toward metal ions Hg2+, Cu2+
nd Pb2+ in the pH range of 6.0–8.0. A pH of 6.0 was selected
or the preconcentration of Hg2+, Cu2+ and Pb2+ in the further
xperiments.

ig. 5. Effect of pH on the absorption percentage (%) of metal ions Sample
olume: 1 mL, Hg2+, Cu2+, Pb2+, Cd2+, Co2+ and Ni2+: 20 ng mL−1.
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The mechanism of the reaction between the ions and the
oating could be represented by the formula of –SH + M2+ →
SM + 2H+. As shown in Fig. 5, the coatings displayed a high

electivity towards Hg2+, Cu2+ and Pb2+ in the pH range of
.0–8.0, and the quantitative absorption for some other analytes,
uch as Cd2+, Co2+ and Ni2+, just occurred at pH higher than 8.
his could be attributed to the pKsp of sulfides in the sequence
f HgS > CuS > PbS > CdS > NiS > CoS. The pKsp of HgS was
uch larger than those of other sulfides, thus Hg2+ could be com-

letely adsorbed at pH values ranging from 2 to 8. This result
onfirmed the preference of the functional group –SH (soft base)
f the MPTS-silica coating to heavy metal ions (soft acids), sup-
orting the view of Pearson’s concept of hard and soft acids and
ases. For the further experimental, the pH of 6.0 was selected.

Besides the three mechanisms [23] discussed before for the
bsorption of the metal ions on MPTS: the affinity of –SH, the
ydrolyzation of metal ions and the electrostatic charge, here we
an propose another explanation – the equilibrium of dissolution
nd precipitation of the sulfides –SM. This mechanism could be
xpressed by the model formula:

SH + M2+ → −SM + 2H+

g K = −�G/2.303RT

The K of this reversible reaction should be K = [−SM]
H+]2 /[−SH] [M2+]/ = [S2−] [H+]2 /Ksp [−SH] and the value
f [S2−] and [−SH] were assumed to be constant. In the acidic
edium, the value of [H+] was large while the Ksp of Hg2+,
u2+ and Pb2+ was very small, resulting in a positive value of
, so the �G was a negative one which meant the reaction could
ccur rightwards and Hg2+, Cu2+ and Pb2+ were adsorbed, how-
ver, the �G was a positive one for Cd2+, Co2+ and Ni2+ due
o their relative large value of Ksp, so the reaction could not
ccur rightwards and Cd2+, Co2+ and Ni2+ were not adsorbed.
n the basic medium, the H+ were neutralized by mass amount
f OH−, therefore, the above reaction could occurred rightwards
nd Cd2+, Co2+ and Ni2+ were absorbed.

.3. Effect of sample flow rate

The sample flow rate will influence on the retention of metal
ons on the capillary. To study the effect of sample flow rate, 1 mL
f sample solution was passed through the capillary with the flow
ates varying from 0.1 to 0.5 mL min−1. The experimental results
ndicated that quantitative recoveries (>90%) could be obtained
or the studied metal ions at the sample flow rates less than
.25 mL min−1. When the sample floe rate was beyond 0.25 mL
in−1, the recoveries for these target metal ions will decrease
ith further increasing of the flow rate, due to a decrease in

he absorption kinetics at a high flow rate. Thus, a flow rate of
.25 mL min−1 was employed in this work.

.4. Concentration of eluent
.4.1. Concentration of HCl
The absorption of the metal ions was strong enough even at

ow pH (<3), thus it was difficult to elute the metal ions quantita-
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Table 2
The recoveries (%) of metal ions adsorbed in different segments of capil-
lary column under optimized condition; A, B and C represent three capillaries
(40 cm × 320 �m i.d.) prepared in one batch (300 cm × 320 �m i.d.)

Cu Hg Pb

A 99.0 98.3 102.3
B
C
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Table 4
Analytical performance of the target analytes (sample volume = 1 mL) under
optimized conditions

Ions

Cu Hg Pb

R.S.D. (C = 4 ng mL−1, n = 8) 4.2% 2.6% 3.8%
D.L. (ng mL−1) 0.17 0.22 0.52
S
E

v
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The regeneration is another important factor in evaluating
the absorption material. The MPTS-silica coated capillary can
be re-used more than 40 times under the optimized conditions
96.8 95.3 99.6
98.0 97.4 101.2

ively by using high concentration of acid alone. Thus, in order
o rapidly recover the analytes retained on the capillary quan-
itatively, a mixed solution of HCl and thiourea was used. By
eeping the thiourea concentration of 4% (m/v) unchanged, the
ffect of HCl concentration on the recovery of target analytes
as studied. It was found that the acidity had little impact on the

lution of the metal ions while keeping the thiourea concentra-
ion at 4%, all the analytes of Cu, Hg and Pb can be completely
luted by 0.1 mol L−1 HCl.

.4.2. Concentration of thiourea
The effect of thiourea concentration on the recovery of the

tudied ions was also investigated while fixing the HCl concen-
ration at 0.1 mol L−1, and the experimental results indicated that
he recovery of the studied metal ions increased with the increase
n concentration of thiourea first and then kept unchanged. When
he concentration of thiourea was above 4%, all the analytes
ould be eluted quantitatively. Finally, the eluent of 0.1 mol L−1

Cl−4% thiourea (m/v) was employed for further experiments.

.5. Eluent volume and flow rate

In addition, the effects of eluent volume and eluent flow rate
n the recovery of analytes were examined, respectively. For
tudy the effect of the elution volume, 0.30 mL 0.1 mol L−1

Cl–4% thiourea was used as eluent to continuously elute the
nalytes adsorbed on the capillary, and the analytes in the six
ffluents (each 0.05 mL) were determinated by ICP–AES. The
xperimental results indicated that 0.2 mL eluent was suffi-
ient to elute quantitatively (>90%) all the analytes when the
lution flow rate was less than 0.2 mL min−1. Finally, 0.2 mL
.1 mol L−1 HCl–4% thiourea with a flow rate of 0.2 mL min−1

as employed as the optimized elution conditions.
.6. Sample volume

The sensitivity of the procedure when determining very low
oncentration of analytes was investigated. For this purpose,

able 3
he recoveries (%) of metal ions adsorbed in different batches of capillary
olumn under optimized condition; I, II and III represent three capillaries
40 cm × 320 �m i.d.) prepared in three batches (300 cm × 320 �m i.d.)

u Hg Pb

98.0 99.6 97.6
I 99.5 99.8 99.0
II 96.2 97.3 97.1

T
A

S

H

H

P

ampling frequency (h−1) 12
nrichment factor 5

arious sample volume of 1–10 mL containing 20 ng the studied
etal ions were passed through the capillary, and the adsorbed
etal ions were eluted with 0.2 mL mixture of 0.1 mol L−1

Cl–4% thiourea elution. It was found that quantitative recover-
es were obtained for the studied metal ions with sample volumes
anging from 1 to 10 mL. Thus, the enrichment factor of 50
ould be achieved with 10 mL sample solution. However, larger
mount of the sample solution required more time in the pro-
edure. To trade off the enrichment factor and analytical speed,
mL sample and 0.2 mL 0.1 mol L−1 HCl–4% thiourea were
sed for real sample analysis; therefore, an enrichment factor of
was obtained with a sampling frequency of 12 h−1.

.7. Absorption capacity

The absorption capacity is one of the key factors in evalu-
ting the performance of the absorption material. To study the
bsorption capacity, 20 mL sample solution containing 200 ng
L−1 analytes was passed through the capillary (1 m), and the

nalytes in the effluent were determined by ICP–AES directly.
he breakthrough point, defined as the 5% leakage of analytes,
as 6, 10 and 6 mL for Cu, Hg and Pb, respectively, and the

dsorption capacity evaluated from the breakthrough curve is
.17 �g (Cu), 1.96 �g (Hg) and 1.19 �g (Pb) for 1 m capillary,
espectively.

.8. Regeneration of the MPTS-silica coated capillary
able 5
nalytical results for real samples (average ± S.D., n = 3)

ample Element Measured (ng mL−1)

uman urine Cu 28.3 ± 0.6
Hg 12.8 ± 0.2
Pb 22.8 ± 0.5

uman serum Cu 581.2 ± 9.8
Hg 8.1 ± 0.3
Pb 31.8 ± 0.8

reserved egg Cu 1.25 ± 0.04a

Hg 0.036 ± 0.001a

Pb 0.141 ± 0.005a

a �g g−1.
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Table 6
Analytical results of Cu, Hg and Pb in certified materials of BCR151 milk powder, GBW07601 (GSH-1) human hair, GSBZ 50016-90 and GSB 07-1183-2000 water
samples (average ± S.D., n = 3)

Sample Element Certified (�g g−1) Determined (�g g−1) t-testc

BCR 151 Cu 5.23 ± 0.08 5.20 ± 0.10 0.33
Milk powder Hg 0.101 ± 0.001 0.096 ± 0.003 1.45

Pb 2.002 ± 0.026 2.01 ± 0.023 2.38
GBW07601(GSH-1) Cu 10.6 ± 0.7 10.4 ± 0.5 0.40
Human hair Hg 0.36 ± 0.05 0.35 ± 0.05 1.36

Pb 8.8 ± 0.9 9.0 ± 0.5 2.89
GSBZ 50016-90 aHg 3.82 ± 0.33 3.65 ± 0.09 3.27
Environmental water GSB 07-1183-2000 Environmental water bPb 0.303 ± 0.014 0.300 ± 0.014 0.37
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a ng mL−1.
b �g mL−1.
c t0.05,2 = 4.30.

hile the recovery was kept above 90%. However, when HCl
oncentration in the eluent was high than 2 mol L−1, the capil-
ary could not be used any more. This may be attributed to the
reakage of chemical bonding between MPTS and silica gel or
he oxidation of –SH in high acidity.

.9. Reproducibility of the preparation of the capillary

The extraction efficiencies of three capillaries prepared at one
atch were tested under the optimized conditions, and no obvi-
us difference was observed for these three coated capillaries
s shown in Table 2. In order to evaluate the reproducibility of
atch-to-batch, three capillaries from three batches were used.
o distinct difference in recoveries was observed from three

apillaries prepared in different batch as shown in Table 3.

.10. Effects of co-existing ions

For the study of interference by coexisting ions, such as K+,
a+, Ca2+, Mg2+, Co2+, Ni2+, Cd2+, Fe3+, Cr3+ and Zn2+, solu-

ions of 1 mL of 20 ng mL−1 of Cu, Hg and Pb, containing the
00–20,000 folds of interfering ions were operated according
o the proposed procedure. The results show that in the pres-
nce of 20,000 fold K+ and Na+, 8000-fold Mg2+ and Ca2+,
000-fold Co2+ and Ni2+, 1000-fold Cd2+, 800-fold Fe3+ and
00-fold Cr3+, the recoveries of the analytes were still above
0%. From the experimental results obtained, it can be con-
luded that the MPTS-silica coating has an excellent selectivity
or the absorption of Cu, Hg and Pb under selected conditions.

.11. Detection limits and precision

According to the IUPAC definition, the instrumental detec-
ion limits (3σ) were 0.85, 1.1 and 2.6 ng mL−1 for Cu, Hg
nd Pb, respectively. Therefore, the detection limits of the
ethod were 0.17, 0.22 and 0.52 ng mL−1 for Cu, Hg and Pb,

espectively, with an enrichment factor of 5. The analytical per-

ormance of the method was presented in Table 4.

Compared with the detection limits of 0.17–1.27 ng mL−1 for
u, 0.12–5 ng mL−1 for Hg and 0.2–1.79 ng mL−1 for Pb which
ere obtained by ICP–AES after separation/preconcentration

R

ith different adsorption materials in literatures [24–28], it was
bvious that this method is more sensitive.

.12. Sample analysis

The proposed method was applied to the determination of Cu,
g and Pb in human serum (devoted by hospital patients), human
rine (devoted by Hg-exposed researchers) and preserved egg
purchased from local supermarket) and the results were given
n Table 5.

In order to establish the validity of the proposed procedure,
he method has been applied to the determination of the content
f Cu, Hg and Pb in certified reference materials (BCR151 milk
owder, GBW07601 (GSH-1) human hair, GSBZ 50016-90 and
SB 07-1183-2000 water samples), and the results are listed in
able 6. As can be seen, a good agreement between determined
alues and the certified values could be obtained.

. Conclusion

In this paper, sol–gel MPTS-silica coating has been pre-
ared and a new method of sol–gel MPTS-silica coated capillary
icroextraction on line hyphenated with ICP–AES was devel-

ped for determination of trace Cu, Hg and Pb in biological
amples. To the best of our knowledge, this is the first work
ealing with coupling of MPTS-silica coated capillary microex-
raction to ICP–AES for trace element analysis. The simplicity,
xcellent selectivity, little solvent and sample consumption and
igh sensitivity make it especially suitable for trace analysis of
u, Hg and Pb in various biological samples with complicated
atrix.
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